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1	Draft OESG Scientific Report
2
This document is the draft scientific report of the Open-Ended Scientific Group (OESG) of the Minamata Convention, as of 10 April 2026. This draft is posted on the Convention website for Party input for eight weeks, as well as submitted to the Effectiveness Evaluation Group.
Annexes to the draft report are available from the Convention website: https://minamataconvention.org/en/intersessional-work-and-submissions-cop-7#sec3477
Comments should be submitted to the Secretariat at mea-minamatasecretariat@un.org by Monday 8 June 2026. Please indicate the line numbers in the comments. Please note that the OESG is still working to analyse available data, and more working is needed to complete some sections, format the report, streamline the table and figure numbering, reorganize the reference, etc.

3

4	0	Executive Summary
5
6 Article 22 of the Minamata Convention commitsprovides for the Conference of the Parties (COP) to evaluate the
7 effectiveness of the Convention, beginning no later than six years after the date of the Convention’s entry into force and
8 periodically thereafter at intervals to be decided by the COP.1 The effectiveness evaluation is to be conducted on
9 the basis of, among other things, available information on the presence and movement of mercury (Hg) and mercury
10 compounds in the environment, as well as trends in levels of mercury and mercury compounds observed in
11 biotic media and vulnerable populations.
12 The main purpose of the effectiveness evaluation framework is to assess whether the Parties’ collective
13 implementation of the commitments in the Convention is, or is likely to, achieve the objectives of the
14 Convention. To make this assessment, the COP must address the following questions:
15 1.	Have the Parties taken actions to implement the Minamata Convention?
16 2.	Have the actions taken resulted in changes in mercury supply, use, emissions and releases into the
17 environment?
18 3.	Have those changes resulted in changes in levels of mercury in the environment, biotic media and
19 vulnerable populations that can be attributed to the Minamata Convention?
20 4.	To what extent are existing measures under the Minamata Convention meeting the objective of
21 protecting human health and the environment from mercury?
22 To consider these questions, the COP has created two bodies: the Open-Ended Science Group (OESG) and the
23 Effectiveness Evaluation Group (EEG). The OESG is charged with drafting a scientific report that assesses how
24 changes in emissions and releases attributed to the Minamata Convention have contributed to observed changes
25 in the levels of mercury in the environment and in exposures to biota and human populations (i.e., answering
26 question 3 above). The OESG is also charged with identifying existing data gaps as well as potential scientific
27 actions to address the identified gaps in information and lessons learned for future effectiveness evaluations.
28 The question 3 mentioned above is also in line with the list of indicators for the effectiveness evaluation adopted
29 by the COP. Two of the 36 indicators, shown below, are mandated to the OESG:
30 	Indicator 1: Levels and trends of mercury and mercury compounds in the environment and in humans
31 due to anthropogenic emissions and releases
32 	Indicator 29: Mercury levels in vulnerable human populations.
33 The OESG is to submit its scientific report and a summary of lessons learned to the EEG. In addition to the
34 OESG’s reports, the EEG will receive other information developed by the Secretariat concerning
35 implementation of the Convention (based on Article 21 reporting) and changes in the global supply, use, and

[bookmark: _bookmark0]1 The Minamata Convention entered into force on 16 August 2017.
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36 trade of mercury. The EEG is charged with synthesizing the available information into a final report and
37 presenting recommendations for improvement, lessons learned and best practices to the Conference of the
38 Parties. This document is a draft of the scientific report of the OESG.
39 The OESG is composed of scientific experts nominated by Parties. It is “open-ended” in that the number of
40 Parties who can participate is not limited; each Party may nominate one relevant expert to participate.
41 Furthermore, Parties and stakeholder organizations may nominate additional individuals with relevant expertise
42 to serve on a Roster of Experts, who may contribute to the technical work and discussions of the OESG.
43 Currently, the OESG has 42 members nominated by Parties and a roster of 158 experts. In contrast, the EEG is a
44 regionally representative body with 25 members, comprised of 5 individuals nominated from each of the 5 UN
45 regions.
46 In accordance with its terms of reference, the OESG conducted its work in two stages:
47 	Stage 1: Planning
48 o Plan for the compilation and summary of available monitoring data
49 o Plan for the summary of available emissions and releases data
50 o Plan for data analysis consistent with the Monitoring Guidance2
51 	Stage 2: Implementation
52 o Summary of the compiled monitoring data
53 o Summary of the available emissions and releases data
54 o Data analysis addressing the guiding questions outlined in the Monitoring Guidance
55 OESG’s plans for data collection and analysis were circulated to Parties prior to COP-5 and documented in
56 UNEP/MC/COP.5/INF/24.
57 The OESG plan for collecting available monitoring data and estimates of emissions and releases provided
58 	Descriptions of the types of data and information that the OESG was seeking to inform their analyses.
59 The data dictionary included in the plan evolved into the recommended data formats for each type of
60 data to be submitted.
61 	List of known mercury monitoring programs and other sources of relevant environmental and human
62 data, which provided a starting point for OESG outreach to data providers
63 	Principles that would be used by the OESG to guide its collection and analysis of data, which led to the
64 development of data use agreements and practices.
65 Following this plan, the OESG began collecting data in September 2023 by inviting national focal points and
66 observer organizations to identify relevant data. The Secretariat, with the support of the Biodiversity Research
67 Institute, established an online data repository where data submissions could be collected for use by the OESG.
68 Some data was submitted by Parties or research organizations, and some data was actively acquired by OESG
69 and rostered experts. The OESG submitted an overview of monitoring, emission and release data to COP-6
70 (UNEP/MC/COP.6/INF/23)
71 The amount of data collected and analyzed has been limited by the time and resources available to support the
72 data collection process, the lack of harmonized data reporting formats and existing infrastructure for data
73 management, and limited awareness of Convention activities in the relevant national and international scientific
74 communities.
75 The OESG’s terms of reference specify that the OESG shall analyze the available information to address the
76 “guiding questions” outlined in the Monitoring Guidance.3 .The Monitoring Guidance outlines a series of six
77 monitoring objectives:
78 	Estimation of mercury concentrations for areas without (i.e., background sites) or with (i.e., affected
79 sites) local anthropogenic sources
80 	Identification of temporal trends
81 	Characterization of spatial patterns
82 	Estimation of source attribution of anthropogenic mercury
83 	Estimation of exposure and adverse impacts

2 [bookmark: _bookmark1]The “Monitoring Guidance” referenced in decision MC-4/11 is the “Guidance on monitoring of mercury and mercury compounds to support evaluation of the effectiveness of the Minamata Convention” available as document UNEP/MC/COP.4/18/Add.2.
3 [bookmark: _bookmark2]Available as document UNEP/MC/COP.4/INF/12
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84 The OESG developed a series of analysis questions to systematically address each of these themes. The OESG
85 found that some of these analysis questions could be addressed by the available information, but many of the
86 questions will require additional monitoring and model development. The main findings from this systematic
87 analysis are presented below.
88 Key Findings from the Analysis Questions
89 Emissions
90 Available estimates of Hg air emissions show an increase in global emissions between 2010 and 2022, driven
91 largely by an increase in emissions from artisanal scale gold mining (ASGM), which are believed to be under
92 reported (EDGAR; Cheng et al., 2023; supported by GMA based on the 2019 National Inventory reports).
93 Estimates from EDGAR (Emission Database for Global Atmospheric Research) suggest that global Hg
94 emissions peaked in 2018 at 1.98 Gg/year. 2022 annual global anthropogenic mercury emissions are estimated
95 to be 1.86 Gg/year, with gold mining accounting for 50% of annual emissions.
96 The regional distribution of emissions has shifted over time. Emissions have declined in Europe, North
97 America, Japan, Australia, New Zealand, Eastern Europe, and West-Central Asia. Emissions have increased in
98 Africa, Eastern Asia, Latin America and the Caribbean, South-East Asia and Pacific, and Southern Asia. Sixty
99 eight percent 68% of current emissions now emanate from Africa, Eastern Asia, and Latin America, where ASGM is
100 dominant.
101 Global air emissions from non-ASGM sources have generally decreased since 2008 (or 2010), with individual
102 sectors showing slight decreases or almost constant levels over the decades, especially in recent years. This
103 result may indicate that the level of mitigation that has been achieved in specific sectors is different in different
104 regions.
105 Globally, total Hg (THg) air emissions from chlor alkali production, which is addressed by Article 5 of the
106 Convention, have decreased dramatically, declining 95% since 1970 and 49% since 2010. Coal extraction and
107 combustion accounted for 31% of emissions in 1970 and has declined to 18% of emissions in 2022.
108 Between 2010 and 2022, major air emission sources (under Article 8) have changed little globally, declining
109 only 2%. While emissions from coal combustion decreased by 21%, emissions from metal production and
110 cement production increased by 18% and 26% respectively.
111 Gold mining sources under Article 7 have increased by 49%. Chlor Alkali production emissions (under Article
112 5) have declined by 49%. Sources associated with mercury use in products (Article 4) and other manufacturing
113 processes (Article 5) appear to have increased moderately.
114 Releases
115 There are far more data available on Hg emissions (THg and Hg speciation) to air than for Hg releases to land
116 and water (as noted by the pollutant release and transfer registers, PRTR). Furthermore, there are significant	Comment by USG: Recommend to spell out first usage. 
117 data gaps over the reporting period for both releases to water and land. Modelling of anthropogenic releases to
118 land and water can be of help in narrowing or addressing this gap.
119 Releases to water and land are estimated using several different methods, including estimating releases from
120 source category-specific air emissions estimates, source-category specific activity rates, and regional Hg
121 consumption patterns. It should be noted that release estimates are highly uncertain.
122 ASGM is a major global source of mercury, but current data on water releases are too uncertain to be included
123 in existing estimates. ASGM activity is highest in Africa, Latin America, and Southeast Asia.
124 For source categories for which global estimates are available, the highest releases to water are associated with
125 municipal wastewater (40 to 460 tonnes per year), coal fired power plants (10-130 t/yr), coal washing (10-100
126 t/yr), and mercury containing products (~ 100 t/yr). The estimated releases from these sources are highest in
127 Asia.
128 Air
129 Current levels and geographical coverage:
130 The levels of mercury observed in the ambient air for total gaseous mercury (TGM) and gaseous elemental
131 mercury (GEM) vary around the world and over time. Globally, TGM (active sampling) levels are 1.51 (0.49-
132 12.2) ng m-3. There are distinct hemispherical differences whereby the northern hemispheric (NH) average
133 concentration is 1.54 (0.50 – 12.8) ng m-3 and the southern hemispheric (SH) average concentration is 0.99
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134 (0.33-4.51) ng m-3. For GEM (passive sampling4) the global average concentration is 1.46 (0.94-2.62) ng m-3.
135 The NH average concentration is 1.48 (1.06-2.60) ng m-3, the SH average is 1.34 (0.94-2.62)-2.56) ng m-3.
136 For active air sampling of TGM, most of the levels of mercury fall within the northern or southern hemispheric
137 averages except for East Asia where levels are higher. The passive Hg data has more spatial coverage than the
138 active data and thus shows a similar pattern but different levels. For the passive air sampling data, areas in South
139 America, Africa and East Asia report above average concentration levels in comparison to the hemispherical
140 averages. The West/Central African levels are very high (mean = 14.48 ng m-3).
141 The overall “typical” concentration of mercury in precipitation is between 7.5 and 11.5 ng Hg L-1 based upon
142 the submitted long-term measurements in North America, Japan and Europe. Dry, western North America has
143 the highest typical concentration of 11-12 ng Hg L-1 while. Eastern North America, Europe, and Japan, which havee similarly
144 wetter climates, and have a typical concentration of 7.5 ng Hg L-1. These values have been consistent since 2010,
145 varying by only 2 to 3 ng Hg L-1 over the years. Some of this variability is due to precipitation amount
146 variability between the years; wetter (drier) conditions lead to lower (higher) concentrations when the mercury
147 content does not change. Measurements suggest there is a slight (not significant) tendency for decreasing
148 concentrations over all sites. Despite regional similarities, individual sites themselves can exhibit considerable
149 variability.
150 Wet deposition measurements of Hg are missing from Asia, Africa and South America and there are no
151 consistent measurements available over the oceans. However, given what we know about the behavior of Hg in
152 the atmosphere and limited measurements reported in the scientific literature, it is reasonable to assume the
153 concentration and deposition rates in the drier regions of Asia and Africa are similar to western North American
154 rates. This is also likely true in South America. The moister regions of the landmasses are likely to have
155 concentration and deposition rates similar to those measured in Europe, Japan, and Eastern North America.
156 Local areas with large and local sources of mercury and, with abundant rain will likely have the highest deposition
157 rates (e.g., eastern China, Indonesia).
158 Time trend and gaps:
159 Temporal trends for active TGM measurements were estimated for 77 of the sites with at least 5 years of data.
160 The trends calculated are for all years of data that were collected and thus variability is expected. Of the trends
161 reported, 49% show a decreasing trend, 49% show no trend and 1% show an increasing trend. It should be noted
162 that the data from these types of measurements are mostly from northern hemispherical locations. Temporal
163 trends were not calculated with the passive GEM data as there is not yet sufficient data for a statistically
164 significant analysis.
165 For precipitation, temporal trends were estimated for precipitation weighted mean concentrations at 132 sites.
166 80% of sites show no statistically significant change, about 20% of sites show a decrease in concentration and
167 two sites show an increase in concentration. Trends in overall wet deposition of Hg may be driven by changes in
168 both Hg concentration and precipitation amounts. Approximately 87% of sites show no significant temporal
169 trend in wet deposition of mercury. In Asia, no trends were found in the 2 sites in Japan for wet deposition. Five
170 sites situated along the US/Canada border and one site in western North America show significant increases in
171 wet deposition of Hg. Several of these sites have increasing precipitation rates, suggesting more precipitation is
172 driving some of these higher deposition rates.
173 In general, most of the data presented are from background locations. However, over the years, there are some
174 areas that stand out with elevated levels including parts of Asia, South America, Western Africa and the general	Comment by USG: Suggest rephrasing for clarity
175 tropics areas. At times at some of the locations, ambient levels of mercury exceeded established health guidance
176 levels. These locations are in areas of known ASGM activities.
177 While the data presented in this report appear, at times, to be a fulsome robust data set, there are significant gaps in
178 global air monitoring especially in areas of significantly high levels. Active air and wet deposition monitoring
179 information reflects primarily the northern hemisphere. The passive air monitoring has enabled a preliminary
180 look at levels in other areas of the world that are elevated above global/northern hemispherical averages.
181 Biota
182 What are current levels of Hg observed in biota?	Comment by USG: Throughout the document there is inconsistency in how acronyms for dry and wet weight are expressed. Ex. Sometimes d.w.; sometimes dw. A consistent approach should be adopted.

[bookmark: _bookmark3]4 Several sites submitted for the effectiveness evaluation reported GEM concentrations significantly higher than the global average. To avoid skewing the results, any site found to have a site average 5 times greater than standard deviation of
the global average was classified as outliers and excluded from subsequent statistical analysis. Applying this condition resulted in the removal of eight sites from the hemispheric and regional analyses.
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	183
	· Current levels were defined as total mercury measured between 2014 and 2024. Only a small set of the

	184
	submitted data (31%) represents samples collected during the last decade.

	185
	· The majority of the submitted biota data did not reliably support differentiation between sites directly

	186
	impacted by mercury sources and those that were not. This finding is due to limited information from

	187
	the submissions.

	188
	· The most frequently sampled matrices were fish (muscle), followed by birds (feathers, blood and eggs),

	189
	invertebrates (soft tissues), and mammals (liver and muscle). Mercury concentrations varied widely,

	190
	often spanning several orders of magnitude depending on tissues and species.

	191
	· Across regions and species, THg concentrations in bivalve soft tissues ranged over two orders

	192
	of magnitude from 10.2 to 2,070 ng g-1 d.w.

	193
	· Across regions and species, THg concentrations in fish muscle samples ranged over four

	194
	orders of magnitude from <0.1 to 16,400 ng g-1 w.w.

	195
	· Across regions and species, THg ranged from <0.1-6,000 ng g-1 d.w. and 2-72,790 ng g-1 d.w.

	196
	in bird eggs and feathers, respectively.

	197
	· Across regions and species, THg concentrations in marine mammal individuals ranged over

	198
	several orders of magnitude: from 16.5 to 5,962,000 ng g-1 d.w. in liver and 3-472,000 ng g-1

	199
	d.w. in muscle.

	200
	· The biota data are not suitable for global-scale spatial pattern analysis due to limited geographic

	201
	coverage and broad variability on the species and trophic position among different regions. Spatial

	202
	comparisons may be more feasible at regional levels where the same species are well sampled such as

	203
	in North America, Europe or the Arctic.

	204
	· Data coverage is uneven: intensive monitoring exists in North America, Europe and East Asia, but

	205
	large gaps remain in Africa (AF), Latin America and the Caribbean (LAC), South Asia, and parts of the

	206
	Pacific. Monitoring in artisanal and small-scale gold mining (ASGM) regions with a high concentration of ASGM activity is critical, as these are

	207
	major mercury emission hotspots.

	208
	


209 Greater use of knowledge, sciences and practices of Indigenous Peoples will strengthen the relevance,	Comment by USG: This statement may benefit from more clearly locating within a larger relevant section. 
210 inclusivity, and cultural appropriateness of monitoring programs.
211 3	How do current levels of Hg observed in biota compare to levels in established guidelines?
212 	Invertebrates:
213 o Observed total mercury concentrations were compared with OSPAR background assessment
214 concentrations for the Northeast Atlantic region and the EU’s Maximum Permissible
215 Concentration in food for the protection of public health by the European Commission
216 (1881/2006/EC) to determine the proportion of individuals exceeding these thresholds from
217 2014–2023.
218 o 65% of all oyster observations and 59% of all mussel observations were above the background
219 assessment concentrations defined by OSPAR Commission for the Northeast Atlantic region,
220 but none surpassed food safety limits, indicating low human health risk (500 ng g-1 w.w.).
221 	Fish:
222 o Toxicity benchmarks were selected by choosing Toxicity Reference Values (TRVs) that were
223 mathematically derived using a benchmark dose analysis framework when available, as
224 recommended by the U.S. Environmental Protection Agency and European Food Safety
225 Authority.
226 o When mathematically derived TRVs were not available, the best available benchmarks from
227 recent peer-reviewed review papers were selected.
228 o By comparing observed fish mercury concentrations against these TRVs, we assessed the
229 likelihood of adverse effects on endpoints such as reproductive success, behavior, growth, and
230 survival, thereby providing a consistent framework for evaluating ecological health risks
231 across regions and taxa.
232 o Mercury contamination is widespread, with evidence of reproductive, behavioral, growth and
233 survival risks across multiple regions, including regions of Africa, Asia, Australia, Europe,
234 and North and South America.
235 o Higher- level TRVs for behavioral, growth, and survival effects were exceeded less frequently
236 but remained substantial in hotspots such as the North Atlantic, Pacific Ocean, and
237 southeastern Africa, particularly where shark species dominated samples.
238 	Birds:
239 o Toxicity benchmarks were selected by choosing TRVs that were mathematically derived using
240 a benchmark dose analysis framework when available, as recommended by the U.S.
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241 Environmental Protection Agency and European Food Safety Authority. When
242 mathematically derived TRVs were not available, the best available benchmarks were selected
243 from the specific recent review papers.
244 o Egg THg concentrations were largely below a toxicity reference value (TRV) of 0.7 µg g-1
245 w.w.
246 o Nearly 35% of feather THg concentrations (d.w.) were above a toxicity reference value at no
247 apparent effect category (Chastel et al., 2022). Nearly 23% (2,872 of 12,123) were at low risk,
248 while 6% (731), 1 % (128) and 3.68% (447) were at median, high and severe risk categories,
249 respectively.
250 o Across all IPCC regions, more than half of adult bird blood samples (54.4%) exceeded the
251 EC01 threshold for low injury (0.09 µg g -1 w.w.), with 14.6% surpassing the EC05
252 benchmark for moderate injury (0.6 µg g -1 w.w.). A further 9.6% exceeded the EC10 high
253 injury threshold (1.3 µg g -1 w.w.), and 1.2% of samples were above the EC20 level associated
254 with severe injury (3.2 µg g -1 w.w.).
255 	Marine mammals:
256 o To evaluate the risk of mercury toxicity in marine mammals, total mercury concentrations in
257 liver were compared to the four risk categories: ≤16 µg g-1 w.w. (No risk), 16–83 µg g-1 w.w.
258 (Low risk), 83–126 µg g-1 w.w. (High risk), and ≥126 µg g-1 w.w. (Severe risk). Risk
259 categories for adverse effects of mercury on the reproduction, physiology, condition, and
260 behaviour of mammals have been developed by Dietz et al. (2022).
261 o Marine mammals showed widespread mercury exposure: 53% of species (8 out of 15 species)
262 in the 2014–2024 dataset had individuals above the ≥16 µg g⁻¹ w.w. risk threshold, and 40%
263 (6 out of 15 species) had individuals in the high to severe risk categories. The species most
264 consistently exceeding these benchmarks include beluga, Blainville’s beaked whale, false
265 killer whale, grey seal, long finned pilot whale, polar bear, ringed seal, and strap toothed
266 beaked whale, predators positioned high in marine food webs where mercury strongly
267 bioaccumulates.
268 How have levels of Hg in biota changed over the available record?
269 Across regional and local case studies (AMAP, Beluga Case Study, OSPAR/HELCOM, NOAA Mussel Watch,
270 Great Lakes, Fennoscandia, Australian Derwent Estuary Program, Common Loon blood mercury study, Japan’s
271 case study), mercury in biota exhibits stable, increasing, and decreasing trends, driven by a complex interplay of
272 local ecology, food-web dynamics, species traits, climate influences, legacy contamination, biogeochemistry,
273 and hydrodynamics. While mercury emission reductions provide benefits, biotic responses are often slow,
274 uneven, and masked by legacy stores and ecological factors. Exceedances of health and environmental
275 thresholds remain common in some systems.
276 Humans
277 Current exposure:
278 The first findings from the cross-sectional studies review show that the highest Hg non-occupational exposures
279 were observed for Indigenous freshwater (inland) fish consumers, which are mostly represented by South
280 American riverside communities. Among them, 86 % of population groups were reported to live on ASGM	Comment by USG: Slightly ambiguous drafting - which population groups?
281 contaminated sites and their average Hg blood or hair levels were 12 times higher than those of the other
282 riverside Indigenous communities and 13 times higher than in the general population.
283 Occupational exposures to Hg have been observed at levels 6 times higher than in the general population. Some
284 of the highest exposures have been observed in mercury and gold mining, chlorine production, and thermometer
285 and fluorescent lamp manufacturing.
286 Geographical patterns:
287 Due to ongoing ASGM activities affecting wider regions inhabited by fish-consuming communities, current
288 human Hg exposures appear to be highest in South America. Overall, Indigenous Peoples have been consistently
289 found to be among the most exposed populations. Across the general (i.e., background) population, the exposure is
290 generally higher in populations residing in coastal regions than inland, which is most plausibly driven by dietary
291 habits, particularly seafood and fish consumption. Among the nationally representative human biomonitoring (HBM) programs,
292 countries with higher consumption of seafood (Japan, South Korea) reported to have higher exposure in adults -
293 Japan approximately 6 times higher and the Republic of South Korea about 3 times higher than reported in
294 national programs in North America and Europe.
295 Time trends and interventions:
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296 Generally, a stable or slightly decreasing trend in Hg exposure can be observed in the last two decades from the
297 available nationally representative data. Regional temporal data is available for pregnant women from the Arctic
298 region of Nunavik and showed marked decrease in Hg exposure between 1992 and 2017. Further analysis of
299 time trends should be conducted using all data from cross-sectional studies to provide a more complete
300 assessment of temporal exposures across different population groups and regions, with a focus on studies
301 conducted after the ratification of the Minamata Convention in 2017. This will be completed by June 2026.
302 The slight decline in exposure cannot be attributed to mitigation measures implemented over the past nine years.
303 However, there have been case studies conducted regionally or locally that demonstrate decline in exposure
304 following certain measures or interventions, including:
305 	the phase-down of dental amalgam use has resulted in measurable reductions in children’s Hg body
306 burden in Slovenia from 2007 to 2024;
307 	dietary recommendations and interventions to improve access to low-contaminant foods and essential
308 nutrients have resulted in decreasing burdens of Hg and POPs in some Arctic regions; and
309 	dietary intervention studies in coastal fish-consuming countries in Europe were successful in lowering
310 the Hg exposures in pregnant women below health-based guidance values.
311 Other Matrices
312 Soil
313 The available data was very sparse except for the USA and Australia, and the available datasets covered
314 different periods, making comparisons and interpretations very difficult. No sites were sampled over time, which
315 prevented any evaluation of temporal trends and no mono methyl mercury (MMHg) data was available.
316 A clear difference between background and anthropogenic levels was difficult to establish with the available
317 data due to the intrinsically high spatial variability of soil THg.
318 THg levels in soils seem to be regulated by the presence of soil organic matter on the surface and/or the
319 presence of metallic oxides (e.g., iron or manganese oxides) at depth, but the relationships observed can strongly
320 vary.
321 Sediment
322 Global lake sediment records show that Hg concentrations and fluxes were low and comparable between
323 unimpacted and impacted sites during the pre-industrial period, butperiod but diverged thereafter. Unimpacted/remote
324 sites showed steady increases to 2010–2020 while impacted sites collectively peaked around 1990–2000 and
325 declined thereafter, particularly in the IPCC regions of Northern Europe, Eastern North America, Northeast
326 North America, South-Central America, and Northwest-South America.
327 Flux- based enrichment factors (EFs) were used to assess the magnitude of Hg enrichment over various time
328 periods and showed that, as expected and consistent with prior literature, modern (2010-2020) EFs are
329 significantly higher in impacted regions (~7.3) than in unimpacted regions (~3.6). In unimpacted regions,
330 highest modern EFs are observed in Northern Europe, the Tibetan Plateau, and the Arctic while the lowest EFs
331 are observed in South and Southwest-South America.
332 In unimpacted regions and during some early periods in impacted regions, Hg concentrations were positively
333 correlated with organic matter. This is indicative of the well-established co-transport of Hg and organic matter
334 to lake sediments.
335 In both impacted and unimpacted regions, Hg fluxes were strongly correlated with aluminum, reflecting the
336 dominant role of sedimentation rates, particularly the delivery of mineral mineral-rich catchment material, in controlling
337 sediment sediment-derived Hg depositional fluxes.
338 While catchment-to-:lake area ratios were not a strong predictor of enrichment across the global dataset, watershed
339 development showed a clear influence. Pristine catchments maintained low EFs (<3) over the entire temporal
340 record and minimally to heavily developed catchments exhibited progressively higher and more sustained Hg
341 enrichment (median EFs ~ 5–9 by 2000–2010).
342 Fresh Water
343 Freshwater data has limited spatial coverage and is mostly from the Northern Hemisphere. Most data are site-
344 specific or local. Inadequate spatial coverage makes it difficult to assess regional and global patterns. All ofAll the
345 submissions included total Hg and none reported methyl Hg.
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346 The usability of the submitted data for trend analysis is limited due to analytical uncertainties and inconsistent
347 methodologies. Many of the datasets with higher analytical detection limits and data were censored at the
348 reporting limit.
349 Few multidecadal scientific monitoring studies exist on total Hg and methyl Hg in freshwater systems away
350 from point sources, restricting quantitative assessments of change over time.
351 A national study of rivers in the Northen Hemisphere highlighted shifting trends in Hg concentrations with most
352 recent increases.
353 In rivers (lotic systems), Hg variability is driven by flow and particle transport, and its mobility is closely linked
354 to dissolved organic carbon (DOC), especially during high discharge.
355 In lakes (lentic systems), Hg and methyl Hg are influenced by sediment interactions, seasonal redox conditions,
356 lake water level oscillations, or upstream inflow, with DOC playing a stabilizing role.
357 Ocean Water
358 Ocean THg and methyl mercury (MeHg) water column data was available in 62% and 42% of the 55 IPCC open
359 ocean and coastal regions, respectively.
360 There was no water column Hg monitoring data available and data from the scientific literature is not sufficient
361 to conduct an evaluation of temporal trends.
362 For both THg and MeHg, the highest concentrations in the surface ocean were found in Polar Regions and the
363 lowest concentrations were found in the South Pacific Ocean.
364 For both THg and MeHg, the largest difference between coastal and open ocean concentrations were found in
365 midlatitudes and equatorial regions, while little difference was seen for the Polar regions.
366 The %MeHg in the water varied between 2 and 15% for the surface ocean with a similar range found in the open
367 ocean and coastal ocean. However, there is an indication of lower %MeHg in the southern hemisphere open
368 ocean.
369 THg concentrations correlated with salinity outside of the Polar regions while no correlation was found between
370 MeHg and salinity. Low salinity (coastal) Hg concentrations varied by several orders of magnitude.
371 Better data coverage including more coastal regions, sampling method development and more
372 laboratory/method intercomparison studies, better collaboration and use of passive samplers, and an official
373 database extending the current data compilation and including more ancillary data are needed. 374
375 Cross Media Comparisons of Observed Trends and Patterns
376 The Northern Hemispheric average concentration is higher than the Southern Hemispheric average
377 concentration, which is consistent with historical anthropogenic emission patterns. In recent decades,
378 anthropogenic emissions in much of the Northern Hemisphere have declined or stayed constant. This trend in
379 emissions is broadly consistent with the trends observed by active TGM measurements, which are mostly in the
380 Northern Hemisphere. Emissions in the Southern Hemisphere, mostly associated with ASGM, have been
381 increasing. Passive air samplers have been used recently to observe high air concentrations in ASGM areas.
382 However, an increase in the Southern Hemispheric average air concentrations has not been observed at the
383 limited number of sites where long-term observations are available. Additional sustained observations in the
384 Southern Hemisphere are needed.
385 Given available data, it is unlikely that quantitative conclusions will be drawn from the direct cross-media
386 comparison at broad spatial scales. However, several regional case studies provide information on the linkages
387 between media in the specific contexts of the cases studied. Those studies include:
388 	Spatial and temporal trends and the distribution observed in tropical tuna in global ocean relate to the
389 spatial/temporal trends of cross media levels and emissions.
390 	The Mediterranean case study showed holistic datasets in the region, which could be further analysed
391 for cross cross-media comparison.
392 	The impacts of long-term national efforts on the emission reduction and environmental monitoring
393 around historical contamination sites would be the basis of further analysis of cross cross-media comparison
394 after the Convention.
395 	Analysis of ASGM sites and observation in East China Sea would also be the basis of further analysis
396 of cross cross-media comparison after the Convention.
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397 Model Evaluation and Process and Source Attribution for Air and Oceans
398 Quantitative information about the processes and sources driving trends and patterns in global atmosphere and
399 oceans is available from the ongoing Multi-Compartment Mercury Modelling and Analysis Project
400 (MCHgMAP), including comparison of model estimates and observed levels.
401 Model simulations generally reproduce observed spatial patterns and deposition, but uncertainties in emission
402 inventories – particularly for ASGM, waste, and regional sources – cause discrepancies with observed trends.
403 Global mercury (Hg) cycling is dominated by legacy re-emissions from soils and oceans (~70% of annual
404 fluxes), with ongoing anthropogenic emissions contributing ~25%. Atmospheric Hg shows elevated
405 concentrations over industrial and artisanal mining regions, with deposition highest in tropical forests and
406 northern mid-latitudes. Observed declines in the Northern Hemisphere largely reflect reductions in
407 anthropogenic emissions, indicating early effectiveness of the Minamata Convention, while ASGM-driven
408 trends dominate the Southern Hemisphere. Model simulations generally reproduce observed spatial patterns and
409 deposition, but uncertainties in emission inventories – particularly for ASGM, waste, and regional sources –
410 cause discrepancies with observed trends. Ocean Hg levels are largely stable, with upwelling regions, polar
411 areas, and the Northern Hemisphere showing highest concentrations; atmospheric inputs strongly control surface
412 ocean Hg. Full Minamata implementation could reduce global anthropogenic Hg emissions by ~18% by 2050.
413 Key findings on global Hg sources, trends, and future prospects (2010–2020)
414 ●	Primary and secondary sources: Global natural Hg emissions (~270 Mg/year) come mainly from
415 volcanoes and rock weathering, while biomass burning (~280–600 Mg/year) drives interannual
416 variability. Secondary Hg emissions from soils (~2200 Mg/year) dominate the land–atmosphere
417 exchange and are influenced by soil properties, climate, and vegetation, though uncertainties remain
418 high due to sparse measurements.
419 ●	Atmospheric patterns: Hg concentrations are elevated over industrial regions and artisanal mining
420 areas, with deposition highest in tropical forests and northern mid-latitudes. Dry deposition dominates
421 over land;, wet deposition over oceans. Current monitoring is geographically biased toward the
422 Northern Hemisphere; models fill major gaps, especially in the tropics, Southern Hemisphere, and parts
423 of Asia and Africa.
424 ●	Drivers of trends: Observed declines in Northern Hemisphere atmospheric elemental mercury (Hg(0))
425 are largely driven by reductions in anthropogenic emissions, particularly non-ASGM sources,
426 reflecting early Minamata Convention impacts. Environmental drivers had minor effects on Hg(0)
427 trends but modest effects on wet deposition. ASGM emissions dominate trends in the Southern
428 Hemisphere, though attribution is limited by sparse observations and uncertain inventories.
429 ●	Oceanic Hg: Surface ocean Hg concentrations are highest in upwelling regions, polar areas, and the
430 Northern Hemisphere, strongly influenced by atmospheric inputs. Global levels remained largely stable
431 (2010–2020), with natural variability (e.g., ENSO) driving short-term changes. Ocean Hg acts as a net
432 emitter (300–900 Mg/year) but shows limited temporal trends over the period. Observations are sparse;
433 models provide continuous coverage and reveal features not captured by measurements.
434 ●	Mass balance and re-emissions: Legacy soil and ocean re-emissions (~70% of annual fluxes)
435 dominate global Hg cycling, while ongoing primary anthropogenic emissions contribute ~25%.
436 Approximately 76–86% of the increase in secondary emissions from soils and oceans (2010–2020) is
437 attributable to changes in anthropogenic emissions. The atmosphere holds <0.5% of total Hg, with soils
438 and the deep ocean as major reservoirs.
439 ●	Future projections: Under current legislation, global anthropogenic Hg emissions are expected to
440 remain stable, but full implementation of Minamata Convention National Action Plans and co-benefit
441 air pollution controls could reduce emissions by ~18% relative to 2015. Predicted regional trends vary
442 as follows: declines in China, rising emissions in India (non-power sectors), and high uncertainty in
443 ASGM-dominated regions of Africa, South America, and Southeast Asia. Fossil fuel and industrial
444 emissions are relatively well constrained; waste and ASGM emissions remain highly uncertain.
445 Process and Source Attribution for Biota, Humans, and Other Media
446 The available observations and models are not sufficient to provide quantitative statements about process and
447 source attribution for biota, humans, and other media;. 
448 hHowever, several case studies give information on cross cross-media comparisons:  in the context of the case studies.
449 Those include:
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450 	A case study on tropical tuna showed non-detectable temporal trends in current decades.
451 Long-term monitoring is necessary to detect the substantial change in tuna levels, in 10 to 25
452 years.
453 	A cCase study on the Great Lakes showed different temporal trends in observations in emission,
454 atmospheric deposition and fish concentrations in monitoring data. Fish levels were rather
455 unchanged in contrast to change of emissions and deposition. 456
457

458
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459 1	Introduction
460 1.1	Effectiveness Evaluation Framework
461 Article 22 of the Minamata Convention provides for commits the Conference of the Parties (COP) to evaluate the
462 effectiveness of the Convention, beginning no later than six years after the date of the Convention’s entry into force and
463 periodically thereafter at intervals to be decided by the COP.5 The effectiveness evaluation is to be conducted on
464 the basis of, among other things, available information on the presence and movement of mercury and mercury
465 compounds in the environment, as well as trends in levels of mercury and mercury compounds observed in
466 biotic media and vulnerable populations.
467 The COP began discussing the framework for effectiveness evaluation at its first meeting and continued the
468 discussion at each of the following four meetings (through COP-5). A chronological list of the key documents
469 and decisions in the evolution of the framework that emerged is provided in Annex 1. In this section, we present
470 a summary of the key features of the effectiveness evaluation framework that has evolved.
471 The main purpose of the effectiveness evaluation framework is to assess whether the Parties’ collective
472 implementation of the commitments in the Convention is, or is likely to, achieve the objectives of the
473 Convention. To make this assessment, the COP must address the following questions: Have the Parties taken actions to implement the Minamata Convention?474

1.
475

2.
476


477

3.
478


479

4.
480


481


482
1.2



Have the actions taken resulted in changes in mercury supply, use, emissions and releases into the environment?
Have those changes resulted in changes in levels of mercury in the environment, biotic media and vulnerable populations that can be attributed to the Minamata Convention?
To what extent are existing measures under the Minamata Convention meeting the objective of protecting human health and the environment from mercury?

OESG and EEG Mandates
483 To consider these questions, the COP has created two bodies: the Open-Ended Science Group (OESG) and the
484 Effectiveness Evaluation Group (EEG). The OESG is charged with drafting a scientific report that assesses how
485 changes in emissions and releases attributed to the Minamata Convention have contributed to observed changes
486 in the levels of mercury in the environment and in exposures to biota and human populations (i.e., answering
487 question 3 above). The OESG is also charged with identifying existing data gaps as well as potential scientific
488 actions to address the identified gaps in information and lessons learned for future effectiveness evaluations.
489 The OESG is to submit its scientific report and a summary of lessons learned to the EEG.
490 In addition to the OESG’s reports, the EEG will receive other information developed by the Secretariat
491 concerning implementation of the Convention (based on Article 21 reporting) and changes in the global supply,
492 use, and trade of mercury. The COP adopted a list of 36 indicators for the effectiveness evaluation. Two of these
493 indicators are mandated to the OESG, as shown below:
494 	Indicator 1: Levels and trends of mercury and mercury compounds in the environment and in humans
495 due to anthropogenic emissions and releases
496 	Indicator 29: Mercury levels in vulnerable human populations.
497 With regard toRegarding Indicator 1, the list of indicators notes that, as the analysis of monitoring data progresses, the
498 OESG may further elaborate on this indicator (for example, by proposing sub-indicators). As explained in
499 Section 1.5, the OESG developed several operational questions to address question 3 above.
500 Other indicators are to evaluate the effectiveness of the measures taken under individual articles of the
501 Convention. The OESG also addresses some of the other indicators, such as the amount volume of emissions and
502 releases of mercury. The EEG is charged with synthesizing the available information into a final report and
503 presenting recommendations for improvement, lessons learned and best practices to the Conference of the
504 PartiesCOP. This document is a draft of the scientific report of the OESG.
505 The OESG is composed of scientific experts nominated by Parties. It is “open-ended” in that the number of
506 Parties who can participate is not limited; each Party may nominate one relevant expert to participate.

[bookmark: _bookmark4]5 The Minamata Convention entered into force on 16 August 2017.
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507 Furthermore, Parties and stakeholder organizations may nominate additional individuals with relevant expertise
508 to serve on a Roster of Experts, who may contribute to the technical work and discussions of the OESG.
509 Currently, the OESG has 41 members nominated by Parties and a roster of 146 experts. In contrast, the EEG is a
510 regionally-representative body with 25 members, comprised of 5 individuals nominated from each of the 5 UN
511 regions.
512 The OESG’s work has been conducted primarily through internet meetings and the in-kind contributions of the
513 OESG members and rostered experts. The COP has provided resources for two face-to-face OESG meetings. Of
514 the 41 OESG members nominated by Parties, 5 experts were selected by each UNEP region to lead specific
515 chapters according to their area of expertise. Regionally nominated experts from developing countries and
516 countries with economies in transition receive funding through the budget of the Convention to participate in the
517 face-to-face OESG meetings. In addition, a separate group was contracted to provide support to the secretariat
518 for managing the intake and distribution of the submitted data. The Biodiversity Research Institute (BRI) was
519 contracted for these functions.
520 The OESG’s terms of reference direct the group	to conduct its work in two stages: a planning stage and an
521 implementation stage. In each stage, the OESG is expected to circulate draft work products for review and
522 comment by the Parties, providing multiple opportunities for Parties to provide input to the OESG’s work.
523 Specifically, the OESG is directed to produce:
524 ●	Stage 1: Planning
525 o Plan for the compilation and summary of available monitoring data
526 o Plan for the summary of available emissions and releases data
527 o Plan for data analysis consistent with the Monitoring Guidance6
528 ●	Stage 2: Implementation
529 o Summary of the compiled monitoring data
530 o Summary of the available emissions and releases data
531 o Data analysis addressing the guiding questions outlined in the Monitoring Guidance
532 OESG’s plans for data collection and analysis were circulated to Parties prior to COP-5 and documented in
533 UNEP/MC/COP/5/INF/24. The sections below provide overviews of the OESG’s processes for data collection
534 and analysis as implemented. 535
536 1.3	OESG Internal Structure
537 Following its terms of reference, the OESG elected two co-chairs, one from a developed country and one from a
538 developing country. To facilitate its work, the OESG organized itself into teams oriented around specific types
539 of data or tasks. Each team is led by an OESG member and composed of OESG members and rostered experts.
540 The first set of teams to be organized focused on the collection and analysis of observational data in different
541 environmental media:
542 ●	emissions to air
543 ●	releases to land and water
544 ●	air concentrations and deposition
545 ●	other environmental media (including oceans, freshwaters, sediments, soils, peat, ice, trees, and other
546 vegetation)
547 ●	biota (fish, birds, mammals, and invertebrates)
548 ●	human populations
549 Note that methodologies for the collection of observations in air, biota, and humans are addressed in the
550 Monitoring Guidance. The Monitoring Guidance does not address the collection of observations in other media.

[bookmark: _bookmark5]6 The “Monitoring Guidance” referenced in decision MC-4/11 is the “Guidance on monitoring of mercury and mercury compounds to support evaluation of the effectiveness of the Minamata Convention” available as document UNEP/MC/COP.4/18/Add.2.
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551 However, observations in these media provide important information about the fate of mercury in the ambient
552 environment and, particularly, long term trends.
553 Additional teams were added to focus on:
554 ●	integrated analysis of multi-media trends and patterns (looking across media to link trends through
555 focused case studies and global deterministic modeling)
556 ●	a vision for future effectiveness evaluation processes (identifying data and capability gaps and
557 opportunities for improvement in future effectiveness evaluation cycles)
558 The organization of the scientific and lessons learned reports will largely mirror this team structure. 559
560 1.4	OESG Data Collection Process
561 The OESG plan for collecting available monitoring data and estimates of emissions and releases provided:
562 ●	descriptions of the types of data and information that the OESG was seeking to inform their analyses.
563 The data dictionary included in the plan evolved into the recommended data formats for each type of
564 data to be submitted;.
565 ●	a list of known mercury monitoring programs and other sources of relevant environmental and human
566 data, which provided a starting point for OESG outreach to data providers; and
567 ●	principles that would be used by the OESG to guide its collection and analysis of data, which led to the
568 development of data use agreements and practices.
569 Following its plan, the OESG began collecting data in September 2023. The Executive Secretary of the
570 Minamata Convention sent a letter to all national focal points and observer organizations inviting them to
571 identify relevant data and express an “intent to submit” data to the OESG process. The letter listed the following
572 types of data:	national inventories of mercury emissions to air and releases to land and water and
573 observational data for mercury levels in air, biota (animals and plants), humans, soil, sediments (including
574 sediment cores), fresh water, and ocean water. Potential providers of data were invited to submit a brief
575 description of the dataset, along with data type, time span, geographic scope, and conditions for use of the data.
576 This pre-submission process was automated using on-line forms.
577 The Secretariat, with the support of the Biodiversity Research Institute, established an online data repository
578 where data submissions could be collected for use by the OESG. Those who submitted an expression of intent
579 were invited to submit data using data format templates developed by the OESG, or alternatively submit data in
580 their own format providing sufficient documentation so that the OESG could compile the data with other
581 submissions. Data providers were also requested to submit a data use authorization form, giving permission to
582 the OESG and participating experts to use the submitted data for purposes of the effectiveness evaluation and
583 indicating any specific data use restrictions. The OESG and participating experts accessing the data submitted to
584 the repository were required to sign a complementary agreement to abide by the data use restrictions identified
585 by data providers. Within the online data repository, a process was established to track contact with potential
586 data providers, record data that was submitted and its associated data use restrictions, identify quality or
587 completeness issues, andissues and track any reformatting or other transformations performed on the submitted data.
588 The Secretariat received expressions of intent to submit data from 36 individuals from 15 Parties in response to
589 its initial invitation. Expressions of intent were not submitted for many existing data sets that the OESG had
590 identified in their data collection plans. In May 2024, a renewed call for expression of intent was sent to national
591 focal points and observers, and the OESG and participating experts began more actively reaching out to
592 potential data providers and collecting some datasets available through open-access internet sites and published
593 literature. The OESG data collection effort was highlighted at the International Conference on Mercury as a
594 Global Pollutant in Cape Town, South Africa, 21-26 July 2024.
595 The effort to collect available data has been limited by the time and resources available to support the data
596 collection process, the lack of harmonized data reporting formats and existing infrastructure for data
597 management, and limited awareness of Convention activities in the relevant national and international scientific
598 communities. The Convention does not have obligations, procedures, or infrastructure for the reporting or
599 collection of emissions and releases estimates or environmental and human monitoring data. Thus, the OESG
600 had to develop data use policies, standardized data formats, and a data management infrastructure to support the
601 collection process. The Secretariat was able to provide limited resources to support the establishment of a data
602 repository for use by the OESG. However, most of the data sets that have been collected were not submitted or
603 acquired in the recommended format and do not include the full set of recommended variables. Considerable
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604 effort has been expended through the in-kind contributions of OESG members and rostered experts to create
605 sufficiently harmonized datasets that are possible to analyze.
606 The data that has been identified and collected in this process	is divided into two categories:
607 ●	Received or Acquired: This category includes data that has been submitted to or obtained by the
608 OESG. For each analysis question, the OESG and participating experts will assess each of the datasets
609 in this category in terms of its completeness and quality to determine whether the data is fit for the
610 purpose of addressing the analysis question. The criteria used to determine which data to include in a
611 particular analysis is described for each analysis question.
612 ●	Identified: This category comprises data for which the sources have been identified but for which the
613 data is not available for analysis at this time.	This category includes data that has been submitted to
614 or obtained by the OESG, but that is either insufficiently complete or requires reformatting or
615 transformation that is not possible to complete at this time; data that was identified through an
616 expression of intent to submit, but that has not been submitted; or data that has been identified or
617 obtained by the OESG for which OESG has not been granted permission to use the data in their
618 analysis.
619 Annex X provides links to the online documents developed to implement the data collection process, including
620 the intent to submit form, the data use agreement for the provider, the data use agreement for the analysts, and
621 the data format templates and instructions. 622
623 1.5	OESG Data Analysis Process
624 The OESG’s terms of reference specify that the OESG shall analyze the available information to address the
625 “guiding questions” outlined in the Monitoring Guidance. 7 The Monitoring Guidance, which was drafted in
626 response to Decision 3/10 and presented to COP-4, describes the scientific and technical processes and guiding
627 principles for generating comparable mercury monitoring data with a focus on air, humans and biota. It also
628 suggests methods that can be used to analyse mercury observations in the context of other data to understand the
629 presence, trends, and sources of mercury in the environment and humans to inform the effectiveness evaluation.
630 The Monitoring Guidance outlines a series of six monitoring objectives, each illustrated by one or more
631 questions. The series starts with the most basic objectives and questions and increases in complexity. The six
632 monitoring objectives from the Monitoring Guidance are listed in the first column of Table 1.1.
633 Recognizing that Parties have different capacities for investment in monitoring programs, the Monitoring
634 Guidance provides recommended monitoring approaches and methods for each environmental media divided
635 into three tiers.	Tier 1 methods are intended to be cost-effective, practical, and feasible for circumstances
636 where resources are limited, and will help inform monitoring objectives 1, 2, and 3. Tier 2 is intended to build
637 upon tier 1 methods and create a basis for assessing source attribution at the local, national and global scales
638 (monitoring objective 4 above). Tier 3 identifies research methods and approaches that may play a vital role in
639 supporting the tier 1 and tier 2 programmes and the effectiveness evaluation, primarily by improving
640 understanding of key processes that link sources to environmental concentrations and exposures (monitoring
641 objectives 5 and 6).
642 The first step in the development of the OESG’s data analysis plan was to break down the monitoring objectives
643 and associated guiding questions of the Monitoring Guidance into themes to support the data analysis. For each
644 data analysis theme, the OESG developed analysis questions for each of the monitoring matrices and for
645 emissions and releases. The second and third columns of Table 1.1 present the data analysis themes and
646 summary versions of the analysis questions which capture the scope of the individual questions under each
647 theme.
648 Table 1.1. Mapping of the data analysis themes and summary-level analysis questions to guide the analysis of
649 data by the OESG in relation to the monitoring objectives in the Monitoring Guidance.

	Monitoring objectives (from the Monitoring Guidance)
	
Data analysis themes
	
Summary-level operational questions




[bookmark: _bookmark6]7 Available as document UNEP/MC/COP.4/INF/12.
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	Estimation of mercury concentrations for areas without (i.e., background sites) or with (i.e., affected sites) local anthropogenic sources
	Current Levels
	What are current levels of Hg emissions and releases and current levels of Hg observed in air, biota, humans, and other media?

	Identification of temporal trends
	Temporal Trends
	How have levels of Hg emissions and releases and Hg observed in air, biota, humans, and other media changed over the available record?
How do those changes compare to the timeline of the Minamata Convention?
What specific mitigation measures have contributed to changes in emissions and releases?
How are levels of Hg emissions and releases and Hg observed in air, biota, humans and other media expected to change in the future?

	Characterization of spatial patterns
	Spatial Patterns
	How do current levels and temporal trends vary geographically at the global scale?

	Estimation of source attribution of anthropogenic mercury
	Source or Process Attribution
	What is the fractional contribution of contemporary anthropogenic emissions and releases to current Hg levels observed in air, biota, humans, and other media?
How have these contribution levels changed over the timeline of the Minamata Convention?
How do the contribution levels and their trends vary geographically at the global scale?
How have drivers other than changes in emissions and releases contributed to the trend in observed Hg levels?

	Estimation of exposure and adverse impacts
	Health and Ecosystem Impacts
	How do current levels of Hg observed in air, biota, humans, and other media compare to levels in established guidelines, as well as to observed and projected thresholds for effects to humans, other living organisms and biodiversity based on recent research and knowledge?
How do changes in Hg levels over the timeline of the Minamata Convention compare to those guideline levels and effect thresholds?

	Quantification of key environmental processes to improve understanding of cause-effect relationships
	Process Understanding
	How consistent are current levels, temporal trends, and spatial patterns of Hg emissions and releases and Hg levels in air, biota, humans, and other media with estimates from current mechanistic models?


650
651 The OESG and participating experts fleshed out their data analysis plan by considering the following ten
652 categories of information for each media-specific data analysis question:
653 1. Relevant versus available data – to determine the type of “relevant and applicable” data that might be
654 used to answer the operational questions, whether the data is accessible in a usable form, and the
655 sources and formats of data readily accessible to the OESG;
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656 2. Methodological approach – to identify an appropriate methodological approach for answering the
657 operational question, taking into account the relevant data that are readily accessible to the OESG and
658 whether the approach involves statistical modelling or mechanistic modelling;
659 3. Form of the answer/output – to identify how the answer to the operational question might be expressed
660 (for example, as a map, a time series, a figure, a table of quantitative metrics or a narrative);
661 4. Anticipated result – to describe, based on published literature, what the answers to the operational
662 questions might look like;
663 5. Confidence – to assess, based on the identified methodological approach, the level of confidence in the
664 answer (qualitative or quantitative) to the operational question; to identify quality assurance measures
665 applicable to the data and the analysis method; and to identify the most important sources of
666 uncertainty and potential sources of bias;
667 6. Lead responsibility – to identify who, within the Open-ended Scientific Group or roster of experts,
668 could take primary responsibility for performing the analysis to arrive at an answer to the operational
669 question;
670 7. Contributors – to identify who, within the Open-ended Scientific Group or roster of experts, could
671 contribute to performing the analysis to arrive at an answer to the operational question;
672 8. Identified gaps – to identify gaps in the existing data, knowledge and tools that might prevent analysis
673 of the operational question;
674 9. Capacity needs – to determine the capacity needs to fill the identified gaps;
675 10. Indigenous knowledge or traditional knowledge – to identify Indigenous knowledge and traditional
676 knowledge that might be used in the analysis. 677
678	1.6	Organization of Report
679
680	To be completed…
681
682	List of authors and contributors to be added.
683
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684	2	Current Levels, Temporal Trends, and Spatial Patterns
685
686 2.1	Anthropogenic Emissions to Air
687 2.1.1	What data are available?
688 There is more data on anthropogenic emissions of mercury to air compared to releases of mercury to land and
689 water. Article 8 of the Minamata Convention requires Parties to establish an inventory of emissions from relevant sources . DData available for Hg emissions to air include:
690 Pollutant Release and Transfer Registries (PRTRs), the Minamata Initial Assessments (MIAs), the Convention
691 on Long-range Transboundary Air Pollution (CLTRAPCLRTAP) database, the Global Mercury Assessment (GMA), and
692 the Emissions Database for Global Atmospheric Research (EDGAR). Some of these data have been submitted
693 through national reports pursuant to Article 21 of the Convention, or submitted in response to the OESG’s data
694 call.
695 Of these, EDGAR, submitted by the EU Joint Research Center during the data call process, provides the most
696 robust/holistic data set for trend analysis. However, some countries have detailed inventories that may be more
697 accurate, particularly for specific sectors or source types. EDGAR is a multipurpose, independent, global
698 database of anthropogenic emissions of greenhouse gases and air pollution on Earth. EDGAR provides
699 independent emission estimates compared to what reported by European Member States or by Parties under the
700 United Nations Framework Convention on Climate Change (UNFCCC), using international statistics and a
701 consistent IPCC methodology.	Comment by USG: Recommend consistent approach to hyperlinks, ideally locating all within footnotes. 
702 The EDGAR Global Mercury Emissions v8.1, which provides mercury emissions across all countries for the
703 period from 1970 to 2022, is available at https://edgar.jrc.ec.europa.eu/dataset_tox81. It includes total mercury
704 (Hg) and mercury species, i.e. gaseous elemental mercury (Hg0), gaseous oxidised mercury (Hg2+) and
705 particle-bound mercury (Hg-P). It provides yearly and monthly time series of emissions by sector and country
706 and gridded emissions maps at a 0.1 x 0.1-degree global resolution. These emissions are aggregated according to
707 IPCC 2006 and 1996 classifications and the Minamata recommendations.
708 The methodology for mercury emissions estimation in EDGAR aligns primarily with the recommendations from
709 the Long-Range Transboundary Air Pollution Convention and the EMEP/EEA guidebook.8,9 The mercury	Comment by USG: Spell out for first usage
710 emissions are provided for the key emitting anthropogenic sources.10
711 In addition to EDGAR, the OESG used the emission data submitted by China during the commenting process of
712 the data availability report11.
713 The trends by IPCC continental region for the period 2010-2020 are shown in Figure 2.1.1. Emissions estimates
714 are based on Cui et al. 2025 for China and EDGAR v8.1 Muntean et al. 2025 for all other countries. Regions
715 are stacked from largest increase on top (Africa) to largest decrease on bottom (Eastern Asia). Source
716 categories are stacked with largest sources explicitly addressed by the Convention on top and sources not
717 addressed by the Convention on bottom.




[bookmark: _bookmark7]8 Marilena Muntean, Greet Janssens-Maenhout, Shaojie Song, Amanda Giang, Noelle E. Selin, Hui Zhong, Yu Zhao, Jos
G.J. Olivier, Diego Guizzardi, Monica Crippa, Edwin Schaaf, Frank Dentener, Evaluating EDGARv4.tox2 speciated mercury emissions ex-post scenarios and their impacts on modelled global and regional wet deposition patterns, Atmospheric Environment, Volume 184, 2018, Pages 56-68, ISSN 1352-2310, doi:10.1016/j.atmosenv.2018.04.017.
[bookmark: _bookmark8]9 Muntean, M., Janssens-Maenhout, G., Song, S., Selin, N. E., Olivier, J. G. J., Guizzardi, D., Maas, R., Dentener, F.: Trend analysis from 1970 to 2008 and model evaluation of EDGARv4 global gridded anthropogenic mercury emissions., Science of the Total Environment 494–495 (2014) 337–350, doi:10.1016/j.scitotenv.2014.06.014
[bookmark: _bookmark9]10 Specifically for the Artisanal Small Scale Gold Mining (ASGM) sector, there is scarce information in scientific literature and publicly available reports, in particular on the achievements related to emissions mitigation in the latest years; in order to provide a more realistic view on global mercury emissions from ASGM, a refinement of these emissions based on the information from official national reporting to the Minamata Convention on Mercury in the framework of the First Effectiveness Evaluation is needed.
[bookmark: _bookmark10]11 Cui, Y., Wu, Q., Wang, S., Liu, K., Li, S., Shi, Z., Ouyang, D., Li, Z., Chen, Q., Lü, C., Xie, F., Tang, Y., Wang, Y., and Hao, J.: Integrating point sources to map anthropogenic atmospheric mercury emissions in China, 1978–2021, Earth Syst. Sci. Data, 17, 3315–3328, https://doi.org/10.5194/essd-17-3315-2025, 2025
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720	Figure 2.1.1. Global mercury emission trends 2010-2021, attributed to IPCC regions and source categories.
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722	Figure 2.1.2: Source Trends Within Each Region
723
724 Regions with increasing mercury emissions, such as Africa, Latin America and the Caribbean, and South-East
725 Asia, are characterized by significant growth in the artisanal and small-scale gold mining (ASGM) sector, which
726 contributes substantially to their total emissions. Conversely, regions like North America and Europe, which
727 have reduced emissions, have managed significant reductions in the power generation sector and other industrial
728 activities. The Asia-Pacific Developed and Middle East IPCC continental regions were not included in this
729 analysis because their contributions to the total global mercury emissions are small (<2%).
730 The purpose of the EDGAR inventory is to complete the global picture with emissions time-series for each country
731 and global grid maps. This helps in understanding trends in global emissions by sector and identifying emissions
732 hotspots and top emitters. EDGAR contributes to enhanced transparency and provides an additional source with
733 which national and other global estimates can be compared. The granularity of EDGAR allows meaningful
734 comparisons that can foster a better understanding of the differences in the methodologies, emissions factors
735 used, and sectors/sub-sectors included or missing in different air emissions inventories.
736 EDGAR datasets and CLRTAP emissions for selected countries were compared to quantify differences. For
737 most countries, the difference is significant and the CLTRAP CLRTAP emissions are higher. The trends between 1990
738 and 2022 and between 2014 and 2022 are also different for CLRTAP (decreasing) and EDGAR (increasing). E-
739 PRTR shows a decreasing trend in emissions of mercury to air in Europe – 33.87 t/yr in 2007 to 16.05 t/yr in
740 2022. The trends from the MIA inventories cannot be compared as most countries completed the inventory for a
741 single year during the period 2015-2019.
742 Sub-Saharan Africa, Latin America and the Caribbean and South-East Asia, are regions with ASGM activities.
743 The increasing Hg emissions from these regions are a result of the significant growth in their ASGM sector.
744 Literature reporting on the contribution of ASGM to Hg emission and releases from the ASGM sector has been
745 very limited prior to the year 2000; but, data availability from this sector increased rapidly from 2001 until
746 recently. ASGM National Action Plans include baseline estimates of the use of mercury in this sector. These
747 estimates are for the base year; however, the implementation of Article 7 of the Convention will be reviewed
748 every three years. Thus, updated estimates are expected to become available in the future.
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749 2.1.2	What are the current levels of Hg (THg, GEM, GOM, PBM) emissions to air, [by
750 country and by world region,] from
751 Each Convention Annex D source category
752 ASGM sources
753 Other anthropogenic sources covered by the Convention (not Annex D, not
754 ASGM)
755 Anthropogenic sources not covered by the Convention
756 Generally, anthropogenic Hg emissions to the atmosphere are in the form of elemental mercury (Hg0) and the
757 oxidized form (HgII).
758 Despite large uncertainties, global THg release to the air from ASGM has been reported to be on theas increasinge
759 between 2010 to date (Cheng et al., 2023). The GMA reported an increase based on national inventories that
760 were reported in 2019. The majority of theMost emissions are reported to occur in Asia followed by South America
761 and then Sub-Saharan Africa with reported averages proportion of total annual emissions of 49%, 18% and 16% respectively. Country emissions
762 vary widely due to specific contributions from the extent of their industrial, mining, energy and other activities.
763 Although existing data reveals emissions from coal-fired plants, waste incineration (especially medical wastes),
764 industry and mining are amongst the main contributors of mercury emissions to the atmosphere, reemission
765 from the oceans can also play an important role to atmospheric Hg levels despite suggestions that it may even
766 buffer environmental Hg levels (Zhang et al., 2023).
767 Information Used (including applicable indigenous and traditional knowledge):
768 Methodology:
769 Answer/Response: EDGAR datasets and CLRTAP emissions were investigated to assess the differences
770 between these datasets. Selected countries with available data were used	. For most countries, the
771 difference between the EDGAR and CLRTAP reporting is significant and the CLRTAP emissions are higher.
772 The trends reported between 1990 and 2022 and between 2014 and 2022 are different for CLRTAP than EDGAR, with.
773 CLRTAP reportings decreasing trends and EDGAR reportings increasing trends over the same time periods in the air
774 emissions data. In case of E-PRTR the emissions to air are decreasing (see table below). The MIA inventories
775 cannot be compared as they were done in 2015-2019 years only and most countries did them only once.
776 Sub-Saharan Africa including the West Africa coastal belt with countries such as Cote d ‘Ivoire, Ghana, Benin
777 Republic, Sierra Leone, and moving northwards including Mali and Burkina Faso, Latin America and the
778 Caribbean, and South-East Asia, are regions with ASGM activities. There is an increasing use of Hg from these
779 regions from the significant growth in their ASGM sector and consequently an increase in Hg emissions to the
780 air. Literature reporting on the contribution of ASGM to Hg emission and releases from the ASGM sector has
781 been very low prior to the year 2000, but reporting in this sector increased rapidly from 2001 until recently.
782 EDGAR reported that the ASGM sector increased from 101 t to 144 t. Total emissions in 2020 were 324 t, with
783 significant contributions from the power generation sector (69 t). Latin America and Caribbean mercury
784 emissions increased by 32%, with their global contribution rising from 18% to 20%. The ASGM sector grew
785 from 208 t to 297 t. Total emissions in 2020 were 369 t. Africa's emissions increased by 71%, raising its global
786 share from 19% to 27%. The ASGM sector increased from 233 t to 429 t. Total emissions in 2020 were 512 t.
787 Other main anthropogenic sources of Hg covers by the convention include coal, waste, chemical industry, paper
788 and wood processing etc. Global trend from PRTR data sources revealed that THg emissions generally deceased
789 from 2008 to 2023, with individual sectors showing slight decrease or almost constant over the decades. 790
791	Consistency of Answer with Existing Literature (especially the 2018 GMA):
792	Evaluation of Confidence:
793	Information and Capacity Needs:
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	794
	2.1.3	How have levels of anthropogenic Hg emissions to air from (each Annex D

	795
	source category, ASGM activities, other covered source categories, or non-

	796
	covered source categories) by world region changed over the available record?

	797
	Have the estimated trends changed over the available record, and how do those

	798
	changes compare to the timeline of the Convention?

	799
	Information Used (including applicable indigenous and traditional knowledge):

	800
	Methodology:

	801
	Answer/Response: Global Anthropogenic Hg emissions to air from ASGM activities globally =showed an increaseincreased, driven

	802
	mainly due by to regions and countries withthe expansion of intensive ASGM activities within	sub-Saharan Africa, East and

	803
	Southeast Asia and South America. In contrast, emissions from	chlor-alkali production haves declined globally.

	804
	The increasing emissions from ASGM may not change abate sinceas ASGM activities are predicted to increase given that, due to the

	805
	factor that promotes and sustains mining in this sector. fFor most sub-saharansub-Saharan and developing countries, ASGM

	806
	is the largest source of mercury use and emissions because ASGM is an attractive source of income for the rural

	807
	poor in developing nations; hence, it’s continued use is expected because of the contribution to national

	808
	economies as well as meeting the miners socio-economic needs.

	809
	Unlike general trends for some sectors, because ASGM is limited to selected countries, all data bases show similar

	810
811
812
	findings and are overall consistent with each other despite some variations in reported values.

	813
814
815
	


Consistency of Answer with Existing Literature (especially the 2018 GMA):

	816
	Evaluation of Confidence:

	817
	Information and Capacity Needs:

	818
	2.1.4	What is the contribution of specific mercury mitigation measures to the change

	819
	in anthropogenic Hg emissions to air from (each Annex D source category,

	820
	ASGM activities, other covered source categories, or non-covered source

	821
	categories) by world region over the available record?

	822
	Information Used (including applicable indigenous and traditional knowledge):

	823
	Methodology:

	824
	Answer/Response:

	825
	Consistency of Answer with Existing Literature (especially the 2018 GMA):

	826
	Evaluation of Confidence:

	827
	Information and Capacity Needs:

	828
	2.1.5	What would levels of anthropogenic emissions to air from (each Annex D source

	829
	category, ASGM activities, other covered source categories, or non-covered

	830
	source categories) by world region be currently without implementation of

	831
	obligations related to the Convention?

	832
	Information Used (including applicable indigenous and traditional knowledge):

	833
	Methodology:

	834
	Answer/Response:

	835
	Consistency of Answer with Existing Literature (especially the 2018 GMA):

	836
	Evaluation of Confidence:
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	837
	Information and Capacity Needs:

	838
	2.1.6	How are levels of anthropogenic Hg emissions to air from (each Annex D source

	839
	category, ASGM activities, other covered source categories, or non-covered

	840
	source categories) by world region expected to change by 2030, including

	841
	consideration of implementation of the Convention?

	842
	Information Used (including applicable indigenous and traditional knowledge):

	843
	Methodology:

	844
	Answer/Response:

	845
	Consistency of Answer with Existing Literature (especially the 2018 GMA):

	846
	Evaluation of Confidence:

	847
	Information and Capacity Needs:

	848
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849	2.2	Anthropogenic Releases to Land and Water

	850
	2.2.1	What data are available?

	851
	The United Nations Environment Programme (UNEP) Global Mercury Assessment (GMA 2018) provided

	852
	estimates of mercury releases to freshwater environments. The GMA 2018 contains information on the

	853
	distribution of the estimated global anthropogenic Hg releases to aquatic systems in 2015 by sub-continental

	854
	regions and by sector (oOil refining, mMercury production, lLarge- scale gold, nNon-ferrous metal production (Al,

	855
	Cu, Pb, Zn), cCoal-fired power plants, mMunicipal waste water, cCoal washing, mMercury-added products, cChlor-

	856
	alkali (Hg cell). The methodology used for these estimations was the UNEP toolkit (levels 1&2) to identify and

	857
	quantify emissions and releases of mercury and its compounds. As no update of global mercury release

	858
	inventory has been undertaken since this time, the Jozef Stefan Institute conducted a review of methodologies

	859
	for estimating mercury releases with updated emission estimates and activity data.

	860
	2.2.2	What are current levels of THg releases to fresh waters (rivers and lakes) from

	861
	ASGM activities [by country/world region]? By Hg species?

	862
	Hg species from the ASGM is not well studied and very few information is readily available.

	863
	Information Used (including applicable indigenous and traditional knowledge):

	864
	Methodology:

	865
	Answer/Response:

	866
	Consistency of Answer with Existing Literature (especially the 2018 GMA):

	867
	Evaluation of Confidence:

	868
	Information and Capacity Needs:

	869
	2.2.3	What are current levels of THg releases to coastal waters from ASGM activities

	870
	[by country/world region]? By Hg species?

	871
	Information Used (including applicable indigenous and traditional knowledge):

	872
	Methodology:

	873
	Answer/Response:

	874
	Consistency of Answer with Existing Literature (especially the 2018 GMA):

	875
	Evaluation of Confidence:

	876
	Information and Capacity Needs:

	877
	2.2.4	What are current levels of THg releases to fresh waters (rivers and lakes) from

	878
	non-ASGM anthropogenic activities (examples - agriculture, gold plating, dental

	879
	offices,…) [by country/world region]? By Hg species?

	880
	

	881
	Data from Kocman, 2025, Report to the Convention Secretariat:



	Source Category
	Tonnes Per Year
	Estimation Method

	ASGM
	uncertain
	

	Municipal Wastewater
	40 - 460
	Activity Based Estimate

	Coal Washing
	10s – 100s
	Activity Based Estimate

	Mercury Containing Products
	~100
	Hg Consumption Based Estimate

	Coal Fired Power Plants
	10 – 130
	Activity Based Estimate
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	Large Scale Gold Production
	40
	Air Emissions Based Estimate

	Aluminum Production
	12
	Air Emissions Based Estimate

	Zinc Production
	9
	Air Emissions Based Estimate

	Lead Production
	2
	Air Emissions Based Estimate

	Oil Refining
	0.5
	Air Emissions Based Estimate

	Chlor-Alkali Production
	0.5
	Air Emissions Based Estimate

	Copper Production
	0.5
	Air Emissions Based Estimate

	Primary Mercury Production
	0.5
	Air Emissions Based Estimate


882
883 2.2.4.1	Using data from GMA 2018
884 Information Used (including applicable indigenous and traditional knowledge): United Nations
885 Environment Programme (UNEP) Global Mercury Assessment 2018 provides estimates of mercury releases to
886 freshwater environments.
887 The GMA 2018 contains information on the distribution of the estimated global anthropogenic Hg releases to
888 aquatic systems in 2015 according to sub-continental regions and per sectors (oOil refining, mMercury
889 production, lLarge- scale gold, nNon-ferrous metal production (Al, Cu, Pb, Zn), cCoal-fired power plants,
890 mMunicipal waste water, cCoal washing, mMercury-added products, cChlor-alkali (Hg cell).
891 No specific estimations of releases from agriculture, gold plating, dental offices.
892 Methodology: The recommended approach is inventory-based estimation using statistical modeling (emission
893 factor approach). The UNEP Mercury Inventory Toolkit (Level 2) and sector-specific emission factors from
894 GMA 2018 can be used to estimate total mercury (THg) releases to freshwater from non-ASGM anthropogenic
895 activities.
896 Answer/Response: The answer can be expressed as a map, a figure or a table of quantitative metric, along with
897 narrative explanation.
898 Consistency of Answer with Existing Literature (especially the 2018 GMA): The data are from the 2018
899 GMA.
900 Evaluation of Confidence: The confidence of data for the non-ASGM water releases in the GMA 2018 is
901 higher comparingcompared to the ASGM water releases.
902 Information and Capacity Needs: There is a lack of information about releases from agriculture, gold plating, and dental
903 offices in the GMA 2018.

	Excerpts from the GMA report:

”Global anthropogenic Hg releases to aquatic systems by region in 2015, ASGM not included.

	
	
	Annual release, t
	
	

	
	Australia, New Zealand & Oceania
	7.22
	1.2
	

	
	Central America and the Caribbean
	22.4
	3.8
	

	
	CIS & other European countries
	48.7
	8.3
	

	
	East and Southeast Asia
	266
	46
	

	
	European Union
	33.9
	5.8
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	Middle Eastern States
	16.7
	2.9
	

	
	North Africa
	10.5
	1.8
	

	
	North America
	32.4
	5.6
	

	
	South America
	42.8
	7.3
	

	
	South Asia
	55.3
	9.5
	

	
	Sub-Saharan Africa
	47.1
	8.1
	

	

Global releases of anthropogenic Hg to freshwater, excluding ASGM, based on revised estimates are 583 t/y in 2015, compared to 180 t/y in the 2010 GMA inventory. The main sectors identified as sources of anthropogenic Hg releases to water are non-ferrous metals production and releases associated with municipal sewage, followed by the disposal of Hg-added products and releases from the coal industry. However, although not directly comparable – because combined releases to land and water are estimated for this sector – ASGM is still considered the major single anthropogenic source of Hg to aquatic systems. Some other industries also release substantial amounts of Hg – of the order of tens to hundreds of tonnes per year – either directly to soil/land (such as large-scale Au and primary Hg mining) or to various waste streams (such as for Zn production, vinyl chloride monomer (VCM) production, Cu production and the chlor- alkali industry).

„Releases from selected sectors: The 2015 global inventory of releases to water excludes releases from artisanal
and small-scale gold mining, which are treated separately.

Mercury releases from copper, lead, zinc, aluminium, mercury, and large-scale gold production were estimated to be about 240 tonnes or 40% of the inventory. About a quarter comes from large-scale gold production.
Municipal sewage contributes about a further quarter of the global mercury release total. The phase-out under the Minamata Convention of many products that contain mercury is expected to decrease mercury releases in municipal sewage. Anticipated improvements in municipal wastewater treatment around the world are also expected to decrease mercury releases. The 2015 inventory shows that mercury-added products are also a major source of mercury releases. The use of mercury in products, such as batteries, lamps, dental applications, and others, is in decline and so are resulting mercury releases, especially in developed countries.
The 2015 inventory considers mercury releases in wastewater from coal-fired power plants and those resulting from coal washing. Together both releases are
estimated to contribute about 15% of the global inventory. In addition, tens of tonnes of mercury per year
accumulate in slurry ponds at coal washing sites globally, creating a hazard for local aquatic systems.”

In addition to direct releases to water, some of the sectors discussed here contribute deposit mercury into landsoils,  or aggregate and transport mercury as part of the general waste stream and sector-specific storage, which can be equally if not more important to the global mercury cycle. For example, zinc production is responsible for an estimated 4200 tonnes of mercury per year. Large-scale gold mining is estimated to put 2700 tonnes of mercury into soils each year, 45 times more than it releases directly to water. A further 940 or so tonnes of mercury from mercury-added products enters the solid waste stream, of which only 6% is estimated to be stored safely. A rough estimate of anthropogenic mercury input to soils is 7000-8000 tonnes. All
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of this mercury becomes a potential secondary source of releases to water as well as emissions to air. A great deal
remains unknown about this pathway of mercury pollution”

904 2.2.4.2  Using data from MIA Reports
905 Information Used. MIA reports and inventories of mercury emissions and releases based on the UNEP
906 toolkit, developed by the Parties, to provide data on releases of Hg into water. It should be noted that	there is
907 no difference between emissions to freshwater or to coastal waters in this method.
908 The source categories for which releases are calculated are:
909 5.1 Extraction and use of fuels/energy sources
910 5.2 Primary (virgin) metal production
911 5.3 Production of other minerals and materials with mercury impurities
912 5.4 Intentional use of mercury in industrial processes
913 5.5 Consumer products with intentional use of mercury
914 5.6 Other intentional products/process uses
915 5.7 Production of recycled metals ("secondary" metal production)
916 5.8 Waste incineration
917 5.9 Waste deposition/landfilling and waste water treatment
918 5.10 Crematoria and cemeteries
919 5.11 Identification of potential hot-spots.
920 No specific estimations of releases from agriculture or gold plating. The releases from Dental amalgam fillings
921 ("silver" fillings) (use/disposal) offices are included in subcategory 5.6.
922 Methodology. The recommended approach is inventory-based estimation using statistical modeling (emission
923 factor approach).
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924 Answer/Response. The answer can be expressed as a table of quantitative metric, along with narrative
925 explanation.
926 Consistency of Answer with Existing Literature (especially the 2018 GMA). 2018 GMA contains the data
927 from the national MIAs.
928 Evaluation of Confidence. According to the UNEP Guidelines guidelines, „ iIn most cases, precise data are hard to get or
929 non-existent, or it may be more appropriate to report data as intervals for other reasons (e.g., , for example due to
930 changes in a relevant time period). Generally, it is recommended to use relevant data intervals, andintervals and report them.
931 Alternatively, the "middle ground estimate" or conservative estimate (see above) may be reported, accompanied
932 by quantified or estimated uncertainty of the data, for example as "15 kg Hg/year ± 5 kg"”
933 Information and Capacity Needs. There is lack of information releases from agriculture, gold plating in the
934 MIA reports.

935 2.2.5	What are current levels of THg releases to coastal waters from non-ASGM
936 anthropogenic activities (examples - agriculture, gold plating, dental
937 offices,…)[by country/world region]? By Hg species?
938 Information Used (including applicable indigenous and traditional knowledge):
939 Methodology:
940 Answer/Response:
941 Consistency of Answer with Existing Literature (especially the 2018 GMA):
942 Evaluation of Confidence:
943 Information and Capacity Needs:

944 2.2.6	What are current levels of THg releases to land (separate from water) from
945 ASGM activities, including tailings and sediments [by country/world region]?
946 By Hg species?
947 Information Used (including applicable indigenous and traditional knowledge):
948 Methodology:
949 Answer/Response:
950 Consistency of Answer with Existing Literature (especially the 2018 GMA):
951 Evaluation of Confidence:
952 Information and Capacity Needs:

953 2.2.7	What are current levels of THg releases to land (separate from water) from non-
954 ASGM anthropogenic activities (examples - agriculture, gold plating, dental
955 offices,…) [by country/world region]? By Hg species?
956 The main releases to land come from primary metal production, waste deposition/waste waterwastewater, use of disposal of
957 mercury containing products.
958 Information Used (including applicable indigenous and traditional knowledge): From National mercury
959 inventories: Insights and latest trends Nov 2022. 70 National mercury inventories exist and have been reviewed
960 by experts within the framework of the MIAs. The main regions and categories covered are Latin America and
961 the Caribbean, Sub-Saharan Africa, South Asia and South EastSoutheast Asia and the Pacific.
962 Methodology: The methodology used ins the UNEP toolkit (levels 1&2) for the identification and quantification
963 of emissions and releases of mercury and its compounds.
964 Answer/Response:
965 Consistency of Answer with Existing Literature (especially the 2018 GMA):
966 Evaluation of Confidence:
967 Information and Capacity Needs:
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	968
	2.2.8	How have levels of anthropogenic Hg releases to water from (ASGM, non-ASGM

	969
	activities) by world region changed over the available record? Have the observed

	970
	trends changed over the available record and how do those changes compare to

	971
	the timeline of the Convention?

	972
	Information Used (including applicable indigenous and traditional knowledge):

	973
	Methodology:

	974
	Answer/Response:

	975
	Consistency of Answer with Existing Literature (especially the 2018 GMA):

	976
	Evaluation of Confidence:

	977
	Information and Capacity Needs:

	978
	2.2.9	What is the contribution of specific mitigation measures to the change in

	979
	anthropogenic Hg releases to water from (ASGM, non-ASGM activities) by

	980
	world region over the available record?

	981
	Information Used (including applicable indigenous and traditional knowledge):

	982
	Methodology:

	983
	Answer/Response:

	984
	Consistency of Answer with Existing Literature (especially the 2018 GMA):

	985
	Evaluation of Confidence:

	986
	Information and Capacity Needs:

	987
	2.2.10 What would levels of anthropogenic Hg releases to water from (ASGM, non-

	988
	ASGM activities) by world region be currently without implementation of the

	989
	obligations related to the Convention?

	990
	Information Used (including applicable indigenous and traditional knowledge):

	991
	Methodology:

	992
	Answer/Response:

	993
	Consistency of Answer with Existing Literature (especially the 2018 GMA):

	994
	Evaluation of Confidence:

	995
	Information and Capacity Needs:

	996
	2.2.11 How are levels of anthropogenic Hg releases to water from (ASGM, non-ASGM

	997
	activities) by world region expected to change by 2030, including consideration

	998
	of implementation of the Convention?

	999
	Information Used (including applicable indigenous and traditional knowledge): Information was extracted

	1000
	and in some cases adapted from EDGAR, PRTR and GMA.

	1001
	Methodology:

	1002
	Answer/Response: Over the past two decades, Hg releases to the environment from ASGM have generally

	1003
	been increasing. This increase may possibly continue to 2030 due to sectors like ASGM, energy and waste. This

	1004
	is because ASGM is driven by communities that primarily depend on it for their livelihood, and more

	1005
	communities are getting involved because the work provides a better source of income at a faster rate than other

	1006
	activities like agriculture and transportation. Furthermore, ASGM is mainly categorized as an informal sector

	1007
	with little regulatory attention or abatement measures being put in place. There is increasing callThere are growing calls to transition away from Hg-based ASGM to other technologies like cyanide, which could make meaningful progress in slowing down the presently growing rate of emissions to water. switch

	1008
	technology from Hg use in the ASGM to other technologies. If the switch to other technologies such as the

	1009
	cyanide continues to be successful, then there might be a slowing down of emission increase. The scenario

	1010
	described above for ASGM is consistent throughout the data processors such as EDGAR, PRTR and GMA

	1011
	except that there are differences in absolute mercury emission values.
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	1012
	Consistency of Answer with Existing Literature (especially the 2018 GMA): EDGAR, PRTR, MIA, GMA

	1013
	are all consistent with published literature with regards the general trend on emissions and releases from

	1014
	countries having the ASGM sector. Notwithstanding, there are some notable differences in emissions in a few

	1015
	countries such as Ecuador, Ghana, Nigeria, Tanzania, Sierra Leone, Central African Republic, reported mercury

	1016
	use in some cases are far higher than their respective National Action Plans (NAPs) reported although in most cases, estimates from

	1017
	cCountries’ National Action Plan (NAPs) tend to agree with Global Mercury Assessment of 2018 (to illustrate see

	1018
	figure below).
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[image: ]Figure: Comparison of Mercury Use estimates from National Action Plans and Global Mercury Assessment


Evaluation of Confidence:
Information and Capacity Needs: At the moment, there is relatively low availability of data from the ASGM sector. This is because; the sector is in developing countries with little or minimal funding to conduct primary research. This is evident by the fact that data on Hg emissions and releases are mainly from the MIA inventory.

2.2.12 How have levels of anthropogenic Hg releases to land from (ASGM, non-ASGM activities) by world region changed over the available record? Have the observed trends changed over the available record and how do those changes compare to the timeline of the Convention?
Information Used (including applicable indigenous and traditional knowledge): Methodology:
Answer/Response:
Consistency of Answer with Existing Literature (especially the 2018 GMA): Evaluation of Confidence:
Information and Capacity Needs:


	1037
	2.2.13 What is the contribution of specific mitigation measures to the change in

	1038
	anthropogenic Hg releases to land from (ASGM, non-ASGM activities) by world

	1039
	region over the available record?

	1040
	Information Used (including applicable indigenous and traditional knowledge): No relevant time series or

	1041
	inventories have been provided to the OESG team that would specify which specific mitigation measures have

	1042
	contributed to changes in anthropogenic Hg releases to land.

	1043
	Methodology: The following is a qualitative expert opinion on potential effects.

	1044
	Answer/Response: The single largest source of land releases according to the UNEP toolkit-compiled

	1045
	inventories is ‘pPrimary metal production (excl. gold production by amalgamation)’ (Category 5.2).

	1046
	This is followed by emissions from waste deposition, landfilling and wastewater treatment (Categories 5.5, 5.6)

	1047
	and thirdly, consumer products with the intentional use of Hg (considering their whole lifecycle) (Category 5.9).

	1048
	While land releases from primary metal production can be approximated based on the geology and Hg content

	1049
	of the mined ore, the type and quality of extraction technology and the (air) pollution control equipment which is used, as well as the emissions

	1050
	from waste deposition, landfilling and wastewater treatment, are highly uncertain. These land releases y depend on the – highly

	1051
	variable – Hg concentration in the deposited waste, its speciation and mobility. The third component, consumer

	1052
	products containing Hg, is addressed effectively through the Minamata Cconvention, and a decreasing trend in

	1053
	such emissions is to be expected due to Annex B bans of Hg use in such products or Hg content reductions.

	1054
	Specific mitigation measures are likely to have mixed effects on Hg land emissions since:

	1055
	E.g. cross-media effects from increasingly efficient air pollution control devices might have adverse effects on

	1056
	emissions to land., e.g. For example, where fly ash generated by running air pollution control devices might be is deposited on/in land in such a way that Hg re-enters circulation. A recent study looked at the ultra-low emission (ULE) retrofits of

	1057
	power plants in China and found	that “Hg content of fly ash increased from 0.16 mg/kg (P50 value) to

	1058
	0.33 mg/kg after ULE retrofit, while Hg content of gypsum decreased from 0.75 mg/kg to 0.51 mg/kg. Both Hg

	1059
	contents are lower than 25 mg/kg, a proposed threshold to determine mercury-containing wastes. However,

	1060
	approximately 228 t Hg (2017 data) and 36.5 t (2018 data) Hg will be embodied in fly ash and gypsum,

	1061
	respectively, if all coal-combustion installed ULE technology, which implies risk of potential re-emissions and

	1062
	releases. Therefore, policies of treatment and disposal of fly ash and gypsum should be considered in the

	1063
	future.” (Wen et al. 2020, DOI:10.1016/j.jhazmat.2020.122729) However, the actual (leakage) behavior of such

	1064
	embodied Hg emissions to land remains highly dependent on the environmental conditions and the fate of fly

	1065
	ash and gypsum. While there are concerns about the public acceptance of using Hg-containing fly ash and

	1066
	gypsum in, for example, e.g. the construction industry, industry experts maintain that this is safe and that leaching is not an

	1067
	issue and the materials pose no risk to the public (e.g. a commentary by Lesley Sloss here:

	1068
	https://www.sustainable-carbon.org/blogs/fly-ash-let-it-lie/)

	1069
	Mitigation measures likeof banning Hg use in products are	very effective. In the longer term, this might have a

	1070
	significant downward effect on the Hg levels in municipal solid waste and thus on waste emissions.

	1071
	Mitigation measures for primary metal mining?

	1072
	· The activity drivers are very unlikely to be influenced by the Minamata Cconvention on Mercury (MCM).

	1073
	· NFME mining is regulated specifically for emissions to the air under Annex D of the MCM	Comment by USG: Spell out for first usage

	1074
	· The use of pollution control equipment is unlikely to result in more emissions to land as bespoke Hg

	1075
	filters may be used to remove remaining Hg from the valuable side product of sulphuric acid.

	1076
	· Much of the secondary mining emissions are in the form of byproducts and slag heaps.

	1077
	To conclude, the MCM is likely to have a direct effect on the total amount of Hg in consumer products, which

	1078
	will have a flow-on impactn effect on the Hg levels in municipal solid waste, once those consumer products reach the end of

	1079
	their lifetime.

	1080
	There is a possibility of a slight positive effect from better pollution control in non-ferrous metal mining, but

	1081
	this is not quantified. Similarly, data on releases from waste is lacking.

	1082
	Consistency of Answer with Existing Literature (especially the 2018 GMA): The GMA 2018 did not

	1083
	provide data on Hg emissions to land, specifically.

	1084
	Evaluation of Confidence: A Rrather low confidence
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Information and Capacity Needs: There is a paucity of data on Hg release to land and water as compared to air. Scientific literature as well as reports on Hg from the ASGM sector are	scarce, as is . This is even mentioned by EDGAR. As such, available data is far less compared to emissions to air.
Modelling of anthropogenic releases to land is urgently needed to address this question, albeit with the help of more data. The only way to answer it is to model the underlying technology structure of the different emission sources, and the changing technologies due to changing policy.
Additionally, it is slightly questionable how well “releases to land” can be separated from ‘releases to water’…


2.2.14 What would levels of anthropogenic Hg releases to land from (ASGM, non-ASGM activities) by world region be currently without implementation of the obligations related to the Convention?
Information Used (including applicable indigenous and traditional knowledge): Methodology:
Answer/Response:
Consistency of Answer with Existing Literature (especially the 2018 GMA): Evaluation of Confidence:
Information and Capacity Needs:

2.2.15 How are levels of anthropogenic Hg releases to land from (ASGM, non-ASGM activities) by world region expected to change by 2030, including consideration of implementation of the Convention?
Information Used (including applicable indigenous and traditional knowledge): Methodology:
Answer/Response:
Consistency of Answer with Existing Literature (especially the 2018 GMA): Evaluation of Confidence:
Information and Capacity Needs:
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	1112
	2.3 Natural Primary Emissions and Releases

	1113
	2.3.1	What data are available?

	1114
	The following outcomes are provided in “Model Assessment of Hg Levels, Spatial Patterns and Temporal

	1115
	Trends (Progress Report)” by The Multi-Compartment Mercury Modelling and Analysis Project

	1116
	(MCHgMAP). The report is inhttps://gmd.copernicus.org/articles/18/2747/2025/gmd-18-2747-2025.html.

	1117
	2.3.2	What are current levels of primary Hg emissions to air from natural sources?

	1118
	Information Used. This assessment integrates several key data streams to quantify primary natural mercury

	1119
	(Hg) emissions for the 2010-2020 decade:

	1120
	· Post-2000 measurements of mercury-to-gas ratios (Hg/SO2 or Hg/CO2) from the plumes of 28 volcanic

	1121
	systems, representing about 15% of all active volcanoes.

	1122
	· Continuous sulfur dioxide (SO2) and carbon dioxide (CO2) flux data of approximately 100 actively

	1123
	degassing volcanoes from satellite and ground-based observatories.

	1124
	· Peer-reviewed reports detailing Hg releases from volcanic eruptions between 2010 and 2020.

	1125
	· A database of more than 600 measurements of Hg flux from soil to air in mercury-enriched geological

	1126
	terrains.

	1127
	· Geological maps detailing the locations of major mercury deposits.

	1128
	Methodology. The estimation of primary natural mercury emissions is based on a synthesis of field data, remote

	1129
	sensing, and statistical modeling. Monte-Carlo propagation was used to combine uncertainties by sampling the

	1130
	full distribution of published emission factors.

	1131
	· Volcanic Emissions: Emissions are calculated by scaling continuous SO2 and CO2 flux measurements

	1132
	using measured Hg/gas emission factors. Emissions from explosive eruptions are estimated from peer-reviewed

	1133
	reports.

	1134
	· Rock Weathering Emissions: These estimates are derived by merging site-specific flux-chamber

	1135
	measurements with spatial overlays of ore-deposit maps and geological information.

	1136
	Answer. Total primary mercury emissions from natural geological sources for the 2010-2020 period are

	1137
	estimated to be 271 Mg/year. This total is divided almost equally between volcanic activity and rock

	1138
	weathering, 136 and 135 Mg/year, correspondingly.

	1139
	Volcanic emissions are dominated by continuous (passive) degassing from about 100 persistently active

	1140
	volcanoes, which accounts for nearly 90% of the volcanic total. Explosive eruptions supply the remaining 10%.

	1141
	The five largest continuous volcanic sources are Ambrym (Vanuatu) at 13.2 Mg/year, Kīlauea (Hawaii) at 6.6

	1142
	Mg/year, Etna (Italy) at 4.1 Mg/year, Miyake-jima (Japan) at 0.5 Mg/year, and Erta Ale (Ethiopia) at 0.4

	1143
	Mg/year. Total annual volcanic emissions varied from a high of 157 Mg in 2010 to a low of 93 Mg in 2020,

	1144
	largely reflecting the level of eruptive activity.

	1145
	Rock weathering emissions result from the breakdown of mercury-bearing minerals, which release gaseous

	1146
	elemental mercury. These emissions are concentrated in well-known mercury mineral belts like the California

	1147
	Coast Range (USA), the Great Basin (USA), and Almadén (Spain).

	1148
	Regarding temporal trends, natural emissions appear to be nearly constant on decadal time scales. However, due

	1149
	to a lack of long-term, continuous measurements, the temporal trends in natural Hg emissions and their

	1150
	significance to the overall flux remain largely unknown. Many measurement sites are represented by only a

	1151
	single data point in time, which precludes robust trend analysis.

	1152
	Consistency with Existing Literature. The current estimates represent a substantial improvement in certainty

	1153
	compared to past assessments, including the 2018 Global Mercury Assessment (GMA). Over the last decade,

	1154
	coordinated research has narrowed the uncertainty of the total natural primary emission flux from orders of

	1155
	magnitude to less than a factor of two. This convergence is the result of improved analytical methods, a more

	1156
	critical application of emission factors, and the integration of high-quality satellite data for volcanic monitoring.
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	1157
	Figure 1. Geographical distribution of natural volcanic (a) and rock weathering (b) emissions.

	1158
	Confidence. The current understanding of natural mercury emissions is much better than before – emission

	1159
	estimates now vary within one order of magnitude instead of three orders of magnitude in earlier studies, but

	1160
	major uncertainties and data gaps remain, with remote and submarine volcanoes now dominating the error

	1161
	budget.

	1162
	· Geographic Coverage: Direct Hg measurements exist for only about 15% of active subaerial volcanoes

	1163
	and are biased towards a few regions like the Mediterranean and Hawaii. Some remote volcanic areas

	1164
	with high gas emissions, like Papua New Guinea, have no mercury measurements at all.

	1165
	· Underwater Volcanoes: There is almost no data about mercury emissions from underwater volcanoes,

	1166
	although estimates suggest they might emit 100 Mg per year or more.

	1167
	· Explosive Eruptions: There is great uncertainty about Hg fluxes from major explosive eruptions; near-

	1168
	source measurements are extremely sparse, representing only four eruptions since 1980.

	1169
	· Temporal Coverage: The spatial lack of data is magnified temporally. Long, continuous datasets are

	1170
	scarce, which prevents the analysis of how emission factors might change with magmatic or

	1171
	hydrothermal conditions.

	1172
	· Mercury Speciation: While fresh volcanic plumes contain more than 95% gaseous elemental mercury

	1173
	Hg(0), this transforms into more oxidized and particle-bound forms in aging plumes. Quantifying this

	1174
	evolution is critical for transport models and understanding local deposition.

	1175
	Information and Capacity Needs. ITo improvements in our understanding of natural mercury emissions requires, we need:

	1176
	· Expanded Measurements: We should measure mercury emissions from volcanoes we have not studied

	1177
	yet, especially in remote regions such as Melanesia, Indonesia, and the Andean Central Volcanic Zone.

	1178
	We should use modern techniques and drones to reach difficult locations.

	1179
	· Long-Term Monitoring: Establish a network of long-term monitoring stations at key volcanoes to

	1180
	understand temporal variability in emissions and to check if our emission factors are accurate.

	1181
	· Mercury Transformation Studies: We need more research on what happens to mercury after it leaves a

	1182
	volcano – how it changes form and where it goes in the environment.

	1183
	· Submarine Volcano Research: Develop and deploy new tools to quantify mercury emissions from

	1184
	submarine vents.

	1185
	· Expanded soil/bedrock flux studies in tropical and high-latitude mineral belts, where data are scant.

	1186
	· Historical Records: Studying ice cores, lake sediments, and other natural archives could tell us about

	1187
	natural emission changes over longer time periods.

	1188
	2.3.3	What are current levels of primary Hg releases to a) fresh water and b) oceans

	1189
	from natural sources?

	1190
	Information Used (including applicable indigenous and traditional knowledge):

	1191
	Methodology:
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	1192
	Answer/Response:

	1193
	Consistency of Answer with Existing Literature (especially the 2018 GMA):

	1194
	Evaluation of Confidence:

	1195
	Information and Capacity Needs:

	1196
	2.3.4	What are current levels of primary Hg releases to land from natural sources?

	1197
	Information Used (including applicable indigenous and traditional knowledge):

	1198
	Methodology:

	1199
	Answer/Response:

	1200
	Consistency of Answer with Existing Literature (especially the 2018 GMA):

	1201
	Evaluation of Confidence:

	1202
	Information and Capacity Needs:

	1203
	2.3.5	How have levels of natural primary Hg emissions to air changed over the

	1204
	available record? Have the estimated trends changed over the available record

	1205
	and how do those changes compare to the timeline of the Minamata Convention?

	1206
	Information Used (including applicable indigenous and traditional knowledge): This assessment uses the

	1207
	same inventories described in detail in section 0.4.2.

	1208
	Methodology: The methodology used to estimate primary Hg emissions to air is described in detail in section

	1209
	0.4.2. We define primary emissions to air as volcanic and rock weathering sources. The interannual variability

	1210
	of volcanic emissions are estimated using satellite and surface-based estimates of volcanic activity between

	1211
	2010 and 2020. We do not have sufficient information to estimate temporal variability of rock weathering

	1212
	emission sources.

	1213
	Answer/Response: Average loadings and spatial distributions of primary Hg emissions are discussed in depth

	1214
	in section 0.4.2. Since this inventory does not consider the temporal evolution of rock weathering emissions, the

	1215
	temporal trend is driven by trends in volcanic activity data. Volcanic emissions are highest in 2010 at 157 Mg

	1216
	yr-1 and lowest in 2020 at 93 Mg yr-1 (Figure 2). We estimate that total primary emissions vary between a

	1217
	maximum of 292 Mg yr-1 in 2010 and a minimum of 228 Mg yr-1 in 2020.












	1218
	

	1219
	Figure 2. Interannual variation of global primary Hg emissions using inventory developed for MCHgMAP

	1220
	project.

	1221
	Consistency of Answer with Existing Literature (especially the 2018 GMA): The consistency of this

	1222
	inventory with existing literature is described in depth in section 0.4.2. The 2018 Global Mercury Assessment

	1223
	did not evaluate the temporal variability of primary Hg emissions, preventing a comparison of temporal

	1224
	variability.

	1225
	Evaluation of Confidence: Recent observational advances have made the evaluation of temporal variability of

	1226
	volcanic sources possible. However, following from the limitations discussed in section 0.4.2., the trend

	1227
	presented in figure 2 remains uncertain. In particular, improved constraints on the spatial and temporal

	1228
	variability of volcanic activity and Hg emission factors are necessary to validate estimated trends.

	1229
	Information and Capacity Needs: Information and capacity needs for primary emissions of Hg are discussed

	1230
	in section 0.4.2.
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	1231
	2.3.6	How have levels of natural primary Hg releases to water changed over the

	1232
	available record? Have the observed trends changed over the available record

	1233
	and how do those changes compare to the timeline of the Minamata Convention?

	1234
	Information Used (including applicable indigenous and traditional knowledge):

	1235
	Methodology:

	1236
	Answer/Response:

	1237
	Consistency of Answer with Existing Literature (especially the 2018 GMA):

	1238
	Evaluation of Confidence:

	1239
	Information and Capacity Needs:

	1240
	2.3.7	How have levels of natural primary Hg releases to land changed over the

	1241
	available record? Have the observed trends changed over the available record

	1242
	and how do those changes compare to the timeline of the Minamata Convention?

	1243
	Information Used (including applicable indigenous and traditional knowledge):

	1244
	Methodology:

	1245
	Answer/Response:

	1246
	Consistency of Answer with Existing Literature (especially the 2018 GMA):

	1247
	Evaluation of Confidence:

	1248
	Information and Capacity Needs:

	1249
	2.3.8	What are the current levels and temporal trends of secondary Hg emissions from

	1250
	biomass burning across the globe?

	1251
	Information Used. Emissions of biomass burning require information about the location and timing of the

	1252
	burning event, the amount of dry matter burned over each time interval, the amount of mercury contained within

	1253
	the plant matter that was burned. Several different biomass burning emission inventories have been developed to

	1254
	determine the timing, location, and amount of dry biomass burned using a combination of satellite-based

	1255
	retrievals and vegetation models. Furthermore, a growing number of measurements of Hg emission factors have

	1256
	become available in recent years, making these estimates more robust than in previous assessments.

	1257
	TheHere, we use two biomass burning emission inventories used here are:

	1258
	· FINN2.5, a new inventory that was first published in 2023 and uses newly available satellite retrievals

	1259
	of fire radiative power to more accurately model the intensity of fires. This inventory serves as the

	1260
	default for our the ensemble simulations.

	1261
	· GFED4s, which was originally released in 2017 and remains the default inventory for several chemical

	1262
	transport models including GEOS-Chem.	Comment by USG: Spell out for first usage

	1263
	Hg emission factors were obtained from a metanalysis compiled by Andreae (2019) and refined with estimates

	1264
	from aircraft campaigns led by Friedli et al. (2003) and McLagan et al. (2021). From these studies, we have

	1265
	emission factors for six different land use types that correspond with those provided by the biomass burning

	1266
	inventories.

	1267
	Methodology. Both biomass burning inventories separate emissions into 6 different vegetation categories that

	1268
	correspond with our literature based Hg emission factors. The emission factors are multiplied by their

	1269
	respective land use category and re-gridded to the resulting emissions to a 0.25° lat by 0.25° long grid, if

	1270
	necessary. Based on recent literature, it is assumed	that 90% of Hg emissions are gaseous elemental Hg and

	1271
	the remaining 10% are in the form of particulate-bound Hg.

	1272
	Answer. Average annual emissions using the FINN2.5 inventory are 603 Mg yr-1 and 282 Mg yr-1 for GFED4s.

	1273
	Both inventories reproduce a similar interannual variation in Hg emissions on a global scale, albeit with the

	1274
	GFED4s inventory remaining approximately 50% of FINN2.5. When compared to other emission sources being

	1275
	used in ensemble simulations, biomass burning acts as a dominant contributor to interannual variability. We do

	1276
	not observe anyNo noteworthy trends were identified in either of the biomass burning emission inventories used here on a global
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scale, which is unsurprising given the long-term climatic drivers that could impact biomass burning frequency, location, and intensity.
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	1279
	Figure 2. (a) Average spatial distribution of annual Hg biomass burning emissions in the FINN2.5 inventory

	1280
	and (b) interannual variation of Hg biomass burning emissions using both FINN2.5 and GFED4s biomass

	1281
	burning inventories.

	1282
	Consistency with Existing Literature. The range of emissions estimated from the FINN2.5 and GFED4s

	1283
	inventories is consistent with estimates in the existing literature. The 2018 Global Mercury Assessment

	1284
	estimated annual biomass burning emissions of 600 Mg yr-1 globally. Another recent review of global mercury

	1285
	cycling found that literature-based estimates ranged from 220 Mg yr-1 to 612 Mg yr-1. The emissions used as the

	1286
	default inventory remain on the higher end of existing estimates, albeit within the typically published range. One

	1287
	key driver of this difference is a more accurate representation of ‘before the Southeast Asian monsoon season’,

	1288
	which was poorly captured by previous biomass burning inventories, but more robustly represented by the

	1289
	FINN2.5 inventory.

	1290
	Confidence. Based on the consistency of these global estimates with existing literature, it is expected that the

	1291
	FINN2.5-based emissions models to beare generally representative of the global flux annually. However, emissions are

	1292
	expected to be notably different from the estimates on regional and local scales, due to the assumptions required

	1293
	to estimate biomass burning emissions. In particular, it is expected that the emission factors will vary

	1294
	significantly from region to region due to differences in the frequency of fires, the age of standing biomass, and

	1295
	the relative contribution of above ground and soil biomass that is burned by a given fire. Furthermore, a growing

	1296
	body of research has highlighted that trees and sediments can act as effective proxies of previous atmospheric

	1297
	Hg loading; however, this temporally and spatially varying accumulation of Hg is not captured in the six

	1298
	globally constant emission factors used by current CTMs. Therefore, while global estimates of annual Hg

	1299
	biomass burning emissions are expected to be conservatively robust within +/-50%, emissions from individual

	1300
	fires will be far more variable.

	1301
	Information and Capacity Needs. Measurements of Hg concentration and speciation within biomass burning

	1302
	plumes over a wide range of vegetation types will be essential for further constraining the regional contribution

	1303
	of biomass burning reemissions to atmospheric and depositional loadings. Alternatively, this effort could be

	1304
	supported by a robust global network where, in addition to background and urban sites, several sites were

	1305
	specifically chosen to lie downwind of consistent seasonal fires (e.g., Howard et al. 2017).

	1306
	2.3.9	What are the current levels and temporal trends of secondary Hg emissions from

	1307
	soils across the globe? What is the contribution of changes in environmental

	1308
	conditions to changes in secondary Hg emissions from soils over the period circa

	1309
	2010 to present across the globe?

	1310
	Secondary emissions of Hg from soils are expected to contribute a sizable fraction of annual inputs to the

	1311
	atmosphere, yet remain uncertain in the literature. Soil emissions are driven by the photoreduction or thermal

	1312
	desorption of previously deposited Hg on the soil surface or within soil matrices. To better understand the

	1313
	current levels and temporal trends from soil across the globe, estimates from models using contemporary

	1314
	understanding of the Hg evasion process is necessary.

	1315
	Information Used. Soil evasion measurements available within existing literature were used to identify the key

	1316
	environmental factors driving soil emissions globally. This was used to construct a spatially and temporally




	1317
	resolved model of soil evasion globally. Model-specific soil emission parameterizations were then adjusted by

	1318
	each modeling group to match the global total evasion predicted by this soil evasion model.

	1319
	Methodology. A 2-level factorial design of experiments is used to estimate secondary Hg emission flux from

	1320
	soils and the potential effects caused by the changes of environmental conditions. This method is statistically

	1321
	robust, and the synergistic and antagonistic interactions among model parameters can be estimated with

	1322
	indications of statistical significance. The global modeling uses a spatial resolution of 0.25°×0.25° and a

	1323
	temporal resolution of 1 hour using the Hg(0) concentration field generated from the global atmospheric Hg

	1324
	model. The average global emission of Hg from soils was used to tune model-specific soil evasion

	1325
	parameterizations in the atmospheric models.

	1326
	Answer. To estimate the current level and temporal trend of global secondary Hg emission from soil, model

	1327
	simulations using the means of key parameters were performed from 2010 through 2020 (i.e., the model results

	1328
	represent the simulated flux by running the model at half of the experimental level). In the modeling, the soil Hg

	1329
	concentration and soil bulk density across the globe are assumed without temporal variation, and the LAI,

	1330
	temperature and solar radiation are all temporally dependent. The model results are shown in Table 2. The

	1331
	estimated Hg secondary emission mass ranges from 2185.95 to 2277.54 Mg yr-1 from 2010 to 2020. A distinct

	1332
	temporal trend was absent.

	1333
	In regions that undergo significant landscape changes because of climate change, the vegetation coverage and

	1334
	the biomass density over the past decade may exhibit significant fluctuations. For example, the Leaf Area Index

	1335
	(LAI) in China and India has risen relatively quickly. However, on a global scale, these climate-driven

	1336
	fluctuations are diluted, and changes in vegetation patterns are offset by changes in other regions. For instance,

	1337
	the reduction in tropical rainforests counterbalances the increase in forests in China. Based on the model

	1338
	estimates from 2010 to 2020, climate and vegetation patterns affect soil Hg emissions at limited spatiotemporal

	1339
	scales, but a temporal trend does not appear to be obvious.

	1340
	To provide flexibility for individual atmospheric models, each ensemble member uses its own soil emission

	1341
	routine to represent emissions but adjusts relevant parameters to approach the annual global total predicted by

	1342
	the soil model described above. The ensemble average of these parameterizations is shown in Figure 3a.

	1343
	We found the soil bulk density (BD), temperature (T), Leaf Area Index (LAI), soil Hg concentration (Hgs) and

	1344
	solar irradiance (R0) above canopy have strong effects on Hg emission from soil (Figure 3b). On average,

	1345
	increasing soil bulk density from 0.1 to 1.5 g cm-3, and Hg content from 10 to 400 ng g-1, and soil temperature

	1346
	from 0 to 30 ˚C, and solar radiation from 0 to 1000 W m-2, enhance the flux by 20-30 ng m-2 h-1. Additional 18-

	1347
	20 ng m-2 h-1 synergistic effects by the two-way interactions are also predicted. Furthermore, an increase in LAI

	1348
	from 0 to 7 m2 m-2 reduces the flux by 19 ng m-2 h-1. The LAI could offset the positive effects caused by bulk

	1349
	density, soil Hg concentration, and solar radiation above canopy, leading to a decrease of -19 to -16 ng m-2 h-1,

	1350
	indicating that canopy shading substantially reduces soil Hg evasion. Since the typical variation range of the

	1351
	examined environmental parameters is smaller than the range used for the modeling analysis (Table 3), the

	1352
	actual flux change will likely be smaller.
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	1353
	Figure 3. (a) Spatial distribution of average annual Hg emissions from soil used to inform soil emissions in

	1354
	model ensemble and (b) sensitivity analysis on model parameters for air-soil exchange using a 2-level factorial

	1355
	design after pre-screening the model variables shown in Table 1 for the identified significant factors. The effects

	1356
	shown in the figure are based on a significance level of 95% (i.e., p<0.05).

	1357
	Consistency with Existing Literature. The interannual range of 2186-2278 Mg yr-1 lies on the higher end of

	1358
	existing literature basedliterature-based estimates. The previous Global Mercury Assessment (2018) used estimated global
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	1359
	emissions from soils and vegetation of approximately 1000 Mg yr-1. Zhang et al. (2023) found that annual soil

	1360
	emissions of 1330 Mg yr-1. Horowitz et al. (2017) used soil emissions of 910 Mg yr-1. However, as exemplified

	1361
	by compilations like Agnan et al. (2016), large uncertainties in our ability	to assess the flux of Hg from soils

	1362
	persist, underscoring the wide range of soil emissions that could satisfy globally available constraints.

	1363
	Evaluation of Confidence. Emission estimates are based on several parameters that remain poorly constrained

	1364
	due to a limited number of direct measurements of soil emissions.

	1365
	· Recent literature has shown that soils may effectively retain Hg, suggesting that previous emission

	1366
	estimates could be too high.

	1367
	Information and Capacity Needs. More direct observations of soil emissions over background, rural, urban,

	1368
	and polluted sites are required.

	1369
	Table 3. Examined model variables and the experimental levels of factorial design for air-soil exchange.

	
	Terms
	Description
	Low bound
	Upper bound

	
	BD
	Soil bulk density (g cm-3)
	0.1
	1.5

	
	pH
	Soil pH (dimensionless)
	4
	9

	
	P
	Soil total porosity (%)
	0.05
	0.5

	
	T
	Soil temperature (oC)
	0
	35

	
	SMOIS
	Soil moisture (%)
	0.05
	0.5

	
	R0
	Solar irradiance above canopy (w m-2)
	0
	1000

	
	LAI
	Leaf area index (dimensionless)
	0
	7

	
	GEM
	Atmospheric Hg(0) concentration (ng m-3)
	1.5
	5

	
	Hgs
	Hg concentration in soil (ng g-1)
	10
	400

	
	Foc
	Soil organic matter content (%)
	0.5
	30

	
	k1
	photo-reduction rates in soil solution (m2 W-1 s-1)
	3×10-9
	9×10-9

	
	k2
	photo-reduction rates in soil particles (m2 W-1 h-1)
	0.7×10-3
	3.0×10-3

	
	k3
	Non-photo-reduction rates (thermal, h-1)
	1.0×10-3
	2.3×10-3

	1370
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	1372
	2.4 	Air

	1373
	Contaminants are usually first detected in the environment in the air. Mercury has a long residence time in the

	1374
	atmosphere (Dastoor et al., 2025) and can travel long distances from emissions sources rendering it a global

	1375
	pollutant. Atmospheric mercury has been monitored and studied for several decades where transport,

	1376
	transformation, deposition and trends have been reported in many areas (Cole et al., 2014; Dastoor et al., 2022;

	1377
	K. MacSween et al., 2022; Roberts et al., 2021; Soerensen et al., 2013; Steffen et al., 2013; Streets et al., 2019;

	1378
	Weiss-Penzias et al., 2016). While much data is available, there are significant gaps of atmospheric mercury

	1379
	information to provide a truly global picture. Further, there have been analyses of atmospheric mercury data

	1380
	from various regions and some attempts for a global snapshot but, until now, little has been done to collect and

	1381
	analyze all the air data as one large data set (AMAP & Environment, 2019; Bencardino et al., 2024; Sprovieri et

	1382
	al., 2010; UNEP: Global Mercury Assessment, 2002).

	1383
	Mercury is found in the atmosphere in several forms (Ariya et al., 2015). In the gas phase, mercury is found as

	1384
	elemental (gaseous elemental mercury (GEM)) or oxidized (gaseous oxidized mercury (GOM)) and is often

	1385
	summed as total gaseous mercury (TGM). Mercury is found on airborne particles primarily in the oxidized form

	1386
	but can be found as elemental as well (particulate mercury (PHg)). Atmospheric mercury can undergo wet and

	1387
	dry deposition. Wet deposition of mercury is the concentration in precipitation, amount of precipitation, and flux

	1388
	of Hg to the land surface. This measurement is used to understand the movement of mercury from the air to the

	1389
	surface via rain and snow (Prestbo & Gay, 2009; Weiss-Penzias et al., 2016). It should be noted that only GOM

	1390
	and PHg are deposited through precipitation, whereas GEM does not deposit to the earth surface through

	1391
	precipitation. Dry deposition of all mercury forms occurs to vegetation and can constitute an important input to

	1392
	terrestrial ecosystems in, for example, forested areas. Dry deposition is not regularly monitored and is not

	1393
	included in this report.

	1394
	In this analysis report of the data submitted by Parties, a few assumptions have been made so that the data could

	1395
	be looked at together on a global scale. Only submitted data was used in this chapter as the data was pulled

	1396
	together into one data set for analysis. Data results from the scientific literature were not used. The site locations

	1397
	and duration of sampling for each site for the TGM (active), GEM (passive) and wet deposition are shown in

	1398
	Annex Air Tables 1-3. All active atmospheric mercury data is considered TGM even if it was collected as GEM.

	1399
	The passive air data is reported as GEM only. Due to the volume of the data submitted and the requirements to

	1400
	ensure consistency with the data sets, the air data is considered preliminary and subject to change for the final

	1401
	report.

	1402
	2.4.1	What data are available?

	1403
	Atmospheric mercury data has been provided by Parties and has been grouped into 3 categories for the purpose

	1404
	of the analysis. The overall air data submitted includes data from: 121 active air monitoring sites, 136 passive

	1405
	air monitoring sites and 198 wet deposition sites as shown in Figure Air 1. Site locations and period of

	1406
	collection for TGM, GEM and wet deposition are shown in Annex Air Tables 1-3, respectively. Figures Annex

	1407
	Air 1a-f show the Gantt charts for all the TGM data collected and the period in which the data was collected.

	1408
	Figures Annex Air 2a-f show the Gantt charts for all the wet deposition data collected and the period in which

	1409
	the data was collected. Figures Annex Air 3a-h show the Gantt charts for all the passive air sampling data

	1410
	collected and the period in which the data was collected. The data presented here are not necessarily what data is

	1411
	currently available but what was made available over many decades.
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	1412
	

	1413
	Figure Air 1: Map of the active, passive and wet deposition sites for which data was submitted from 2010

	1414
	onward. Pink dots are the active sites, yellow dots are the passive sites and blue dots are the wet deposition sites.

	1415
	Passive air samplers (PAS) for the measurement of GEM in the air is a newly developed method (McLagan et

	1416
	al., 2016). The sampler design was first published in 2016 and became commercially available in 2018. The

	1417
	number of sites per year has significantly changed and is shown in Figure Annex Air 4. Of the data submitted

	1418
	for use in the effectiveness evaluation, the number of sites with PAS measurements was highest in 2023,

	1419
	representing a consistent increase in usage. Note, 2024 only represents part of the year as that is what was

	1420
	received for this draft report at the time.

	1421
	Wet deposition measurements are limited mainly to submissions from North America and Europe, with two

	1422
	sites in Japan, and only one available site in the southern hemisphere. Therefore, much of the world is not

	1423
	represented with any long-term monitoring data, and therefore, this summary only holds for a subset of regions.

	1424
	Precipitation plays an important role in wet deposition; thus, it is difficult to compare regions of the world as

	1425
	climates are so varied. Deposition in dry regions is very different than in wet regions based simply on the

	1426
	amount of precipitation carrying wet deposition to the surface. Wetter regions typically have lower Hg

	1427
	concentrations than dryer regions because the atmospheric mercury loading is distributed over larger volumes of

	1428
	precipitation.

	1429
	2.4.2	What are current levels of mercury observed in ambient air in different

	1430
	regions of the world?

	1431
	Active TGM: The levels of mercury observed in the ambient air for total gaseous mercury (TGM) vary around

	1432
	the world and over time. The global average concentration for active TGM for all the data collected is 1.51

	1433
	(0.49-12.2) ng m-3. The northern hemispheric average concentration for all the data collected is 1.54 (0.50 –

	1434
	12.8) ng m-3. The southern hemispheric average concentration for all the data collected is 0.99 (0.33 – 4.51) ng

	1435
	m-3. These hemispherical differences have been reported elsewhere (Bencardino et al., 2024) and are consistent

	1436
	with the data presented here. Statistics for the mean TGM concentrations including mean, maximum, minimum,

	1437
	25th and 75th percentiles are found in Annex Air Table 4.

	1438
	Figures Air 2 a-b show the concentration levels of TGM active air samples and GEM passive air samples around

	1439
	the world. These data are reported as overall average concentrations.

	1440
	For active air samples for TGM, most of the levels of mercury in the ambient air fall within the northern or

	1441
	southern hemispheric averages except for East Asia that is higher on average (Figure Air 2a). For the passive air

	1442
	sampling data areas in South America, Africa and East Asia also report above average concentration levels. The

	1443
	West/Central African data is very high (mean = 14.48 ng m-3) and is investigated separately in a section XX below.
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	1445
	

	1446
	Figure Air A2: Averaged concentration of active mercury TGM (top) and passive GEM (bottom) for data from

	1447
	2010 to 2024. Concentrations are expressed in ng m-3.

	1448
	Figure Air 3 a-d shows a frequency distribution of the TGM concentration in 4 regions. Other regions are not

	1449
	shown due to a lack of data. This figure shows regional differences in the distribution of concentrations in the

	1450
	active air data. For illustrative purposes, a line was placed at the 1.5 ng m-3 mark to show the variation in

	1451
	concentration distribution in the different regions. The concentrations from Asia tend to skew above the 1.5 ng

	1452
	m-3 line, Europe and North America show some normal distribution around the 1.5 ng m-3 line but with outliers

	1453
	in the 3.5 ng m-3 or greater bin. The Oceana plot shows a significant skew of the data below the 1.5 ng m-3 line.

	1454
	This distribution of the concentration levels is within what has been previously reported (AMAP &

	1455
	Environment, 2019). However, additional data needs to be collected to show the “true” distribution of mercury

	1456
	levels globally. This data was limited to the collected active air data from which we know there are significant

	1457
	regional gaps. The data from the passive air network can fill in large gaps and will be investigated in the next

	1458
	draft of the report.
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[image: ]Figure Air 3: Frequency distribution of TGM concentration data (ng m-3) from A) Asia; B) Europe; C) North America and D) Oceana
Passive GEM: The levels of mercury observed in the ambient air for gaseous elemental mercury (GEM) vary as well around the world and over time. The levels reported through the passive network are different from those in the active sampling because they are results from largely different locations and over different time periods. The global average concentration for passive GEM for all the data collected is 1.4612 (1.09-1.87) ng m-3. Figure Air 4 shows the difference between the mean concentration and the distribution of the GEM concentration data for these 3 regional areas13. The northern hemispheric average concentration for all the data collected is 1.48 (1.01 – 1.88) ng m-3. The tropical region has the highest GEM concentrations, with an average 1.53ng m-3 (SD 0.65 and range 0.94 - 2.62 ng m-3). The Southern Hemisphere has the lowest GEM with an average of 1.34 ng m-3 (SD 0.23 and range 1.21 - 2.56 ng m-3), consistent with previous and current understanding of the global distribution of atmospheric mercury. Northern Hemisphere GEM average concentration is 1.45 ng m-3 (SD 0.36 and range 1.01 - 2.14 ng m-3) which is consistent with current active estimates (Sprovieri et al., 2016).















[bookmark: _bookmark11]12 The data as part of this work are collected over a 3-month period. Concentrations were determined using the a sampling rate of 0.111m2 day-1 as recommended by the PAS manufacturer for use of MerPAS samplers at the time of data submission.	Comment by USG: Spell out for first usage
[bookmark: _bookmark12]13 Data submitted from several sites reported GEM concentrations significantly higher than the global average. To avoid skewing the results, any site found to have a site average 5 times greater than the standard deviation of the global average was classified as outliers and excluded from subsequent statistical analysis. Applying this condition resulted in the removal of eight sites from the hemispheric and regional analyses
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Figure Air 4: Box and whisker plots of hemispheric GEM concentration for data collected between 2019 and 2024. Boxes represent the 25th and 75th percent quartile range, grey dots are the mean, error bars show maximum and minimum concentration for each region.
Wet deposition: The overall “typical” concentration of mercury in precipitation is between 7.5 and 11.5 ng Hg L-1 based upon the submitted long-term measurements in North America, Japan and Europe. Figure Air 5 shows the annual median of all precipitation weighted average concentrations (ng Hg L-1) measured at all sites from 2010 to 2020. These medians can be thought of as typical concentrations of mercury in precipitation for the individual regions. Figure Air 5 clearly shows that dry, western North America has the highest typical concentration of 11-12 ng Hg L-1. The other three regions have similarly wetter climates and have a typical concentration of 7.5 ng Hg L-1. These values have been consistent since 2010, varying by only 2 to 3 ng Hg L-1 over the years. Some of this variability is due to precipitation amount variability between the years; wetter (drier) conditions lead to lower (higher) concentrations when mercury content does not change. Measurements suggest there is a slight (not significant) tendency for decreasing concentrations over all sites. This tendency is more pronounced in western North America, but drought experienced during the early years is a complicating factor.14,00
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	1493
	Figure Air 5: Median Precipitation Weighted Mean (PWM) Concertation, by Region and Year

	1494
	

	1495
	The concentration values from the 4 identified regions were used to estimate regional deposition (Hg

	1496
	concentration x annual precipitation) with an approximation of their precipitation (40” or 1016mm for eastern
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Figure Air 6: Typical mercury wet deposition rates for all Stations by region and year
Eastern North America, Japan and Europe all have similar levels of mercury deposition over all years (similar to the regional distribution of concentration discussed above). A typical deposition value is approximately 7 ug m-2 year-1 for these three wet regions. Precipitation variation contributes to the variability between the years.
Western North America, which is much drier, has significantly less wet deposition even if the concentrations appear higher. A typical value for wet deposition in western North America is approximately 4 ug m-2 year-1. Despite regional similarities, individual sites themselves can exhibit considerable variability. For example, deposition rates typically range from 3 (western U.S.) to 25 ug m-2 year-1 (Gulf Coast, U.S.). The same is true for Europe, although with not quite as large of a range (Spain vs Germany, for example).
Methods used in the data analysis:
TGM:
· The submitted data were averaged first to daily averages followed by averages for the whole period of data submitted.
· Analysis was performed using data supported in a Postgresql database with ancillary calculations using the Pandas module in Python.
· The mean concentration map shows the mean concentration of total gaseous mercury from 2010 onwards.
· The trend maps show sites that have at least 5 years of data and include data before 2010 so that sufficient time spans would exist to give the best available results for trend analysis.
· Histogram plots were produced for each continent showing the discrete distribution of daily mean concentrations of total gaseous mercury binned in 0.1 ng m-3 increments.
· Maps: All maps in this report were created using ArcGIS Pro (ESRI, 2025)
GEM:
· Averages and standard deviations were determined for data collected between 2019 and 2024. Sites whose averages exceeded 5x the standard deviation were excluded from analysis. These include Serpong Indonesia, Djekanou, Touba, Koutouba and Diawala in Cote d’Ivoire and Kenyase Ghana.
· Hemispheric statistics was determined by first assigning hemispheres based on latitude. Sites located above 23.5°N were classified as Northern Hemisphere, between 23.5°N and 23.5°S as Tropics and below 23.5°S as Southern Hemisphere.
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Data was also separated into regions based on IPCC climate regions. To avoid, where possible, regions with a single site adjacent regions were combined.
Wet Deposition:
· Data were averaged on an annual basis and plotted for all the years.
· Analysis was performed using data supported in a Postgresql database with ancillary calculations using the Pandas module in Python.
· The Global Mercury Assessment 2018 (AMAP & Environment, 2019) report includes assessment of Hg concentrations and wet deposition for the USA, Canada, Europe, Japan and China. Also included are results from the GMOS project with additional results sites mainly from stations in the southern hemisphere (Sprovieri et al., 2017)
· The results summarized here are consistent with the results presented in GMA 2018 (i.e. comparable median concentrations and wet deposition fluxes. Mercury concentrations and wet deposition from the southern hemisphere are generally somewhat lower than in the northern hemisphere in agreement with the location of the main emission areas. Some sites in the southern hemisphere have a high variability in precipitation amounts but the influence on Hg deposition was not as pronounced as in the northern hemisphere (Sprovieri et al., 2017).
Information used:
TGM:
· TGM information is based on data submitted to the EEG.
· The majority of the data was collected through the Tekran 2537 series (A,B and X) and through the Tekran 1130/1135 system instrumentation (the GEM data collected through this method was used as TGM for the active data monitoring)
· For other methods used, please refer to the EBAS database (EBAS home – ebas homepage) for site specific methods employed for the European data sets	Comment by USG: Suggest consistent approach to hyperlinks, including through footnotes
GEM:
· Based on data submitted to the EEG.
· Passive Air samplers have been used to measure GEM in the air since 2019.
· Deployment lengths range between 1month to 1year. Typically, 3 months
· West/Central Africa data not presented – very high concentrations (Avg 14.48 ng m-3)


Wet deposition:
· Data submitted through the effectiveness evaluation (EE) process and data was collected from known databases (e.g., EBAS)


Evaluation of confidence:
TGM:
· The methods used for data collection and analysis have been used in scientific literature over many evaluations (AMAP, 2005, 2011; AMAP & Environment, 2019; Katrina MacSween et al., 2022).
GEM:
· The methods used to collect and analyze the information for the passive GEM analysis are fairly recently as this method is new, but it has been published and compared in the scientific literature (McLagan et al., 2016; McLagan et al., 2018; McLagan et al., 2019; Naccarato et al., 2021).
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Wet deposition:
· We are confident in the quality and repeatability of these wet deposition measurements. All ofAll the European, North American, and Japan measurements were made available from long-term and scientifically sound measurement networks. The networks are not perfectly aligned (e.g. the networks use different monitor manufactures, etc.), but they do use standard methods, standard quality assurance testing, and years of repeated measurements. Some observations in these networks extend back into the mid-1990s. These networks have been shown to be highly comparable. Therefore, the confidence in the interoperability between the measurements and the measurements themselves is quite high.
· Other network measurements exist (China network, Asia Pacific Mercury Monitoring Network), but their data was unavailable for this report.


Information and capacity needs:
TGM:
· Long- term dedicated sampling programs with active air sampling remain necessary to understand the processes of atmospheric mercury in differing and changing environments.
GEM:
· Long Long-term dedicated sampling program for this inexpensive and relatively easy method of data collection is needed in many underrepresented areas of the world. Employing this type of sampling regime will fill significant gaps of information in areas where atmospheric levels are potentially changing. Capacity is needed for the laboratory and organizational operations.
Wet deposition:
· Additional measurements in locations/regions where no observations are present are needed. Capacity to undertake large networks in the southern hemisphere (Africa, South America), and more observations in all of Asia.
· Long-term observation of wet deposition across the oceans of the world.; Vvery little wet deposition data exists and an uptick in wet deposition monitoring is not expected in the near-term. here whatsoever and will not likely be available in the near future.
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2.4.3 
What are current levels of (GOM/ PBM, Litterfall, Dry Dep, Isotopes) in the air around the world?
at sites that are remote from anthropogenic sources
at sites expected to be affected by local anthropogenic sources
At this time, GOM/ PBM, Litterfall, Dry Dep, Isotopes are not being considered in the analysis. For the first cycle of the EE process, only TGM/GEM and wet deposition are being assessed due to the complexity and lack of information from these other atmospheric mercury species.

2.4.4 What is the spatial representativeness of current levels of Hg observed in air? Do we have geographic gaps in our observations?
As can be seen by the results shown in the previous section, there is spatial variation in the data. The TGM and GEM data show that there are higher levels of mercury in Figures Air 2, Air 3 and Air 4. For the TGM concentration levels shown in Figure Air 2, mercury levels are higher in the East Asian region than other regions ranging from 1 to >2.5 ng m-3 averaged concentration. Europe shows total average concentrations between <1 and 2 ng m-3. The southern hemisphere shows the lowest TGM levels ranging from <1 to 1.5 ng m-3 and North America shows similar levels to Europe. It must be noted that Tthis is the average of all the data submitted for each location; and an analysis of the 2010 to present data is needed as well as an inspection of the temporal variety of the regional data. The passive regional GEM data is shown in Figure Air 5.
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Figure Air 5: Annual average GEM concentration by grouped IPCC region for passive GEM measurements between 2019 and 2024. The error bars represent the standard deviation. Table (right) shows the grouped regions and the number of site data used for the regional analysis.


Figure Air 1 shows that much of the globe is not represented in the wet deposition measurements. Land measurements are missing from Asia, Africa and South America and there are no consistent measurements available over the oceans. Measurements from some of those regions (notably Asia) are available in the scientific literature and through networks but were not submitted as data for this report. The lack of data in some regions brings up the question of “what can be said about mercury deposition in gap areas?”. Since we do not have direct measurements were not available, estimates must be made from the data that we do have. It is reasonable to assume that concentration and deposition rates behave consistently between regions with and without measurements based on the general observation that mercury is typically present in the atmosphere for longer periods of time before being deposited. GOM and PHg can move in the atmosphere on a regional scale (at least) before being removed by wet deposition and they can also be re-emitted to the air further enhancing the potential transport distance.
Therefore, we canit is generally assumed that the concentration and deposition rates in the drier regions of Asia and Africa are similar to western North American rates. This is generally confirmed by measurements made in western China and South Africa and have been reported in the scientific literature (Gichuki & Mason, 2013). This is also likely true in South America. The moister regions of the landmasses are likely to have concentration and deposition rates similar to those measured in Europe, Japan, and Eastern North America. Local areas with large and local sources of mercury, with abundant rain will likely have the highest deposition rates (e.g., eastern China, Indonesia, etc.).


The wet deposition information provided herein has been collected primarily at regional background locations. For example, the monitoring data from Europe were generated within the European EMEP network where stations are positioned to reflect the regional background concentrations and are thus, not located near any local anthropogenic sources. However, a few sites may be classified as remote (e.g., Pallas in northern Finland). In Japan, the Cape Hedo site is in a remote area far from any anthropogenic emission sources and the Oga site (northern Japan) is in a rural area. While there are major anthropogenic emission sources around the sites, unknown/small emission sources can, at times, affect the air monitoring data rendering the sites to not be considered completely remote. For North America, the same is true as European observations. Most of the sites are in remote areas and are regional in nature. They are generally not close to any obvious sources of Hg emission. There are a few sites that are near urban areas (near Washington D.C., for example) but are generally considered regionally representative of their area.


For mercury monitoring, it is important to note that there are many sites that could be considered as classified between “completely remote” and “affected by major emission sources,” and it is not easy to assess and classify the effects of anthropogenic sources on such sites.
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2.4.5 
How have levels of mercury species observed in the air in different regions of the world changed over the available record? Are there differences in the trends observed at sites that are a) remote from anthropogenic sources and b) expected to be affected by local anthropogenic sources?
This question, at this time, will be addressed through the time trends analysis in the following section.
Information Used (including applicable indigenous and traditional knowledge): Methodology:
Answer/Response:
Consistency of Answer with Existing Literature (especially the 2018 GMA): Evaluation of Confidence:
Information and Capacity Needs:

2.4.6 Is there a change in the observed trends over the record of the data, where adequate data to establish a trend is available, and how do those changes in trends compare to the timeline of the Minamata Convention?
Information Used
TGM:
· Data submitted through the EE process and data was collected from known databases (e.g. EBAS).


Wet deposition:
· Data submitted through the EE process and data was collected from known databases (e.g. EBAS).
Methodology
TGM:
· Temporal trends were calculated annually using the Mann Kendall Test (MKT) with Sen’s slope
estimation (Gilbert, 1987).
· Data were averaged on a daily basisdaily (where possible) and plotted for all years.


Wet deposition:
· Data were averaged on a monthly basismonthly and plotted for all the years.
· Sites were included in the analysis based on the time span of the data, whereby sites that did not extend past 2016 were excluded since they did not support any trend analysis past 2013.
· Sites that did not span a minimum of 5 years were also excluded, since that was considered the minimum duration over which trends could be calculated14.
· Annual trends were calculated using the Mann Kendall Test (MKT) with Sen’s slope estimation (Gilbert, 1987). The MKT was run for annual trends based on monthly precipitation weighted monthly concentrations and depositional sums.
· The MKT results were calculated for the candidate sites using a weighted monthly mean to remove possible measurement biases for months that had more measurements than others; a sum would be sensitive to that and affect trend analysis. In addition, fractional contributions for those samples that spanned monthly boundaries were applied to their respective months.
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[bookmark: _bookmark13]14 Sites have varying lengths of data; ranging from barely meeting the 5-yr threshold to over 20 years
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· 
	The MKT was performed through comparing month by month and averaged up over the year. A Chi-squared analysis was applied to the monthly P-values to determine an annual P-value to extrapolate an annual significance from monthly significance results.


Using the data submitted temporal trends for active TGM and wet deposition analysis has been done. The passive GEM data is not, at this stage, sufficiently long enough to reflect statistically significant trends and is thus not shown in this report.


Active TGM:
Temporal trends for active TGM measurements were calculated for the overall data sets. This analysis was undertaken for 77 of the data sets that met the required criteria15. The trends were calculated on the full data sets that were provided and will be updated to reflect the 2010 onward periods later. For each site an overall trend was calculated and assigned a status of no trend, increasing or decreasing. These results are shown in Annex Air Table 4 and in Figure Air 6. The number of years of data included in each trend range from 6 to 30 years. Thus, the results presented here are a snapshot over varying time frames.


In general, for this overall analysis, most of the concentration levels of TGM have no statistically significant trend. The calculated decreasing trends vary across the various regions. Of the total 77 sites, 49% show a decreasing trend and 49% show no trend and 1% show an increasing trend. It has been found that the trends of TGM concentration vary over time and can reflect changes in emission controls (Bencardino et al., 2024; Cole & Steffen, 2010; Cole et al., 2014; Ebinghaus et al., 2011; K. MacSween et al., 2022; Streets et al., 2019).
Further analysis is required to assess more recent trends and how trends have changed over time.

[image: ]
Figure Air 6: Trends of active TGM concentration for all reported data for all sites (that meet the required criteria). White dots indicate that no trend was found, red dots indicate an increasing trend and green dots indicate a decreasing trend.


Wet deposition:
132 sites were used in the analysis of the temporal trends for mercury concentration in precipitation and the temporal trends calculated for wet deposition.
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[bookmark: _bookmark14]15 The criteria includes a 75% completeness for daily data and minimum 5 years of data


	1725
	Concentration: The frequency counts of trends in precipitation weighted mean (PWM) concentration show many

	1726
	stations with no statistically significant trend in concentration (Figure Air 7). Over Across the 132 sites in this report,

	1727
	only one out of five5 sites show a decrease in concentration over this time period and two sites show an increase in

	1728
	concentration over time. Most of the sites (80%) show no statistically significant change in concentration in

	1729
	either direction. Therefore, the general global conclusion is that a minority of sites have decreasing trends in

	1730
	precipitation concentration. Most sites show no significant change. The annual change in precipitation

	1731
	concentration rate (percentage per year) at monitoring sites (annual change rate calculated based on the slope of

	1732
	MKT) was estimated, and the distribution of change rates by site is shown (Figure Annex Air 5). Although

	1733
	many stations showed trends that were not statistically significant (alpha=0.05), the change rate range at most

	1734
	stations fell between -10% and +10%. While these values likely contain uncertainty due to differing monitoring

	1735
	periods across sites and short monitoring periods at some sites, the general condition for those sites with

	1736
	significant trends are typically small and are decreasing between 0 and -2% per year in the PWM concentration

	1737
	of mercury.

	1738
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Figure Air 7: Annual trends in precipitation weighted mercury concentrations in precipitation in North America, Europe and Asia. “n” is the number of sites included in the analysis. Only stations with at least 5 years data are included.


Wet deposition and precipitation:
Regardless of concentration trends and potential trends in precipitation causing the concentration trends, it is instructive to look at deposition trends alone. From an ecological perspective, depositional trends are most important whether they are due to changes in mercury concentration, precipitation trends, or a combination of both. If more mercury is depositing, from an ecological perspective, the reason does not really matter. Figure Air 8 shows the annual trends in wet deposition of mercury.
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[image: ]Figure Air 8: Annual trends in wet deposition of mercury in precipitation.


Most sites show no significant trend in wet mercury deposition over their measurement time periods. Approximately 87% of the sites have no trend in either direction including Europe, North America, and Japan. A small fraction of the sites in central and northern Europe, as well as central and eastern North America show decreasing trends in deposition. For Europe, this observation could be driven by local source reductions, since concentration decreases are seen here as well. Most sites in Europe show no significant change in precipitation; thus, a decrease in precipitation is not likely to be the cause, particularly in central Europe. Two of the northern European sites have both significant decreases in precipitation and deposition, and;and therefore, the decrease in precipitation is likely driving the decrease in wet deposition. One site showed both decreasing concentrations and decreasing precipitation leading to overall decreasing wet deposition. Two other sites in Europe had decreasing deposition rates at the 90% confidence level.
In Asia, no trends were found in the two2 sites in Japan for wet deposition. For these sites, no trend in precipitation were reported along with steady wet deposition and neither site showed trends even at the 90% confidence level.
No significant trends in wet deposition were found in western North America, except for one high elevation site that had increasing concentration. That site did not show a trend in precipitation, suggesting an increasing trend in actual mercury content. East of the 90th meridian, most of the sites have no changes in wet deposition at 95% confidence. So, the general conclusion is that there is no regional decrease of wet deposition of mercury in eastern North America. Five sites are situated along the US/Canada border that show significant increases in wet deposition. Several of these sites have increasing precipitation rates, suggesting more precipitation is driving some of these higher deposition rates. Figure Annex Air 6 shows the spatial distribution of precipitation trends. Overall, most sites have no significant trends in precipitation except those noted in northern North America in which some of these sites correspond to similar trends in wet deposition.


Overall, trends in wet deposition are driven by concentration and precipitation amounts. There is some regional variation (i.e. central Europe and eastern North America)), but it is not consistent. With very little to no data in Asia, no regional conclusions can be drawn. Longer sampling over time would provide improved (statistically significant) information about the time trends for wet deposition of mercury. The data for wet deposition is currently limited to primarily North America and Europe although there is data from Asia that was not submitted that would provide improved trend information. A more in-depth analysis may be done to calculate the regional trends and assess them against regional regulatory actions.

2.4.7 How do the changes in (TGM/GEM) observed in air between circa 2010 and the present compare to established national and international guidance or levels identified in recent scientific literature that are associated with adverse effects on human health, wildlife and environmental sustainability?
Information Used (including applicable indigenous and traditional knowledge)
· Air data - from circa 2010 to present day.


	1789
	▪
	Chronic level values compiled in Ciani et al. (2024).

	1790
	Methodology
	

	1791
	▪
	Compare observed values to threshold level values

	1792
	▪
	Consider chronic = time-average of 1 month or longer

	1793
	▪
	Acute exposure (8-hr avg or shorter) can only be evaluated for data w/ hourly

	1794
	
	resolution
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Answer/Response
Various threshold limit values for air have been established by international environmental health agencies for chronic and acute exposure. These range from 30-10,000 ng m-3 for chronic (long-term) exposure, 60-2,200,000 ng m-3 for 8-hour average exposure, and 600-16,000,000 ng m-3 for shorter acute exposures (Ciani et al., 2024).


Circa 2010, there was one measurement site (Harwell, UK) with submitted data values that exceeded the acute exposure guidance levels. However, comparison of the submitted data to the official UK data portal showed these values were flagged during validation and should have been removed prior to submission. Four other sites in the data submitted occasionally had hourly values that exceeded 60 ng m-3. These sites are Flin Flon, Canada; Oga, Japan; Birmingham, UK and Indiana Dunes National Lakeshore, USA. However, these high levels did not experience a sustained period of 8 hours or more as would be required to exceed the California Environmental Protection Agency (EPA) 8-hour average Reference Exposure Level (REL) and no sites exceeded the 600 ng m-3 California EPA hourly REL16. Chronic thresholds were never exceeded at any site in the circa 2010 period.


In the present-day period (2022-2024), no sites with hourly data approached the acute exposure guideline values. However, this may be a limitation of the dataset as time averages of the data varied. In Peru, both chronic and acute exposure guidance levels were exceeded in ambient air sampling. This is a region where artisanal and small-scale gold mining (ASGM) using mercury is often practiced. Measurements in this region were only available as weekly or multi-week averages, yet the recorded average values were higher than thresholds designed for 1-hour, 8-hour or daily average exposure. Annex Air Table 5 shows the number of measurements (weekly or multi-week average) from Peruvian sites designated as “mining towns” that exceeded the various exposure guidance levels. As well, this table shows the percent of the total “mining towns” dataset that exceeded each guidance level. Note that the measurements were made in different locations over a region spanning ~150 km in distance and on different dates and with different sampling periods over a 2-year period.
The numbers in Annex Air Table 5 should be considered indicative only.


In Diawala, Côte d’Ivoire and Kenyase, Ghana chronic exposure guidance levels for mercury were exceeded where ASGM using mercury is practiced. Diawala is a very large ASGM site where mercury is used in large quantities during the gold extraction process (Kpokro, 2025). At Diawala, GEM levels averaged 55.5 ng m-3 over a 12-month measuring period (Nov 2021 - Oct 2022). These levels exceed the California EPA 30 ng m-3 chronic REL (defined based on annual average) (Figure Air 9a). In one month (Dec 2022), GEM at Diawala exceeded the 300 ng m-3 limit considered by the US Environmental Protection Agency (US EPA) as the Reference Concentration17. The fact that the monthly average exceeds the daily exposure limits highlights the severity of the exposure. At Kenyase, measurements were available only as quarterly (3-month) averages.
Measured GEM exceeded 30 ng m-3 chronic REL in 3 of the 6 samples collected over an 18-month measuring period. However, the rolling 12-month mean never exceeded the California EPA 30 ng m-3 chronic REL (defined on an annual basis) (Figure Air 9b).



[bookmark: _bookmark15]16 REL defined as: “the concentration at or below which adverse health effects are not likely to occur in the general human population” EPA, California (2014) as cited in Ciani et al, 2024.
[bookmark: _bookmark16]17 defined as ‘An estimate (with uncertainty spanning perhaps an order of magnitude) of a daily inhalation exposure of the human population (including sensitive subgroups) that is likely to be without an appreciable risk of deleterious effects during a lifetime,’ (US EPA 2003, as cited in Ciani et al., 2024) and by the US Department of Health and Human Services Agency for Toxic Substances and Disease Registry (ATSDR) as the Minimal Risk Level, defined as ‘An estimate of daily human exposure to a substance that is likely to be without an appreciable risk of adverse effects (noncarcinogenic) over a specified duration of exposure’ (ATSDR 2022, as cited in Ciani et al., 2024).
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Figure Air 9: Monthly mean GEM at (a) Diawala, Côte d’Ivoire and (b) Kenyase, Ghana. Vertical lines indicate the standard deviations (Diawala only). The grey line and shading in (a) show the annual mean and standard deviation. The dashed lines indicate established guidance levels for chronic exposure: CalEPA Reference Exposure Level (red) and US EPA Reference Concentration / ATSDR Minimal Risk Level (dark red).


This data shows that in areas of ASGM activity exceedances to health guidelines are found. However, there is insufficient monitoring data available from locations with atmospheric mercury pollution to fully answer the question.


In the circa 2010 period, no sites exceeded acute 1-hour or 8-hour average exposure guidance levels or chronic levels. Of the 4 sites that had occasional hourly values near the 8-hour average limit, only two have measurements available in the present-day period. At these two sites, no values in the present daypresent-day period approach the exceedance levels, potentially indicating that changes in (TGM/GEM) observed in air between circa 2010 and the present have decreased the likelihood of exceeding established national and international guidance or levels.


At locations where chronic and/or acute exceedances were recorded in the present-day dataset (Diawala and Kenyase), there were no measurements available from the circa-2010 period to answer the question. Monitoring at these sites is not ongoing; and; thus, no conclusions can be drawn as to changes occurring.
Consistency of Answer with Existing Literature (especially the 2018 GMA)
· Not covered in GMA


Evaluation of Confidence
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	1861
	· Confidence is low - there are insufficient observations from GEM/TGM emission source locations to

	1862
	understand whether changes from circa 2010 to present day have increased or decreased the likelihood

	1863
	and frequency of exceedances of established guideline values.

	1864
	· Chronic and acute exposure levels have been exceeded at ASGM sites during the present daypresent-day period,

	1865
	but without historical or ongoing measurements, the direction of change cannot be ascertained.

	1866
	

	1867
	Information and Capacity Needs

	1868
	· Near-source, ongoing GEM/TGM measurements, especially in ASGM regions where values well

	1869
	above chronic exposure guideline levels have already been recorded.
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	1983
	2.5 Biota

	1984
	2.5.1	What data are available?

	1985
	2.5.1.1  Received and Acquired Data

	1986
	The OESG received 57 submissions on total and methyl mercury measurements across a range of taxa, including

	1987
	invertebrates, amphibians, reptiles, fish, birds, mammals, and plants. Most of the long-term biota time-series are

	1988
	associated with monitoring of different tissues and organs of marine species (invertebrates, fish, seabirds and

	1989
	higher trophic level species, including marine mammals) or freshwater fish and terrestrial birds. Data on mercury

	1990
	concentrations in amphibians (3 observations), reptiles (18 observations) and plants (28 observations excluding

	1991
	mosses) remains limited; data on mercury in moss are available and were collected mainly to evaluate atmospheric

	1992
	mercury deposition. For the purpose of the first cycle of the effectiveness evaluation scientific report, the data

	1993
	analysis considered only total mercury measurements in invertebrates, fish, birds, and marine mammals.

	1994
	Several multinational monitoring programs, including the Arctic Monitoring and Assessment Programme

	1995
	(AMAP), the OSPAR Convention for the Protection of the Marine Environment of the North-East Atlantic

	1996
	(OSPAR), the Helsinki Commission (HELCOM), and the Caribbean Region Mercury Monitoring Network

	1997
	(CRMMN), together with national and subnational organizations from Canada, the United States, Norway, France,

	1998
	Finland, Switzerland, the Netherlands, the United Kingdom, Germany, Peru, Australia, Sweden, Japan and other

	1999
	countries contributed data to the temporary OESG repository. The Biodiversity Research Institute (BRI) provided

	2000
	data spanning 37 years, derived from a database of about 1648 published articles and scientific research projects,

	2001
	covering a diverse range of taxa and tissue types. The collected data represent a compilation of repeated

	2002
	monitoring activities and scientific research projects (Annex 1).

	2003
	While many biota datasets were submitted in accordance with the OESG biota template facilitating data

	2004
	integration and analysis, many submissions lacked key metadata, such as trophic level classifications,

	2005
	anthropogenic source impacts, size or age of organisms, or standardized coding (e.g., countries, ecosystems,

	2006
	tissues) either because the information was not collected or because of a lack of capacity to integrate it into the

	2007
	submission. In addition, data were not required to be submitted in the template leading to discrepancies in data

	2008
	included and requiring resources to enable integration with other datasets. These issues suggest that the template

	2009
	may require further refinement to improve data consistency, completeness, and usability and to better facilitate

	2010
	integration of new datasets with existing data archives.

	2011
	Figure 1 shows sampling locations of submitted data, including both individual mercury measurements and

	2012
	aggregated data (i.e., mean values). Subsets of the submitted data visualized in Figure 1 were used in analyses.

	2013
	Only datasets, both from the published literature and direct submissions, meeting minimum data requirements

	2014
	(e.g., appropriate spatial or temporal resolution, ancillary data for standardization, etc.) for an analysis were used

	2015
	for answering a particular question. Many submitted data were unsuitable or found not to meet requirements for

	2016
	answering the types of questions being posed in the effectiveness evaluation. This highlights the need to align

	2017
	scientific mercury research, as well as the critical role of national and international monitoring programs in

	2018
	ensuring comprehensive and reliable data collection.
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[image: ]Figure 1. Geographic distribution of a) all sampling locations by taxa, overlaid on IPCC regional boundaries (black lines) and b) sampling locations in current period (2014-2024). A subset of suitable samples were identified for use in each analysis.



2024
2025
2026

Following the collation of long-term data submitted to the OESG, significant geographic gaps have been identified in several regions, including the Pacific, Asia, western and central Africa, and Central and South America. Data available for assessing temporal trends remain especially limited.



2027
2028
2029
2030
2031
2032
2033
2034
2035

Robust monitoring of temporal trends in biota generally requires long-term, consistent sampling programmes, ensuring standardized field, sampling, and analytical procedures to minimize sources of variability that could confound temporal trend interpretation. Several mercury biomonitoring programmes provide excellent examples of national or regional field monitoring focused on both human and ecological health (e.g., AMAP, Canada’s Northern Contaminants Program, OSPAR, HELCOM, ARCTOX, and national networks in Canada, United States, Japan, European Union, and others). The experience from these monitoring programmes has shown that, for time series based on annual sampling, a period of more than 10 years is typically required to reliably detect the expected level of annual change at sites not directly affected by local sources, even when changes in mercury levels are in the range of 5-10% per year.



2036
2037
2038

2039
2040

Although numerous peer-reviewed articles are publicly available, the extraction and standardization of these data were limited by time and personnel constraints. Nevertheless, key publications and reports have been identified and to are supportingsupport the interpretation of submitted data and the analysis of temporal trends.


2.5.1.2  Identified data that has not been acquired

2041
2042
2043
2044
2045
2046

2047

The OESG has received intentions from various data holders, including international and national institutions, to submit datasets on mercury concentrations in invertebrates, fish, birds, mammals, and plants, that have not yet been formally submitted. Additionally, some known datasets remain inaccessible or are not in a standardized format. The missing data includes both local studies and broader national or regional programs across the Arctic, North America, Europe, Asia, Africa, and Australia. The datasets span from historical to ongoing monitoring, with timeframes ranging from the 1960s to the present.
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2048
2049
2.5.2 
Question 1: What are current levels of Hg in invertebrates, fish, birds, and mammals globally?



2050
2051
2052
2053
2054
2055

2056
2057
2058
2059
2060
2061
2062
2063
2064
2065
2066
2067
2068
2069
2070

Understanding current mercury levels in biota is essential for evaluating progress toward meeting the objectives of the Minamata Convention. The fate and transport of mercury emitted or released into the environment is governed by complex chemical conversions and cycling. Consequently, the mercury that is bioavailable depends on both the mercury inputs and the methylation potential of a given system. Biotic mercury concentrations directly reflect that bioavailable fraction providing insight into spatial and temporal patterns and the magnitude of mercury body burdens in wildlife and humans.


· Current levels were defined as total mercury concentrations measured between 2014 and 2024 based on the following considerations:
· Mercury levels in wildlife tend to change slowly, making decadal data more informative than short-term fluctuations.
· Many countries began taking mercury-reduction actions prior and following the 2013 adoption
of the Minamata Convention, even before the agreement’s formal entry into force in 2017.
· Short-term data are often limited due to infrequent sampling cycles (e.g., biota sampling typically occurs annually or biennially, depending on monitoring requirements).
· The Intergovernmental Panel on Climate Change (IPCC) regions were applied to create a consistent geographic framework across different biota matrices and to support spatial and integrated analyses where appropriate.


2.5.2.1 Invertebrates Information Used:

2071	Data were compiled from 17 submissions to the OESG repository (Annex 1, Figure 2).


2072
2073
2074
2075
2076

The majority of invertebrate (n=15,305/16,414, 93%) data were provided by regional seas monitoring programmes covering the NE Atlantic (OSPAR Commission, with data co-reported to AMAP in overlapping Arctic waters), the Baltic Sea (Helsinki Commission, HELCOM), and national/sub-national monitoring programmes including the US-NOAA National Centers for Coastal Ocean Science Mussel Watch program, the Nyrstar Hobart/Derwent Estuary Program (Australia), and the Japanese national monitoring program.



2077
2078
2079
2080

If additional time and resources had been available, some further consideration of the data reported from other invertebrates, including cephalopods, crustacea and gastropods, would have been possible. However, for most of these groups, the spatial coverage or low numbers of observations for individual species would have likely severely limited the value of any analysis in the context of the objectives of the effectiveness evaluation.
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[image: ]Figure 2: Geographic distribution of 2014-2024 sampling locations of invertebrate samples submitted, overlaid on IPCC regional boundaries.
[image: ]


Figure 3: Map of locations of monitoring sites for the selected invertebrate species (red dots) for the period 2014-2023 in IPCC Regions.


Methodology:



2090
2091
2092
2093
2094

Inclusion criteria: Observations were included if they: a) belonged to one of the four most common bivalve genera (Mytilus, Crassostrea, Dreissena, and Ostrea); b) reported individual or arithmetic mean total Hg (THg) concentrations (Mercury.species.measured* was coded as THg, Hg, or “NA” which was assumed to be THg); c) represented whole soft tissue concentrations (Matrix_consolidated coded as Whole organ(s), Whole, or Soft tissue); d) reported uncensored THg concentrations > 1 ng g-1 dw.


	2095
	Exclusion criteria: Observations were excluded if they: a) belonged to genera other than the four most common

	2096
	genera described above; b) reported individual or arithmetic mean monomethylmercury (MMHg) concentrations; c) represented tissues

	2097
	other than whole soft tissue (i.e., Matrix_consolidated coded as Muscle, Other, or Unspecified); d) reported THg

	2098
	concentrations that were missing, censored by data suppliers (i.e., Qualifier* coded as “<”, “D”, or “Q”), or < 1

	2099
	ng g-1 dw.

	2100
	Of the n=450 censored observations, n=414 were from OSPAR, n=22 were from Nyrstar Hobart/Derwent Estuary

	2101
	Program, and n=14 were from HELCOM. Limits of detection or quantification were listed for n=33 of these

	2102
	observations; all others were censored without an accompanying limit term. N=103 censored observations were

	2103
	for the period 2014-2024. Of these, n=17 censored observations were reported on a wet weight basis and n=86

	2104
	were reported on a dry weight basis. Reported concentrations for dry weight basis observations ranged from 2-

	2105
	180 ng/g dw, with overlapping but relatively low concentrations compared to non-censored observations for this

	2106
	time period (see below). These values were excluded because censoring by data suppliers indicated lack of

	2107
	confidence in the reported values.

	2108
	An additional n = 14 observations were excluded because they were assumed to be QA/QC samples (i.e., they

	2109
	were not assigned to an IPCC Region and had Site.Name = “Control”). Excluding observations on these bases

	2110
	returned a core dataset with n = 13,842 observations.

	2111
	Data standardization and harmonization: The resulting core invertebrate dataset included n = 11,709

	2112
	observations reported on a dry weight basis and n = 2,135 reported on a wet weight basis. Wet weight basis

	2113
	concentrations were converted to a dry weight basis assuming a percent moisture (% moisture) content of 86.5%.

	2114
	This assumption was based on the mean % moisture among the three bivalve genera for which observations were

	2115
	reported on a dry weight basis with an accompanying %moisture value (n = 3,269 observations). Wet weight

	2116
	concentrations were converted to dry weight concentrations as follows:

	2117
	dw concentration = wet weight concentration / [(100-86.5)/100] = wet weight concentration / 0.135

	2118
	Answer/Response:

	2119
	Bivalves are generally considered useful bioindicators for coastal contamination monitoring because they are

	2120
	sessile (i.e., representative of the conditions from where they are harvested), abundant, widely distributed, and

	2121
	easy to sample. They have been employed for these reasons in a number of chemical monitoring programs since

	2122
	the 1970s around the world, including NOAA Mussel Watch (USA), the OSPAR Commission, and the Helsinki

	2123
	Commission.

	2124
	Representativeness of the invertebrate datasets

	2125
	There were 16,414 invertebrate observations representing 338 genera or species, of which the majority (92% of

	2126
	all “iInvertebrate” observations) were bivalves belonging to four genera Mytilus, Crassostrea, Dreissena, and

	2127
	Ostrea. An additional 61 bivalve genera/species are relatively infrequently represented in the dataset (i.e., only

	2128
	representing n=493 additional observations). The analyses presented here focus on Mytilus, Crassostrea,

	2129
	Dreissena, and Ostrea as the most common iInvertebrate genera among the submitted data. Of the 13,842

	2130
	observations retained in the core Invertebrate dataset, n= 3,486 (25.2%) pertain to the period 2014-2023 (there

	2131
	were no observations for 2024).

	2132
	Of the 13,842 observations retained in the core iInvertebrate dataset, n= 3,486 (25.2%) pertain to the period 2014-

	2133
	2023 (there were no observations for 2024). The contemporary subset of the harmonized dataset represents 17

	2134
	countries and 12 IPCC rRegions (Table 1). The number of observations by IPCC rRegion ranges from 3 (Caribbean)

	2135
	to 2,028 (N.Europe). Observations from the Northern Hemisphere are dominant. The number of sites sampled by

	2136
	IPCC Region ranges from 1 (N.Atlantic-Ocean, a single site on the boundary with the N. Europe region so not

	2137
	representative of the N. Atlantic Ocean) to 348 (N.Europe) (Figure 3). It is important to note, therefore, that

	2138
	summaries by IPCC Region region are only representative of the sampling locations submitted for the OESG and are not

	2139
	representative of the IPCC region as a whole. In some cases, the majority of data submitted for an entire IPCC

	2140
	rRegion are from monitoring in impacted sites (e.g., S. Australia data are primarily from the Derwent estuary in

	2141
	Tasmania which is impacted by historical activity of a large zinc smelter and paper mill). In general, it was not

	2142
	possible to evaluate the extent to which data in other IPCC regions are potentially impacted by local sources as in

	2143
	most cases this information was not provided; however, the regional seas programmes responsible for most of the

	2144
	data considered are typically designed to monitor background or representative sites rather than impacted sites.
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2145

2146	Summary of current total mercury concentrations in bivalves
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2147
2148
2149
2150

Across regions and species, THg concentrations ranged over two orders of magnitude from 10.2 to 2,070 ng g-1 dw. IPCC rRegion-allocated mean ± SD THg concentrations (regardless of species) ranged from 50.5 ± 33 ng g-1 dw (n=11) in E. Asia to 542 ± 270 ng g-1 dw (n=299) in S. Australia. THg concentrations also varied within and among IPCC regions by species.



2151
2152
2153
2154
2155
2156
2157

The evaluated bivalve data are not considered suitable for evaluation of spatial patterns on a global scale due to the limited geographical coverage (see Figure 3). Based on the number of sites monitored and the data available, spatial comparisons, even within a single region would only be warranted along near-coastal areas in a few cases (N. Europe, W. and Central Europe, East and West North America). For these regions spatial comparisons are made under the auspices of assessments conducted by OSPAR (see https://oap.ospar.org/en/ospar-assessments/quality-status-reports/qsr-2023/thematic-assessments/hazardous-substances/), HELCOM (see https://indicators.helcom.fi/indicator/mercury/) and the US-EPA.



2158
2159
2160
2161
2162
2163

The ranges of mercury concentrations reported in bivalves for the period 2014-2023 are relatively similar across the 12 IPCC regions for which data were available (Figure 3). Boxplots (Figure 4) indicate that concentrations in mussels and oysters are somewhat elevated in the S. Australia IPCC region, reflecting the predominance of data from monitoring sites affected by zinc smelting activities within the region. If the S. Australia region is excluded, mean THg values (based on reported measurements in pooled samples or averages of aggregated data) are in the range 50.5 ± 33 to 235 ± 530 ng g-1 dw (Table 1).



2164
2165
2166
2167
2168
2169
2170
2171
2172
2173
2174
2175

2176

It was not possible from the submitted biota data to reliably differentiate impacted and non-impacted sites as few of the reported data included this information. Mercury concentrations in the higher range of values in West and Central Europe and IPCC Mediterranean regions are associated with oysters. It is noted here that the IPCC Mediterranean region is characterized by samples at sites along the Atlantic coast of France, Portugal and Spain with no samples from the Mediterranean Sea itself, an example of the care that needs to be taken with respect to conclusions regarding ‘geographical context’. Mercury levels in the lower range of values are reported for mussels in the IPCC East Asia and Greenland/Iceland regions (samples from sites in Iceland only). Lower values at Arctic sites, generally considered remote from major anthropogenic source regions, may be expected; however, the lower values (for mussels in particular) at East Asian sites in Japan and northern China are notable, and possibly related to the different species monitored. Representing a region based on data from a very few sites is a general concern for almost all environmental monitoring data evaluated for the effectiveness evaluation, with implications also for work aiming to integrate results for different environmental matrices.



2177
2178
2179

2180

Table 1: THg concentrations (ng/g dw) by IPCC Region, bivalve species, and tissue type for the period 2014-2023. Data are summarized for sampling locations shown in Figure 3 (map) and should not be used to characterize the entire region as named.


	IPCC_Name
	Species
	THg concentration (ng/g dw)
	

N obs
	N sites

	
	
	mean
	SD
	median
	
	

	C.North-America
	Crassostrea virginica
	113
	54
	90.6
	12
	12

	Caribbean
	Crassostrea rhizophorae
	95.9
	9.8
	100
	3
	3

	E.Asia
	Mytilus galloprovincialis
	50.5
	33
	44.4
	11
	3

	

E.North-America
	Crassostrea virginica
	176
	150
	156
	72
	68

	
	Mytilus edulis
	105
	99
	52
	67
	58

	Greenland/Iceland
	Mytilus edulis
	62.6
	26
	60
	37
	10

	
Mediterranean
	Crassostrea gigas
	218
	60
	217
	43
	7

	
	Mytilus edulis
	136
	140
	84
	195
	42

	N. Atlantic Ocean
	Ostrea edulis
	155
	79
	108
	8
	1

	
N. Central-America
	Crassostrea virginica
	152
	96
	137
	7
	7

	
	Mytilus californianus
	106
	91
	71
	19
	19

	

N. Europe
	Crassostrea gigas
	137
	51
	140
	30
	5

	
	Mytilus edulis
	130
	100
	101
	2028
	342

	
	Ostrea edulis
	130
	100
	100
	10
	2

	
S. Australia1
	Crassostrea gigas
	587
	310
	519
	181
	34

	
	Mytilus edulis
	474
	190
	444
	118
	30

	
W.North-America
	Mytilus californianus
	235
	530
	90.6
	14
	14

	
	Mytilus sp.
	64.2
	39
	48.2
	17
	17

	


West &Central-Europe
	Crassostrea gigas
	210
	68
	205
	216
	46

	
	Dreissena polymorpha
	50.8
	10
	50
	36
	6

	
	Mytilus edulis
	140
	79
	125
	347
	52

	
	Mytilus galloprovincialis
	136
	25
	140
	15
	3
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2181
2182
2183
2184
2185
2186

1All S. Australia data are from the Nyrstar Hobart/Derwent Estuary Program monitoring Hg trends in an area impacted by historical activity of a large zinc smelter and paper mill. The data are therefore not representative of this IPCC region as a whole. These were the only data identified as being from sites with point sources, though others could be included in this dataset.
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[image: ]Figure 4: : THg concentrations (ng/g dw) for the current period (2014-2023) by IPCC Region. Boxplots show min, mean – SD, mean, mean + SD, and max concentrations. Points represent individual observations. The top panel shows data for mussel species and the bottom panel shows data for oyster species. Horizontal dashed red lines represent Background Assessment Concentrations (BAC) below which concentrations are considered to be near background for the Northeast Atlantic region by the OSPAR Commission (OSPAR Commission, 2009); the BAC for mussels is 90 ng/g dw and the BAC for oysters is 180 ng/g dw. Horizontal solid red lines represent the Maximum Permissible Concentration (MPC) in food for the protection of public health for the Northeast Atlantic region by the OSPAR Commission (OSPAR Commission, 2009); the MPC value is 500 ng/g ww converted to 3704 ng/g dw assuming the average % moisture for bivalves in the presented dataset of 86.5%. Colors indicate whether data were associated with Hg point sources (red points). All S. Australia data are from the Nyrstar Hobart/Derwent Estuary Program monitoring Hg trends in the vicinity of a large zinc smelter and paper mill. . These were the only data identified as being from sites with point sources, though others could be included in this dataset. Data are summarized for sampling locations shown in Figure 1 (map) and should not be used to characterize the entire region as named.
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Figure 5: Histograms show relative counts of observations by THg concentration per IPCC Region for the period 2014-2023. Vertical dashed red lines represent Background Assessment Concentrations below which concentrations are considered to be near background by the OSPAR Commission (OSPAR Commission, 2009), 90 ng/g dw for mussels and 180 ng/g dw for oysters. The solid red lines represents the Maximum Permissible Concentration in food for the protection of public health for the Northeast Atlantic region by the OSPAR Commission (OSPAR Commission, 2009); the MPC value is 500 ng/g ww converted to 3704 ng/g dw assuming the average %moisture for bivalves in the presented dataset of 86.5%.


Consistency of Answer with Existing Literature:
Mercury concentrations in bivalves were not considered in the 2018 Global Mercury Assessment. The data evaluated herein include much of the data from ongoing monitoring programs, including HELCOM, OSPAR, US EPA, AMAP, and Australian datasets. Not all data are synthesized in publications, but many are included in monitoring program reports. Comparison with regional assessments by HELCOM, OSPAR, and US EPA are provided below in section 0.1.4.1


Evaluation of Confidence:



2221
2222
2223

There is reasonable confidence in the quality of data included in invertebrate assessments presented here, as most data are from established monitoring programs. There is inherent uncertainty related to converting concentrations between dry and wet weight bases, especially given that none of the observations reported in wet weight units had


	2224
	accompanying measures of percent moisture. Samples were instead converted to dry weight using the average

	2225
	percent moisture reported alongside the dry weight observations of the four most common genera (Mytilus,

	2226
	Crassostrea, Dreissena, and Ostrea) in the data set. As percent moisture can vary among species and as a function

	2227
	of storage time, this assumption introduces uncertainty to the converted values reported here. The evaluated

	2228
	bivalve data are not considered suitable for evaluation of spatial patterns on a global scale due to the limited

	2229
	geographical coverage (see Figure 3). Based on the number of sites monitored and the data available, spatial

	2230
	comparisons, even within a single region would only be warranted along near-coastal areas in a few cases (N.

	2231
	Europe, W. and Central Europe, East and West North America). However, even for IPCC regions represented

	2232
	here, there are concerns with representing a region based on data from a very few sites. It was also not possible

	2233
	from the submitted biota data to reliably differentiate impacted and non-impacted sites as few of the reported data

	2234
	included this information.

	2235
	

	2236
	Information and Capacity Needs:

	2237
	Enhanced monitoring is required in underrepresented regions, particularly Africa (AF), Latin America and the

	2238
	Caribbean (LAC) increasing both the frequency and resolution of sampling will improve the temporal and spatial

	2239
	resolution of mercury assessments.

	2240
	Continued investment in data-sharing infrastructure and promotion of cross-sector collaboration will improve

	2241
	accessibility and integration of datasets across regions and monitoring networks.

	2242
	2.5.2.2  Fish

	2243
	Information Used:

	2244
	Fish data were compiled from 30 submissions to the OESG repository (Annex 1). The fish dataset represents 87

	2245
	countries (in several cases reported through national or regional monitoring programmes) and 48 IPCC Regions.

	2246
	The number of observations by IPCC Region ranges from one (W. Antarctica and W. Southern-Africa) to 30,181

	2247
	(E. North-America). The number of individuals by IPCC Region ranges from two (Tibetan-Plateau) to 90,126 (N.

	2248
	Europe). Observations are not homogeneously distributed at a global scale, with the Northern Hemisphere much

	2249
	more heavily represented and significant data gaps in the Southern Hemisphere. The number of sites (defined by

	2250
	unique coordinates rounded to three decimal places to account for inconsistent site naming conventions across

	2251
	datasets and years) sampled by IPCC Region ranges from 1 (Bay-of-Bengal, W. Antarctica, W. Siberia, W.

	2252
	Southern-Africa) to 3,230 (E. North-America) (Figure 6).
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[image: ]Figure 6: Geographic distribution of fish records from 2014-2024 a) included in the OESG repository, and b)
filtered using the inclusion/exclusion criteria (see methodology), overlaid on IPCC regional boundaries.


Methodology:



2258
2259
2260
2261

Inclusion criteria: The full fish mercury dataset was filtered to include global submissions collected from 2014 to 2024. Submissions encompassed individual measurements, pooled arithmetic or geometric means, medians, or minimum and maximum values, reported on either a dry-weight or wet-weight basis. Only individual THg records or arithmetic means with valid mercury concentrations (THg > 0, not coded as NA) were considered for analysis.



2262
2263
2264
2265
2266
2267

Most of the qualified data came from muscle samples (91.7%) and whole specimens (4.8%), with the remaining data from eggs, liver, skin, organs, blood, or unknown matrices also included in smaller proportions. Only records reporting muscle THg concentrations were considered here, with other matrices not converted to a standard tissue type. Most submitted data were reported on a wet-weight basis (90.1%) followed by dry-weight measurements (7.9%) with the small remaining fraction of an unknown basis. Both wet weight and dry weight records were considered.


	2268
	To ensure statistical robustness, only fish species with at least ten qualified records within each IPCC region were

	2269
	included in IPCC-level analyses. These species were further categorized by feeding guild (herbivorous,

	2270
	planktivorous, omnivorous, and carnivorous).

	2271
	Exclusion criteria: At the same time, strict exclusion criteria were applied to maintain data quality. Records

	2272
	reporting negative values, zeros, or missing values for THg were removed. Because more than 90% of records

	2273
	were fish muscle, we excluded all other fish tissues/organss to avoid uncertainty from tissue conversions. All

	2274
	records noted as “Canned; Processed” were also excluded. Samples lacking critical spatial information, such as

	2275
	IPCC regional attribution, were also excluded from pertinent analyses. In addition, records from species

	2276
	represented by fewer than 10 qualified records in an IPCC region (records from a species with fewer records in

	2277
	an IPCC region were discarded even if records from other IPCC regions were kept) were not included in the main

	2278
	species comparisons.

	2279
	Data standardization and harmonization: Prior to analysis, data were standardized to ensure comparability

	2280
	across diverse sources. All mercury values were converted into a consistent unit, nanograms per gram wet weight,

	2281
	with adjustments made where necessary. Results presented here are for muscle tissue on a wet-weight basis, which

	2282
	represented the vast majority of observations. Dry-weight observations were converted to wet-weight using the

	2283
	reported moisture content when available, or assuming 80% moisture content for fish muscle when moisture data

	2284
	were not reported.

	2285
	Fish species were aligned using standardized taxonomy and assigned to families and feeding guilds using

	2286
	established references. Spatial information was harmonized through IPCC regional classifications.

	2287
	Finally, harmonization procedures brought together the diverse records into a single coherent master dataset.

	2288
	Different sample matrices were consolidated, and taxonomic and geographic groupings ensured comparability

	2289
	across monitoring networks. The 2014-2024 time span was selected for “current levels” across taxa, with subsets

	2290
	of data suitable for annual monitoring identified for specific regions. Summary statistics such as means, medians,

	2291
	and percentiles were calculated, and visualizations such as boxplots and tables were prepared to enable meaningful

	2292
	comparisons across species, families, feeding guilds, and geographic regions.

	2293
	

	2294
	Answer/Response:

	2295
	Fish are widely used and well-established bioindicators of Hg bioaccumulation because they reflect not only their

	2296
	own exposure but also the exposure of the predators, including wildlife and humans, that consume them. In

	2297
	addition, fish can be classified into well-defined feeding guilds and trophic levels across ecosystems, allowing

	2298
	comparisons of Hg bioaccumulation among specific ecological groups (e.g., benthivores vs. pelagic feeding,

	2299
	different trophic levels) across geographic areas. Additionally, available fish Hg data are among the most abundant

	2300
	globally, making large-scale assessments more feasible and cost-effective. And lastly, fish total Hg concentrations

	2301
	are representative of methylmercury (MeHg) concentrations. Since MeHg is the toxic and most bioavailable and

	2302
	bioaccumulative form, combined with their global consumption, fish are particularly representative of MeHg

	2303
	exposures.

	2304
	Representativeness of the fish datasets

	2305
	The harmonized fish subset (species with 10 or more records in an IPCC region were retained) includes 70,000

	2306
	records from 199 fish species across 67 families. Regional representation remained limited due to a strong

	2307
	dominance of data from North America and Europe while Africa, South Asia, and Latin America and the

	2308
	Caribbean were underrepresented.

	2309
	The number of individuals by IPCC Region ranges from 38 (S.E.South-America) to 84,000 (N.Europe).

	2310
	Observations by IPCC Region range from 12 (S.E.Asia) to 25,753 (E.North-America), highlighting that

	2311
	observations from the Northern Hemisphere are dominant. The number of sites sampled by IPCC Region ranges

	2312
	from 2 (N.Pacific-Ocean, Equatorial.Atlantic-Ocean) to 2,690 (E.North-America).

	2313
	Summary of current total mercury concentrations in fish

	2314
	Across regions and species, THg concentrations in fish muscle samples included in the harmonized fish subset

	2315
	ranged over five orders of magnitude from 0.04 to 16,400 ng g-1 ww. IPCC Region-specific mean ± SD muscle
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2321

THg concentrations (regardless of species) ranged from 7.18 ± 2.54 ng g-1 ww (n=12) in S.E. Asia to 2,944.7 ± 1,716.5 ng g-1 ww (n=108) in S.Eastern-Africa. The high muscle THg values in S. Eastern-Africa were mainly attributed to a specific study (Pascal et al. 2020) of ASGM. Other IPCC regions with elevated mean muscle THg were typically driven by intensive shark sampling (e.g., Le Croizier et al., 2020). THg concentrations also varied within and among IPCC regions by species (Table 2a,b).
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2323

2324

Table 2: Summary of current THg concentrations (ng g-1 ww) by feeding guild in the harmonized fish muscle subset across fish species with ≥10 records per IPCC Region for the period 2014-2024


	Statistic
	Individual THg Concentration (ng/g ww)

	
	Carnivorous
	Herbivorous
	Omnivorous
	Planktivorous
	Total

	n (records)
	55,688
	761
	8,450
	5,101
	70,000

	n (families)
	45
	6
	25
	7
	67

	n (species)
	119
	11
	56
	13
	199

	Minimum
	0.0
	1.1
	0.4
	0.6
	0.0

	
5th percentile
	
41.0
	
5.1
	
19.4
	
14.0
	
28.5

	Median
	260.0
	25.8
	99.3
	80.0
	208.0

	Mean
	409.1
	70.3
	164.7
	114.1
	354.4

	
95th percentile
	
1,200.0
	
222.9
	
440.0
	
330.0
	
1,100.0

	Maximum
	16,400.0
	1,436.9
	7,788.0
	1,000.0
	16,400.0



	2325
	

	2326
	Table 3a. Summary of current THg concentrations (ng g-1 ww) by feeding guild across IPCC Regions in the

	2327
	harmonized fish muscle subset across fish species with ≥10 records per IPCC Region for the period 2014-2024



	IPCC Name
	Feeding Guild
	n (records)
	Individual THg Concentration (ng/g ww)

	
	
	
	Mean
	SD
	Median




	Arctic-Ocean
	Carnivorous
	131
	71.0
	92.0
	35.0

	






C.North-America
	Carnivorous
	6,653
	607.9
	458.6
	490.0

	
	Omnivorous
	1,407
	141.1
	110.3
	110.0

	
	Planktivorous
	989
	154.5
	114.6
	120.0

	Caribbean
	Carnivorous
	228
	230.5
	530.7
	103.4

	E.Australia
	Carnivorous
	60
	1,697.6
	1,241.2
	1,649.0

	






E.North-America
	Carnivorous
	19,518
	455.6
	446.9
	330.0

	
	Omnivorous
	4,678
	136.8
	131.8
	92.5

	
	Planktivorous
	1,557
	140.9
	130.0
	100.0

	

E.Southern-Africa
	Carnivorous
	18
	248.5
	192.5
	167.0

	
	Omnivorous
	120
	60.4
	94.8
	26.5

	Equatorial.Atlantic-Ocean
	
Carnivorous
	
375
	
279.7
	
186.3
	
202.1

	
Equatorial.Pacific-Ocean
	
Carnivorous
	
126
	
205.5
	
402.1
	
52.4

	Greenland/Iceland
	Carnivorous
	268
	242.0
	366.5
	109.5

	





Mediterranean
	Carnivorous
	1,114
	696.4
	833.8
	447.5

	
	Omnivorous
	157
	397.4
	417.8
	264.2

	
	Planktivorous
	12
	139.9
	250.0
	48.3

	N.Atlantic-Ocean
	Carnivorous
	43
	2,942.3
	2,288.0
	2,350.0

	N.Australia
	Carnivorous
	988
	207.8
	141.0
	172.0
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	Planktivorous
	11
	24.2
	12.1
	26.1

	


N.Central-America
	Carnivorous
	70
	667.5
	652.9
	453.2

	
	Omnivorous
	114
	89.7
	83.3
	66.5

	






N.E.North-America
	Carnivorous
	5,618
	607.5
	532.5
	450.0

	
	Omnivorous
	1,151
	152.4
	134.3
	120.0

	
	Planktivorous
	1,194
	142.2
	106.9
	110.0

	

N.Europe
	Carnivorous
	16,141
	211.3
	220.5
	150.0

	
	Planktivorous
	1,027
	28.4
	19.7
	22.1

	N.Pacific-Ocean
	Carnivorous
	60
	2,115.9
	524.5
	2,105.7

	









N.South-America
	Carnivorous
	327
	362.7
	436.4
	157.9

	
	Omnivorous
	10
	186.4
	127.5
	180.0

	
	Planktivorous
	11
	22.5
	10.1
	22.0

	
	Herbivorous
	27
	124.7
	80.0
	100.0

	





N.W.North-America
	Carnivorous
	1,145
	265.9
	167.5
	237.0

	
	Omnivorous
	14
	69.4
	46.2
	51.0

	
	Planktivorous
	11
	37.2
	10.3
	40.7

	





N.W.South-America
	Carnivorous
	285
	107.4
	155.0
	75.3

	
	Omnivorous
	346
	48.7
	79.0
	27.0

	
	Herbivorous
	235
	26.1
	46.4
	16.8

	S.Asia
	Herbivorous
	13
	108.2
	71.8
	74.0
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S.Australia
	Carnivorous
	441
	738.0
	1,077.1
	390.0

	
	Omnivorous
	45
	914.0
	481.5
	730.0

	S.E.Asia
	Carnivorous
	12
	7.2
	2.5
	6.5

	S.E.South-America
	Carnivorous
	38
	966.7
	2,807.4
	196.5

	

S.Eastern-Africa
	Carnivorous
	36
	3,370.7
	1,914.6
	3,034.0

	
	Omnivorous
	72
	2,731.7
	1,579.7
	2,367.5

	S.Pacific-Ocean
	Carnivorous
	275
	243.5
	266.7
	142.2

	

Sahara
	Carnivorous
	40
	1,219.8
	664.2
	1,165.0

	
	Omnivorous
	23
	51.5
	42.8
	44.2

	








South-American-Monsoon
	Carnivorous
	500
	412.6
	1,064.8
	144.5

	
	Omnivorous
	224
	134.6
	354.8
	60.2

	
	Planktivorous
	10
	119.8
	95.5
	93.6

	
	Herbivorous
	486
	87.6
	197.8
	34.9

	


W.North-America
	Carnivorous
	363
	117.8
	167.3
	70.5

	
	Omnivorous
	62
	116.0
	92.2
	83.6

	


West&Central-Europe
	Carnivorous
	815
	89.4
	108.8
	63.8

	
	Planktivorous
	279
	25.3
	11.8
	23.0

	Western-Africa
	Omnivorous
	27
	74.4
	50.0
	67.0



	2328
	

	2329
	Table 3b. Summary of mercury (Hg) concentrations (ng g⁻¹ ww) in fish species across IPCC regions within the

	2330
	harmonized fish muscle subset. Only species with ≥10 records per IPCC region for the period 2014–2024 are

	2331
	included. For each region, the table presents summary statistics for the two species with the highest number of

	2332
	records
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	IPCC_Name
	Species
	n (records)
	Individual THg Concentration (ng/g ww)

	
	
	
	mean
	sd
	median

	

Arctic-Ocean
	Gadus morhua
	91
	31.0
	21.3
	26.0

	
	Salvelinus alpinus
	40
	162.1
	122.2
	117.1

	


C. North-America
	Sander vitreus
	1,939
	728.6
	526.7
	580.0

	
	Esox lucius
	1,842
	662.4
	466.0
	550.0

	Caribbean
	Coryphaena hippurus
	65
	150.2
	94.9
	129.9

	
	Acanthocybium solandri
	42
	102.0
	163.5
	52.7

	




E. Australia
	Carcharodon carcharias
	
47
	
2,099.1
	
1,101.3
	
1,904.0

	
	Acanthopagrus australis
	
13
	
246.2
	
107.6
	
240.0

	


E. North-America
	Sander vitreus
	4,998
	581.1
	455.6
	470.0

	
	Esox lucius
	3,852
	550.6
	419.0
	430.0

	



E. Southern-Africa
	Clarias gariepinus
	57
	68.1
	109.4
	31.1

	
	
Oreochromis niloticus
	
49
	
22.6
	
9.9
	
22.0

	Equatorial.Atlantic-Ocean
	Thunnus obesus
	
201
	
330.7
	
219.1
	
237.6

	
	Thunnus albacares
	
174
	
220.9
	
114.4
	
182.9

	
	Katsuwonus pelamis
	109
	62.6
	50.5
	47.7
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	Equatorial.Pacific-Ocean
	Carcharhinus falciformis
	
17
	
1,122.0
	
463.2
	
948.0

	

Greenland/Iceland
	Salvelinus alpinus
	254
	253.6
	373.0
	123.0

	
	Gadus morhua
	14
	30.7
	6.5
	31.0

	



Mediterranean
	
Merluccius merluccius
	
442
	
119.9
	
341.7
	
52.6

	
	Thunnus thynnus
	175
	902.5
	502.2
	774.0

	N. Atlantic-Ocean
	Prionace glauca
	43
	2,942.3
	2,288.0
	2,350.0

	


N. Australia
	Lates calcarifer
	988
	207.8
	141.0
	172.0

	
	Nematalosa erebi
	11
	24.2
	12.1
	26.1

	


N. Central-America
	Ariopsis felis
	44
	124.6
	76.2
	104.0

	
	Bagre marinus
	19
	250.4
	170.7
	218.0

	


N.E. North-America
	Esox lucius
	1,980
	631.1
	605.8
	410.0

	
	Sander vitreus
	1,946
	667.5
	488.9
	550.0

	

N. Europe
	Perca fluviatilis
	10,602
	211.6
	174.1
	165.0

	
	Gadus morhua
	1,990
	125.5
	115.5
	92.0

	
N. Pacific-Ocean
	Carcharodon carcharias
	
60
	
2,115.9
	
524.5
	
2,105.7

	




N. South-America
	Micropogonias furnieri
	
42
	
185.0
	
131.4
	
154.1

	
	Scomberomorus cavalla
	27
	99.5
	38.6
	96.6

	
N.W. North-America
	
Salvelinus namaycush
	
524
	
297.1
	
148.6
	
269.5
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	Lota lota
	388
	282.1
	166.3
	238.0

	



N.W. South-America
	Prochilodus magdalenae
	
138
	
29.3
	
49.3
	
18.7

	
	Hypostomus hondae
	97
	21.6
	41.8
	11.3

	S. Asia
	Labeo rohita
	13
	108.2
	71.8
	74.0

	




S. Australia
	Platycephalus bassensis
	
401
	
446.3
	
284.5
	
360.0

	
	Acanthopagrus butcheri
	
45
	
914.0
	
481.5
	
730.0

	S.E. Asia
	Trachinotus ovatus
	12
	7.2
	2.5
	6.5

	




S.E. South-America
	Rhizoprionodon lalandii
	
22
	
1,548.9
	
3,610.7
	
222.5

	
	Rhizoprionodon porosus
	
16
	
166.3
	
88.5
	
139.5

	

S. Eastern-Africa
	Haplochromis spp.
	36
	3,035.6
	1,726.3
	2,734.0

	
	Oreochromis spp.
	36
	2,427.8
	1,375.5
	2,185.5

	


S. Pacific-Ocean
	Thunnus albacares
	115
	135.6
	83.3
	113.2

	
	Katsuwonus pelamis
	101
	132.9
	61.8
	122.5

	

Sahara
	Prionace glauca
	40
	1,219.8
	664.2
	1,165.0

	
	Clarias gariepinus
	12
	68.1
	42.9
	53.2

	



South-American-Monsoon
	Hoplias malabaricus
	159
	478.1
	1,327.4
	184.8

	
	Potamorhina altamazonica
	
139
	
149.5
	
300.8
	
55.5

	W. North-America
	Leptocottus armatus
	69
	26.1
	12.2
	25.4
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	Paralichthys californicus
	
56
	
95.3
	
41.1
	
90.5

	

West&Central-Europe
	Perca fluviatilis
	276
	63.2
	24.2
	61.2

	
	Clupea harengus
	257
	25.8
	11.8
	23.4

	



Western-Africa
	Tilapia spp.
	16
	88.7
	51.4
	74.0

	
	Sarotherodon melanotheron
	
11
	
53.5
	
41.5
	
55.0


[image: ]2333

























	2334
	

	2335
	Figure 7. Total mercury (THg) concentrations (ng g⁻¹ wet weight) in fish muscle collected during the current

	2336
	period (2014–2024) across IPCC regions within the harmonized fish muscle subset. Only species with ≥10 records

	2337
	per IPCC region for the period 2014–2024 are included.  Boxplots display the median (central line) and

	2338
	interquartile range (boxes), with whiskers extending to 1.5 × the interquartile range. Individual points represent

	2339
	all measured observations, with color indicating fish group (shark in orange vs. other species in gray).
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2340

2341
2342
2343
2344

2345
2346



[image: ]Figure 8: Histograms showing the distribution of total mercury (THg) concentrations in fish muscle within the harmonized fish muscle subset by IPCC region during 2014–2024. Only species with ≥10 records per IPCC region for the period 2014–2024 are included. The x-axis is displayed on a log10 scale, while the y-axis indicates the count of observations.


Consistency of Answer with Existing Literature (especially the 2018 GMA):



2347
2348
2349
2350
2351
2352
2353
2354

The biota data included in the Global Mercury Assessment (GMA) were compiled from peer-reviewed studies and therefore reflect the highly specific spatial and temporal contexts each study was designed to address as opposed to an integrated global picture. The GMA fish data incorporate both freshwater and marine fish of a wide range of trophic levels and biomes – from the Arctic to tropical regions – based on published research conducted, often, independently over many decades. The GMA presented and discussed data spatially and temporally for specific species groups and case studies. However, the raw data from the underlying studies was inconsistently available, and when it was not the GMA relies on aggregated or average values resulting in reduced understanding of within-study variability.



2355
2356
2357
2358
2359
2360
2361
2362
2363

This OESG report encountered many of the same issues as the GMA, and incorporated the underlying data. However, it compiles monitoring data collected over a specific, defined, and contemporary period (2014–2024) to evaluate spatial variability in Hg concentrations in fish. The spatial coverage of the incorporated datasets is highly variable, a pattern also highlighted in the GMA. Additionally, there were only limited areas and programs with available and consistent temporal data that could be compared resulting in temporal analyses being done as case studies much like the GMA. Because the GMA aggregated data from multiple decades, it does not set a baseline for Hg in fish in the specific decade (2014-2024) of interest to the OESG. Like the GMA, the data coverage in this report is dominated by the northern hemisphere (North America and Europe) and poorly represents the Southern Hemisphere and Asia).

2364
2365



Evaluation of Confidence:
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2366
2367
2368
2369

There is high confidence in the robustness of fish mercury concentration data from North America and Europe, where large numbers of qualified records spanning multiple species and years provide reliable temporal and spatial baselines. Confidence is also relatively strong for specific long-term monitoring sites in Latin America and Australia, where sustained and intensive sampling allow for meaningful analysis.



2370
2371
2372
2373

High confidence in the internal consistency of the dataset is further supported by the systematic standardization of mercury values to a consistent basis (wet-weight), harmonization of taxonomy into species, families, and feeding guilds, and consistent use of IPCC regional classifications. Most records derive from muscle tissue, a standard matrix for fish Hg monitoring, which further strengthens comparability.



2374
2375
2376
2377

However, there is lower confidence in regional representativeness arising from significant spatial gaps. Observational coverage is lacking in Africa, South Asia, and parts of the Pacific, where available data are sparse or absent. Even within better-covered continents, certain IPCC regions have limited records, reducing the strength of regional comparisons.



2378
2379
2380
2381
2382
2383
2384
2385

Regional comparisons are also challenging due to the heterogenous sampling objectives of the individual studies or monitoring program integrated for this OESG report. In IPCC regions with sparse data, results may be disproportionately influenced by sampling focus or protocol of a single study. For example, fish THg data from some IPCC regions consist entirely of shark samples, while other regions are composed mostly of low-trophic level herbivores. Similarly, IPCC regions with a heavy proportion of studies targeting understanding point source pollution (e.g., ASGM sites, industrial contamination) may not have data reflective of the whole IPCC region, especially when reference areas were not also included. Additionally, inconsistent metadata collection and reporting (e.g., length, age) further complicates standardization and reduces confidence in regional comparisons.



2386
2387
2388
2389

QA/QC procedures included removal of invalid or biologically implausible records, correction of unit errors, and filtering out of zero or negative values. High confidence can therefore be placed in the quality of the cleaned dataset, although some uncertainty remains due to the limited metadata accompanying certain submissions (e.g., missing geographic coordinates for some records).



2390
2391
2392
2393
2394

2395
2396

Methodological robustness is reinforced by the harmonization of data across multiple monitoring networks, ensuring comparability of Hg measurements despite diverse data sources. Confidence is particularly high in the statistical summaries (means, medians, percentiles) and groupings by species, feeding guilds, and regions, which enable consistent cross-comparison. However, lower confidence applies to the detection of global temporal trends, since the strong dominance of North American and European data may mask changes in underrepresented regions.


Information and Capacity Needs:



2397
2398
2399
2400

The collection, cleaning, and analysis of the data for this report have revealed critical information and capacity needs required for evaluating the spatial and temporal patterns of Hg in fish, with many challenges still remaining. These needs, observed for fish and biota in general, also likely pertain to other media. Overall, there is a continued need to strengthen capacity for data collection, cleaning, harmonization, and analysis.



2401
2402
2403
2404
2405
2406
2407
2408
2409
2410
2411
2412
2413

While fish are a good, well-established bioindicator group, the many differences among datasets, taxa, regions, and methodologies make analyses challenging. Not only are methodologies for sample collection and Hg analysis not standardized but there is a need for improved metadata reporting – including site, species, and individual information – essential for enhancing the interpretability and comparability of datasets across regions. Establishing and propagating standardized reporting guidelines and protocols for entities conducting Hg research and monitoring would further reduce the risk of missing or inconsistent data. Future efforts to collect data require continued investment in quality assurance/quality control (QA/QC) procedures needed to maintain data integrity, including training and technical support for laboratories in developing regions to ensure consistent analytical standards. Capacity-building efforts should focus on strengthening local expertise in both mercury analysis and data management. For true global data, there is a need for further development of data-sharing infrastructure and promotion of cross-sector collaboration among governments, research institutions, and monitoring networks which will improve accessibility, harmonization, and integration of biomonitoring data globally. Such efforts will enable more comprehensive assessments of mercury exposure in aquatic ecosystems and enhance the scientific basis for policy decisions under


	2414
	the Minamata Convention. Similarly, sustained investment in the time for knowledgeable professionals in the Hg

	2415
	field is needed to do a proper global analysis of such heterogeneous biotic data.

	2416
	In terms of global monitoring for comparable and usable Hg data, there is a need for enhanced monitoring in

	2417
	underrepresented regions, particularly Africa, South Asia, and parts of the Pacific, where current data are sparse

	2418
	or absent. Expanding observational networks in these regions will be critical to improving global

	2419
	representativeness and reducing uncertainty in regional comparisons. Increasing both the frequency and resolution

	2420
	of sampling is needed, especially in regions where records exist but time series are too short or intermittent to

	2421
	support robust temporal trend analysis. Greater emphasis on consistent annual monitoring of focal species at

	2422
	sentinel sites would strengthen the ability to detect and attribute changes in mercury exposure over time.

	2423
	

	2424
	2.5.2.3  Birds

	2425
	Information Used:

	2426
	Data were compiled from 20 submissions to the OESG repository, with 18 datasets containing data collected

	2427
	from 2014-2024 (Annex 1).
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Figure 9: Geographic distribution of bird sampling location records from 2014-2024 a) included in the OESG repository, and b) filtered using the inclusion/exclusion criteria (see methodology), overlaid on IPCC regional boundaries.


2435	Methodology:


2436
2437
2438

2439

The analysis was conducted on data collected for eggs, feathers, and blood within the bird subgroup. For each matrix, different approaches and considerations were applied, which are described in the corresponding subsections.


2440	Eggs

2441
2442
2443
2444

A quality assurance process was applied to the egg THg dataset before integration. This included the removal of one record with a highly questionable value (19.4 µg/g dw), one record without geographic coordinates, eleven records containing mean THg values from publications that duplicated individual egg data already submitted to the OESG, and 12 records with uncertain accuracy.
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2445
2446
2447

Procedures applied before data plotting: prior to plotting, the dataset was restricted to the 2014–2024 period. Matrix descriptions referring to eggs, egg contents, and egg homogenate of yolk and albumen were treated as equivalent. Concentrations were standardized to µg/g, converting from ng/g where necessary.



2448
2449
2450
2451
2452
2453
2454
2455

2456

Converted concentrations between dry weight and wet weight was done on the data. When sample-specific moisture content was available, it was applied; otherwise, a 75% moisture content assumption was used, following Ackerman et al. (2024). No classification by Hg source type (point vs. non-point) was made due to lack of information. Similarly, no separation between individual egg concentrations and mean values was performed; the dataset is composed primarily of individual egg measurements (approximately 98%), with less than 2% of entries representing means of multiple eggs. The fact that species lay a single egg or several eggs was not taken into account, nor was the number of the analysed egg in the laying sequence. No classification by species trophic level was possible due to insufficient metadata.


2457	Blood


2458
2459
2460
2461
2462
2463
2464
2465
2466
2467
2468

2469

A quality assurance process was applied on the blood THg dataset before integration. The dataset was restricted to the 2014–2024 period. Matrix descriptions referring to blood type (whole blood, blood, and red blood cells) was considered. Given that rapid changes in physiology and diet of juvenile birds can affect blood MeHg concentrations and complicate the interpretation of exposure (Ackerman et al. 2011, Chételat et al. 2020), only known adult bird blood THg concentrations were considered for spatial analyses. Only individual blood THg concentrations were selected for analyses, excluding aggregated values. Concentrations were standardized to ww where necessary. When sample specific moisture content was available, it was used to convert dw to ww THg concentrations, otherwise a 77.2% moisture context was assumed (Ackerman et al. 2019). Dry-weight red blood cell THg concentrations were converted to blood THg concentrations following Ackerman et al (2024). Bird records without sufficient species information (e.g., bird sp., hybrid sp.) were excluded. Trophic niches were assigned following Tobias et al. (2022).


2470	Feathers


2471
2472
2473
2474
2475
2476
2477
2478

2479

A quality assurance process was applied on the feather THg dataset before integration. The dataset was restricted to the 2014–2024 period. Matrix descriptions referring to feather type (body, down, flight, tail, tail cover, wing covert, unspecified) was considered. The concentrations were not converted between dry weight, fresh weight and wet weight, as a moisture content of ~10% was used for feathers (based on lab validation). Concentrations were standardized to µg/g (dw), converting from ng/g where necessary. No classification by Hg source type (point vs. non-point) was made due to a lack of information. Only individual data were used, since less than 10 data points correspond to mean/median values. No classification by species trophic level was possible due to insufficient metadata.


2480	Answer/Response:


2481
2482
2483
2484
2485
2486

2487

Birds are abundant, widespread and occupy diverse habitats, making them good bioindicators for monitoring biotic mercury exposure in the environment (Provencher et al. 2014; Evers 2018). Non-invasive sampling of MeHg-rich bird tissues (blood, egg, and feather) can be advantageous for mercury monitoring, though each tissue represents a different exposure period that requires careful interpretation (Albert et al. 2019, Chételat et al. 2020). Birds have been widely studied for toxicological effects of mercury, making toxicity endpoints readily available for risk assessment (Ackerman et al. 2024).

2488	Representativeness of the bird datasets:

2489	Eggs
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2490
2491
2492
2493

2494

Following standardization, the dataset comprises 2213 records covering 11 IPCC regions, 9 countries, and 39 bird species. Most data originate from North America (n = 1728; 78%), followed by Northern Europe (n = 415; 19%). All other regions are represented by 45 or fewer records, indicating a significant underrepresentation of other continents in the egg THg dataset.


2495	Feathers


2496
2497
2498
2499
2500
2501

2502

A total of 12117 records of bird feather THg are available following standardization, data is available for 23 IPCC regions, 16 countries, 412 bird species. Most data come from E. North-America (n = 5192, 42.85%) followed by
W. North-America (n = 1787, 14.75%), unspecified region (n=962, 7.94%), and West & Central-Europe (n = 739, 6.10%), C. North-America (n=713, 5.88%) and E. Asia (n=622, 5.13%). Noted lack of representation（n < 45) for other IPCC regions (e.g., Africa and Australia-related regions, E.C. Asia, E. Europe, Equatorial Atlantic-Ocean,
S.E. South-America, Southern-Ocean and Caribbean) in the feather THg dataset.



2503
2504
2505
2506
2507
2508
2509

Blood
A total of 5,015 bird blood THg records were available after standardization. Records are available from 12 IPCC regions, 10 countries, and 195 species from 39 families. The majority of the data is from E.North-America (n=3951, 78.8%). W.North-America (n=301, 6.0%), N.Central-America (n=232, 4.6%), N.W.North-America (n=113, 2.3% ), and Caribbean (n=111, 2.2%) were other IPCC regions with over 100 records. There is a notable lack of representation outside of North and Central America and the Caribbean.


2510	Summary of current total mercury concentrations in birds

2511	Eggs


2512
2513
2514
2515

2516

Egg THg concentrations ranged four orders of magnitude from 0.003 to 6 µg/g dw. The median and mean concentrations were 0.65 and 0.84 µg/g dw, respectively. The highest THg concentrations in bird eggs were found in regions of North America, Northern Europe and the North Atlantic region, although data were not available for many areas of the world.


2517	Feathers


2518
2519
2520
2521
2522
2523
2524

2525
2526
2527
2528
2529

Feather THg concentrations ranged over five orders of magnitude from <0.01 to 72.80 µg/g dw. The median and mean concentrations were 1.05 and 2.22 µg/g dw, respectively. Based on the maximum value of feather THg, the highest THg concentrations in bird feather were found in regions of South-American-Monsoon (max: 72.80 µg/g dw) from sites with ASGM activity, followed by E. North-America (61.65 µg/g dw) and E. Asia (38.63 µg/g dw), although high THg (26.25 µg/g dw) also found in an unspecified region. According to the mean value of feather THg, the highest concentrations (sample size greater than 45) in feathers were found across regions of N. Central-America and in N.W. South-America and E. North-America (See details in Figure 11).


Blood
Blood THg concentrations ranged from 0.001 to 8.69 µg/g ww in adult birds (Table 4). The median and mean (±sd) THg concentrations were 0.22 and 0.51±0.72 µg/g ww, respectively. The highest mean adult THg concentrations was 1.4 µg/g ww found in N.W. South-America (n=1, Wattled Jacana [Jacana jacana]: a species


	2530
	commonly found in wetlands and marshes) and 0.78 µg/g ww in N. Central-America (n=232, all Peregrine Falcons

	2531
	[Falco peregrinus], a high trophic level predator) (Figure 12).

	2532
	Interpretation of spatial patterns in bird mercury body burdens is complicated by the composition of sampled

	2533
	species as foraging behavior and habitat usage impact the risk of mercury exposure (Figure 13). Vertivores (n=344,

	2534
	mean THg ± sd = 0.76 ± 0.66 µg/g dw) and aquatic predators (n=1531, 0.84 ± 0.94 µg/g dw) had the highest mean

	2535
	adult THg concentrations, while nectarivores (n=4, 0.01 ± 0.01 µg/g dw) and frugivores (n=7, 0.02 ± 0.01 µg/g

	2536
	dw) had the lowest .

	2537
	

	2538
	Table 4. Summary statistics for standardized feather, egg, and blood THg records.



	Statistic
	Feather THg (µg/g
dw)
	Egg THg
(µg/g dw)
	Blood THg
(µg/g ww)

	Minimum
	< 0.01
	0.003
	< 0.01

	25th Percentile
	0.52
	0.33
	0.11

	Median
	1.05
	0.65
	0.22

	Mean
	2.22
	0.84
	0.51

	SD
	3.78
	0.75
	0.72

	75th Percentile
	2.18
	1.15
	0.61

	Maximum
	72.80
	6.00
	8.69
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The Figure 10 shows Box plot for egg THg concentration by IPCC region
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Figure 10: Box plot of THg concentrations in eggs from bird samples, according to IPCC regions
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2548


Figure 11. Total Hg (THg, g/g, dw) concentration in feathers across feather types and different IPCC regions. The X-axis is log10 scale.
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	2549
	Figure 12. Total mercury (THg) concentrations (ng/g wet weight) in bird blood collected during the current

	2550
	period (2014–2024) across IPCC regions within the harmonized adult bird blood subset.
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	2557
	Figure 13. A) Total mercury (THg) concentrations (g/g, dw) in adult body feathers collected in the current period

	2558
	(2014-2024) by trophic niche. B) Total mercury (THg) concentrations (ng/g wet weight) in bird blood, both

	2559
	collected during the current period (2014–2024) by trophic niche (Tobias et al. 2022) within the harmonized

	2560
	adult bird blood subset.

	2561
	

	2562
	Table 5. Summary of feather Hg (µg/g dw) across IPCC Name by feather type



	IPCC Name
	n (%)
	Feather Type
	Combined

	
	
	Flight
	Unespecified
	Down
	Body
	Wing Covert
	Tail
	Tail Covert
	

	C.North-America
	713
	12.38 ±
	0.99 ± 0.76
	0.25
	1.38 ±
	
	
	
	1.53 ± 1.96

	
	(5.9%)
	4.30
	[0.07, 5.00]
	
	1.21
	
	
	
	[0.07, 17.91]

	
	
	[5.42,
	
	
	[0.07,
	
	
	
	

	
	
	17.91]
	
	
	10.65]
	
	
	
	

	Caribbean
	11 (0.1%)
	0.90
	
	
	0.80 ±
	
	0.72 ±
	
	0.77 ± 0.5

	
	
	
	
	
	0.61
	
	0.50
	
	[0.3, 1.65]

	
	
	
	
	
	[0.36,
	
	[0.29,
	
	

	
	
	
	
	
	1.65]
	
	1.34]
	
	

	E.Antarctica
	217
	
	0.56 ± 0.26
	
	
	
	
	
	0.56 ± 0.26

	
	(1.8%)
	
	[0.14, 1.35]
	
	
	
	
	
	[0.14, 1.35]

	E.Asia
	622
	
	2.10 ± 2.63
	
	
	
	
	
	2.1 ± 2.63

	
	(5.1%)
	
	[0.11, 38.63]
	
	
	
	
	
	[0.11, 38.63]

	E.C.Asia
	2 (0.0%)
	
	
	
	0.25 ±
	
	
	
	0.25 ± 0.04

	
	
	
	
	
	0.04
	
	
	
	[0.22, 0.29]

	
	
	
	
	
	[0.22,
	
	
	
	

	
	
	
	
	
	0.29]
	
	
	
	

	E.North-America
	5192
	10.06 ±
	4.32 ± 7.29
	5.10 ±
	2.05 ±
	0.36 ±
	1.32 ±
	
	2.69 ± 4.56

	
	(42.8%)
	7.26
[0.24,
61.65]
	[<0.01, 61.65]
	1.84
[2.05,
8.51]
	3.15
[<0.01,
35.46]
	0.14
[0.26,
0.46]
	1.93
[<0.01,
34.40]
	
	[<0.01,
61.65]

	Equatorial.Atlantic-
	34 (0.3%)
	
	1.97 ± 0.49
	
	
	
	
	
	1.97 ± 0.49

	Ocean
	
	
	[0.91, 2.90]
	
	
	
	
	
	[0.91, 2.9]

	Greenland/Iceland
	66 (0.5%)
	5.50 ±
	1.34 ± 0.54
	
	
	
	
	
	1.78 ± 1.48

	
	
	1.73
	[0.54, 3.09]
	
	
	
	
	
	[0.54, 7.75]

	
	
	[3.23,
	
	
	
	
	
	
	

	
	
	7.75]
	
	
	
	
	
	
	

	N.Australia
	6 (0.0%)
	
	1.01 ± 0.16
	
	
	
	
	
	1.01 ± 0.16

	
	
	
	[0.86, 1.29]
	
	
	
	
	
	[0.86, 1.29]

	N.Central-America
	609
	3.81 ±
	1.90
	
	3.86 ±
	
	
	
	3.84 ± 3.63

	
	(5.0%)
	3.85
	
	
	3.48
	
	
	
	[0.5, 27.35]

	
	
	[0.50,
20.66]
	
	
	[0.53,
27.35]
	
	
	
	

	N.E.North-America
	6 (0.0%)
	
	
	
	
	
	3.03 ±
	
	3.03 ± 2.54

	
	
	
	
	
	
	
	2.54
	
	[1.26, 7.88]
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	[1.26,
7.88]
	
	

	N.Europe
	63 (0.5%)
	
	1.45 ± 1.39
[0.34, 7.67]
	
	
	
	
	
	1.45 ± 1.39
[0.34, 7.67]

	N.W.North-
	31 (0.3%)
	5.86 ±
	
	
	1.33 ±
	
	1.62 ±
	
	2.82 ± 2.93

	America
	
	3.69
	
	
	2.00
	
	1.06
	
	[0.17, 10.13]

	
	
	[0.16,
10.13]
	
	
	[0.22,
4.33]
	
	[0.50,
4.36]
	
	

	N.W.South-
	165
	0.18 ±
	
	
	3.34 ±
	
	
	
	3.3 ± 5.33

	America
	(1.4%)
	0.05
	
	
	5.35
	
	
	
	[0.07, 23.41]

	
	
	[0.14,
	
	
	[0.07,
	
	
	
	

	
	
	0.22]
	
	
	23.41]
	
	
	
	

	S.Australia
	1 (0.0%)
	
	7.67
	
	
	
	
	
	7.67

	S.Central-America
	147
	
	
	
	1.00 ±
	
	1.56 ±
	
	1.45 ± 2.01

	
	(1.2%)
	
	
	
	1.36
	
	2.13
	
	[<0.01,

	
	
	
	
	
	[0.00,
	
	[0.01,
	
	12.88]

	
	
	
	
	
	6.39]
	
	12.88]
	
	

	S.E.South-America
	26 (0.2%)
	
	
	
	0.68 ±
	
	
	
	0.68 ± 0.4

	
	
	
	
	
	0.40
	
	
	
	[0.27, 1.52]

	
	
	
	
	
	[0.27,
	
	
	
	

	
	
	
	
	
	1.52]
	
	
	
	

	South-American-
	587
	
	
	
	2.73 ±
	
	1.47 ±
	
	2.27 ± 5.97

	Monsoon
	(4.8%)
	
	
	
	7.33
	
	1.67
	
	[0.03, 72.79]

	
	
	
	
	
	[0.03,
	
	[0.06,
	
	

	
	
	
	
	
	72.79]
	
	8.61]
	
	

	Southern-Ocean
	15 (0.1%)
	
	0.18 ± 0.11
	
	
	
	
	
	0.18 ± 0.11

	
	
	
	[0.06, 0.40]
	
	
	
	
	
	[0.06, 0.4]

	Unspecified
	962
	0.85 ±
	2.07 ± 1.50
	
	1.34 ±
	
	3.97 ±
	
	1.45 ± 1.88

	
	(7.9%)
	0.23
	[0.14, 7.93]
	
	1.76
	
	3.59
	
	[0.04, 17.77]

	
	
	[0.69,
1.19]
	
	
	[0.04,
17.77]
	
	[1.00,
12.40]
	
	

	W.Antarctica
	116
	
	0.31 ± 0.15
	
	
	
	
	
	0.31 ± 0.15

	
	(1.0%)
	
	[0.09, 1.22]
	
	
	
	
	
	[0.09, 1.22]

	W.North-America
	1787
	6.62 ±
	1.05 ± 2.34
	
	1.04 ±
	
	0.81 ±
	
	1.38 ± 2.36

	
	(14.7%)
	5.78
[0.02,
24.26]
	[<0.01, 22.80]
	
	1.13
[0.01,
10.56]
	
	0.84
[0.01,
5.95]
	
	[<0.01,
24.26]

	West&Central-
	739
	
	3.73 ± 2.91
	
	1.37 ±
	
	
	1.76 ±
	2.2 ± 2.08

	Europe
	(6.1%)
	
	[0.41, 14.49]
	
	0.62
	
	
	1.48
	[0.34, 14.49]

	
	
	
	
	
	[0.34,
	
	
	[0.34,
	

	
	
	
	
	
	2.92]
	
	
	11.42]
	

	TOTAL
	12117
	7.75 ±
	2.20 ± 3.89
	4.84 ±
	1.82 ±
	0.36 ±
	1.33 ±
	1.76 ±
	0.51 ± 0.72

	
	(100.0%)
	6.79
[0.02,
61.65]
	[<0.01, 61.65]
	2.10
[0.25,
8.51]
	3.14
[<0.01,
72.79]
	0.14
[0.26,
0.46]
	1.90
[<0.01,
34.40]
	1.48
[0.34,
11.42]
	[<0.01,
8.69]
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Table 6. Summary of total mercury (THg) concentrations (ng g⁻¹ ww) in bird families across IPCC regions within the harmonized adult bird blood subset
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	IPCC Name
	Family
	n
	Individual THg Concentration
(ng/g ww)

	
	
	
	Mean
	SD
	Median

	Arctic-Ocean
	Alcidae (Auks, Murres, and Puffins)
	10
	64.9
	19.5
	66.6

	
	Laridae (Gulls, Terns, and Skimmers)
	87
	188.2
	72.9
	176.9

	C.North-America
	Accipitridae (Hawks, Eagles, and Kites)
	23
	307.3
	251.8
	174.0

	
	Corvidae (Crows, Jays, and Magpies)
	1
	12.5
	
	12.5

	
	Gaviidae (Loons)
	13
	841.2
	349.3
	698.0

	
	Hirundinidae (Swallows)
	2
	42.3
	7.7
	42.3

	
	Parulidae (New World Warblers)
	5
	460.4
	560.4
	320.0

	
	Passerellidae (New World Sparrows)
	6
	272.9
	395.9
	82.1

	
	Troglodytidae (Wrens)
	6
	908.3
	196.7
	900.0

	
	Turdidae (Thrushes and Allies)
	1
	49.8
	
	49.8

	
	Tyrannidae (Tyrant Flycatchers)
	1
	102.0
	
	102.0

	
	Vireonidae (Vireos, Shrike-Babblers, and Erpornis)
	2
	29.6
	10.6
	29.6

	Caribbean
	Anatidae (Ducks, Geese, and Waterfowl)
	1
	81.0
	
	81.0

	
	Ardeidae (Herons, Egrets, and Bitterns)
	5
	163.0
	92.7
	142.0

	
	Columbidae (Pigeons and Doves)
	3
	3.0
	2.0
	3.0

	
	Cuculidae (Cuckoos)
	4
	191.8
	75.8
	202.5




	
	Laridae (Gulls, Terns, and Skimmers)
	1
	260.0
	
	260.0

	
	Mimidae (Mockingbirds and Thrashers)
	6
	43.3
	18.1
	51.0

	
	Parulidae (New World Warblers)
	69
	136.0
	109.2
	109.0

	
	Phaenicophilidae (Greater Antillean Tanagers)
	4
	11.0
	6.5
	10.5

	
	Picidae (Woodpeckers)
	2
	8.0
	9.9
	8.0

	
	Scolopacidae (Sandpipers and Allies)
	3
	174.0
	88.5
	189.0

	
	Thraupidae (Tanagers and Allies)
	4
	7.5
	7.9
	4.5

	
	Todidae (Todies)
	1
	97.0
	
	97.0

	
	Turdidae (Thrushes and Allies)
	2
	52.0
	5.7
	52.0

	
	Tyrannidae (Tyrant Flycatchers)
	4
	235.5
	167.9
	277.5

	
	Vireonidae (Vireos, Shrike-Babblers, and Erpornis)
	2
	52.0
	0.0
	52.0

	E.North-America
	Accipitridae (Hawks, Eagles, and Kites)
	44
	2102.7
	2065.3
	1560.5

	
	Alcedinidae (Kingfishers)
	1
	241.0
	
	241.0

	
	Alcidae (Auks, Murres, and Puffins)
	21
	876.2
	251.6
	831.0

	
	Anatidae (Ducks, Geese, and Waterfowl)
	498
	301.1
	293.6
	227.0

	
	Bombycillidae (Waxwings)
	4
	13.0
	12.7
	7.0

	
	Cardinalidae (Cardinals and Allies)
	42
	90.0
	82.7
	65.0

	
	Certhiidae (Treecreepers)
	5
	171.6
	30.5
	175.0

	
	Charadriidae (Plovers and Lapwings)
	2
	146.0
	9.9
	146.0


OESG Scientific Report, 10 April 2026, Page 89 of 282


89


	
	Corvidae (Crows, Jays, and Magpies)
	9
	156.8
	112.7
	154.0

	
	Cuculidae (Cuckoos)
	1
	38.0
	
	38.0

	
	Falconidae (Falcons and Caracaras)
	62
	1129.1
	756.7
	987.0

	
	Fringillidae (Finches, Euphonias, and Allies)
	10
	10.2
	11.4
	5.0

	
	Gaviidae (Loons)
	479
	1789.2
	1042.1
	1569.0

	
	Hirundinidae (Swallows)
	18
	216.3
	78.4
	209.5

	
	Hydrobatidae (Northern Storm-Petrels)
	25
	787.8
	468.5
	676.0

	
	Icteridae (Troupials and Allies)
	75
	155.3
	130.4
	126.0

	
	Mimidae (Mockingbirds and Thrashers)
	122
	182.9
	175.9
	127.0

	
	Paridae (Tits, Chickadees, and Titmice)
	121
	231.6
	236.7
	127.0

	
	Parulidae (New World Warblers)
	638
	166.4
	162.4
	113.0

	
	Passerellidae (New World Sparrows)
	878
	567.0
	548.4
	315.5

	
	Pelecanidae (Pelicans)
	8
	1581.8
	1214.8
	1683.0

	
	Picidae (Woodpeckers)
	24
	87.2
	129.6
	35.0

	
	Polioptilidae (Gnatcatchers)
	7
	1139.7
	613.9
	1226.0

	
	Rallidae (Rails, Gallinules, and Coots)
	4
	449.8
	294.3
	347.0

	
	Scolopacidae (Sandpipers and Allies)
	13
	501.7
	237.7
	448.0

	
	Sittidae (Nuthatches)
	26
	249.6
	136.4
	196.5

	
	Troglodytidae (Wrens)
	59
	506.1
	436.1
	345.0
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	Turdidae (Thrushes and Allies)
	427
	134.6
	130.3
	92.9

	
	Tyrannidae (Tyrant Flycatchers)
	70
	430.6
	465.5
	307.0

	
	Vireonidae (Vireos, Shrike-Babblers, and Erpornis)
	258
	233.3
	176.6
	174.0

	Greenland/Iceland
	Alcidae (Auks, Murres, and Puffins)
	52
	217.1
	48.4
	215.5

	
	Gaviidae (Loons)
	6
	556.2
	188.2
	520.5

	N.Central-America
	Falconidae (Falcons and Caracaras)
	232
	778.3
	624.0
	632.5

	N.E.North-America
	Icteridae (Troupials and Allies)
	6
	539.8
	168.6
	568.5

	
	Scolopacidae (Sandpipers and Allies)
	28
	448.2
	213.6
	399.6

	N.W.North-America
	Alcidae (Auks, Murres, and Puffins)
	12
	288.4
	367.1
	116.9

	
	Anatidae (Ducks, Geese, and Waterfowl)
	72
	224.9
	94.4
	218.5

	
	Gaviidae (Loons)
	23
	1000.1
	850.3
	883.0

	
	Icteridae (Troupials and Allies)
	6
	203.7
	72.9
	184.5

	N.W.South-America
	Jacanidae (Jacanas)
	1
	1414.2
	
	1414.2

	Russian-Arctic
	Anatidae (Ducks, Geese, and Waterfowl)
	3
	103.0
	52.5
	102.0

	
	Gaviidae (Loons)
	1
	407.0
	
	407.0

	S.Central-America
	Alcedinidae (Kingfishers)
	4
	266.0
	164.4
	221.5

	
	Corvidae (Crows, Jays, and Magpies)
	1
	12.0
	
	12.0

	
	Furnariidae (Ovenbirds and Woodcreepers)
	4
	384.5
	220.5
	425.5

	
	Hirundinidae (Swallows)
	3
	6.7
	2.5
	7.0

	
	Icteridae (Troupials and Allies)
	3
	207.7
	205.5
	191.0
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	Parulidae (New World Warblers)
	10
	180.8
	199.5
	85.5

	
	Passerellidae (New World Sparrows)
	1
	37.0
	
	37.0

	
	Picidae (Woodpeckers)
	1
	1.0
	
	1.0

	
	Scolopacidae (Sandpipers and Allies)
	5
	303.8
	322.0
	112.0

	
	Thraupidae (Tanagers and Allies)
	2
	163.5
	178.9
	163.5

	
	Troglodytidae (Wrens)
	2
	133.5
	14.8
	133.5

	
	Turdidae (Thrushes and Allies)
	2
	5.0
	5.7
	5.0

	
	Tyrannidae (Tyrant Flycatchers)
	12
	108.6
	193.0
	38.5

	
	Vireonidae (Vireos, Shrike-Babblers, and Erpornis)
	3
	24.3
	10.1
	23.0

	W.North-America
	Accipitridae (Hawks, Eagles, and Kites)
	12
	57.1
	66.9
	31.0

	
	Anatidae (Ducks, Geese, and Waterfowl)
	77
	214.8
	127.7
	178.0

	
	Bombycillidae (Waxwings)
	3
	20.0
	6.2
	18.0

	
	Cardinalidae (Cardinals and Allies)
	2
	20.0
	18.4
	20.0

	
	Columbidae (Pigeons and Doves)
	2
	1.5
	0.7
	1.5

	
	Falconidae (Falcons and Caracaras)
	2
	178.0
	73.5
	178.0

	
	Fringillidae (Finches, Euphonias, and Allies)
	3
	5.0
	1.7
	4.0

	
	Gaviidae (Loons)
	80
	1157.6
	528.5
	1113.5

	
	Hirundinidae (Swallows)
	2
	244.0
	21.2
	244.0

	
	Icteridae (Troupials and Allies)
	9
	257.9
	230.6
	180.0


OESG Scientific Report, 10 April 2026, Page 92 of 282


92


	
	Mimidae (Mockingbirds and Thrashers)
	5
	44.2
	29.6
	35.0

	
	Paridae (Tits, Chickadees, and Titmice)
	2
	25.0
	2.8
	25.0

	
	Parulidae (New World Warblers)
	20
	125.4
	113.3
	107.0

	
	Passerellidae (New World Sparrows)
	43
	113.9
	205.3
	44.0

	
	Picidae (Woodpeckers)
	4
	28.3
	25.1
	21.0

	
	Regulidae (Kinglets)
	2
	70.0
	22.6
	70.0

	
	Troglodytidae (Wrens)
	3
	98.0
	59.9
	121.0

	
	Turdidae (Thrushes and Allies)
	9
	86.4
	30.9
	74.0

	
	Tyrannidae (Tyrant Flycatchers)
	12
	109.4
	55.7
	113.5

	
	Vireonidae (Vireos, Shrike-Babblers, and Erpornis)
	9
	66.9
	28.0
	57.0



	2566
	

	2567
	Consistency of Answer with Existing Literature (especially the 2018 GMA):

	2568
	There was not an extensive analysis of THg in bird eggs, blood, and feathers in the 2018 UN/AMAP Global

	2569
	Mercury Assessment (GMA) for comparison. The bird data included in the 2018 Global Mercury Assessment

	2570
	were compiled from peer-reviewed, published manuscripts. Consequently, these studies were primarily designed

	2571
	to address highly specific research questions within defined spatial and temporal contexts, rather than for

	2572
	integration into a global synthesis. Similar to the present effort, the GMA analyses were limited by inconsistent

	2573
	access to metadata. Additionally, the GMA incorporated all available data without restricting analyses to a specific,

	2574
	contemporary period (2014–2024). These factors make direct comparisons with the GMA, and with other existing

	2575
	literature, challenging.

	2576
	The bird data included in the 2018 GMA were largely presented as case studies (e.g., marine birds, loons) limiting

	2577
	the ability to compare broadly across taxa and tissues. For comparison, we report weighted THg concentrations

	2578
	derived from both individual and arithmetic mean in this section to align with the GMA methodology.

	2579
	THg concentrations in adult Procellariidae body feathers were very similar between this study (10.4 ± 10.6 µg/g

	2580
	fw, n = 9 records from 130 individuals) and the GMA (10.5 ± 10.6 µg/g fw, n = 103 records from 2364 individuals).

	2581
	By contrast, THg in adult Diomedeidae and Oceanitidae (reported as Hydrobatidae in the GMA) was less

	2582
	consistent, with this study showing 3.4 ± 0.3 µg/g fw (n = 2 [39]) and 1.1 ± 0.8 µg/g fw (n = 2 [20]), compared

	2583
	with 17.2 ± 10.0 µg/g fw (n = 42 [977]) and 12.5 ± 5.2 µg/g fw (n = 27 [726]) in the GMA. For blood, THg

	2584
	concentrations in adult Hydrobatidae were comparable (this study: 0.79 ± 0.47 µg/g fw, n = 25 [25]; GMA: 0.75

	2585
	± 0.14 µg/g fw, n = 5 [131]), as were adult Gaviiformes (this study: 1.6 ± 1.0 µg/g fw, n = 602 [602]; GMA: 1.8

	2586
	± 1.5 µg/g fw, n = 101 [4927]).

	2587
	These comparisons (Table 7) highlight that while some results show strong agreement with the GMA, others differ,

	2588
	likely reflecting differences in sampling design, spatial coverage, and temporal scope. Sample sizes in the 2018
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	2589
	GMA were generally much larger, in part because it incorporated studies published prior to 2014, whereas the

	2590
	present synthesis focuses on the contemporary period (2014–2024). The largest discrepancies were observed for

	2591
	Diomedeidae and Oceanitidae body feathers, both of which were represented by only two records in this study,

	2592
	underscoring the limited data available for these groups. Overall, these comparisons emphasize the inherent

	2593
	variability in THg concentrations among marine birds and loons. The species highlighted here and in the GMA

	2594
	span a range of generally high trophic level foraging ecologies shaped by differences in diet, behavior, habitat use

	2595
	(e.g., benthic vs pelagic), and life history traits, all of which contribute to spatially and temporally heterogeneous

	2596
	mercury body burdens. These patterns highlight the importance of long-term, consistent monitoring programs to

	2597
	capture the range of variability, account for confounding factors, and facilitate a reliable assessment of mercury

	2598
	body burdens in avian species.

	2599
	Table 7. Comparison of total mercury (THg) concentrations in selected bird taxa between this study and the

	2600
	2018 UN/AMAP Global Mercury Assessment (GMA). Values are reported as weighted mean ± standard

	2601
	deviation (µg/g fresh weight) with the number of records and individual birds in brackets.



	Family
	Tissue
	This study
	2018 GMA

	
	
	n (records [individuals])
	THg (µg/g fw)
	n (records [individuals])
	THg (µg/g fw)

	Procellariidae
	Body feathers
	9 [130]
	10.4 ± 10.6
	103 [2364]
	10.5 ± 10.6

	Diomedeidae
	Body feathers
	2 [39]
	3.4 ± 0.3
	42 [977]
	17.2 ± 10.0

	Oceanitidae
	Body feathers
	2 [20]
	1.1 ± 0.8
	27 [726]
	12.5 ± 5.2

	Hydrobatidae
	Adult blood
	25 [25]
	0.8 ± 0.5
	5 [131]
	0.75 ± 0.14

	Gaviidae
	Adult blood
	602 [602]
	1.6 ± 1.0
	101 [4927]
	1.8 ± 1.5
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2602
2603


Evaluation of Confidence:



2604
2605
2606
2607
2608

2609
2610

Overall, there is low confidence in the spatial analysis of mercury in bird eggs, feathers, and blood because of the comparison of many species across geographic regions and lack of accounting for biological and ecological influences on bioaccumulation including age, sex, trophic position, habitat and migration. In the case of feathers, all available data were used, including all feather types. Observational coverage is lacking for many parts of the world, including South America, Africa, South Asia and Oceania.


Information and Capacity Needs:



2611
2612
2613
2614
2615
2616
2617
2618
2619

The compilation and analysis of bird mercury data highlighted critical gaps and the need for enhanced capacity to reliably assess spatial patterns of mercury in avian species. Many of these challenges are similar to those observed in invertebrates, fish, mammals, and other biota reflecting broader difficulties in assessing mercury in biota. In particular, enhanced monitoring is required in underrepresented regions, particularly Africa (AF), Latin America and the Caribbean (LAC), and other data-sparse areas. Increasing both the frequency and resolution of sampling will improve the temporal and spatial resolution of mercury assessments. Birds are widely used bioindicators, particularly of ecological health, and have been extensively studied over multiple decades due to their diverse foraging ecologies, trophic levels, life history traits, and broad geographic distributions. However, confounding factors (habitat or landscape context, demographic characteristics, physiology, tissue type) are often unreported,


	2620
	requiring careful consideration when integrating datasets. As a result, the standardization of sampling, reporting,

	2621
	and analysis is crucial to ensure comparability across regions and through time.

	2622
	Finally, continued investment in data-sharing infrastructure and promotion of cross-sector collaboration between

	2623
	governments, research institutions, and established monitoring networks will improve accessibility and integration

	2624
	of datasets. These efforts will improve efforts to assess mercury levels in birds and support evaluation of the

	2625
	Minamata Convention.

	2626
	

	2627
	2.5.2.4  Marine Mammals

	2628
	Information Used:

	2629
	Total mercury concentration data for marine mammals were submitted for 88 species including more than 8,700

	2630
	individual concentrations and 1,400 average concentrations (see Annex 1). Analyses were conducted

	2631
	predominantly in liver and muscle tissues, results were also available for blood, blubber/fat/oil, brain,

	2632
	epidermis/skin, hair, heart, and kidney.

	2633
	The majority of data were collected from North America and Europe & Central Asia, where more than 8,000

	2634
	samples were analyzed in marine mammals (Figure 12). A few hundred samples were available from East Asia &

	2635
	Pacific and Latin America & Caribbean, the smallest number of data received came from the Middle East & Africa

	2636
	and from Antarctica. Analytical methods included direct mercury analyzer, cold vapor atomic absorption

	2637
	spectroscopy, and ICP-MS and were reported for a very limited number of datasets. A minority of the data

	2638
	represented samples collected during the last decade (2014-2024): 28% of the liver data and 23% of the muscle

	2639
	data, with a skewed representation from the northern hemisphere (see below).
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Figure 12. Geographic distribution of a) all 2014-2024 sampling locations and b) sampling locations used in current level analyses of marine mammal samples, overlaid on IPCC regional boundaries.


Methodology: Inclusion criteria:

2647
2648
2649
2650
2651

2652
2653

For geographical comparisons, data from all marine mammal taxa collected between 2014 and 2024 were included. The inclusion of data from the last decade reduced the number of data points by 40% compared to the inclusion of data collected in 2010-2014. As a minor part of the data was denoted as zeros (< 1% of the data), all data were included in geographical comparisons. The zeros were included without further processing as the information on detection limits was missing in most cases.


Exclusion criteria:

2654
2655
2656
2657

As most measurements were done in the liver followed by muscle tissue, the other matrices were excluded for geographical comparisons. Data lacking latitude and longitude information were also excluded.


Data standardization and harmonization:
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2658
2659
2660

Individual measurements for liver, muscle, and kidney and mean values for liver and muscle were all converted on a dry weight basis for comparisons. Moisture contents of 70% for liver, 75% for muscle and kidney, and 80% for brain were used to convert concentrations from wet weight to dry weight (Hawk et al. 2024, Yang et al. 2003).



2661
2662
2663
2664
2665

2666

Concentrations measured in liver and muscle were plotted separately to allow comparability. Because the submitted data included both individual measurements and mean values for populations across multiple species and tissues, the data were aggregated into 5° × 5° grid cells, which roughly corresponded to the sampled populations. Within each cell, arithmetic means weighted by sample size were then calculated for each species and tissue.


2667	Answer/Response:


2668
2669
2670
2671
2672
2673

Marine mammals are an important indicator for the purpose of the Minamata Convention because of their long lifespan and the diversity of their trophic levels and habitats. Marine mammal position in food webs span from primary predators (e.g., baleen whales) to tertiary predators (e.g., polar bears, killer whales). They therefore feed on diverse organisms, from pelagic to deepwater prey, providing information for different marine ecosystems. Particularly in the Arctic, several marine mammals are a crucial food source for Indigenous Peoples and can therefore be an important link to human exposure resulting from high mercury levels in parts of the traditional diet.



2674
2675
2676
2677
2678
2679
2680
2681
2682
2683
2684
2685

Only a small set of the submitted data represented samples collected during the last decade (2014-2024): 28% of the liver data and 23% of the muscle data overall. Mapping the most recent muscle concentrations of THg data (2014-2024) indicates that marine mammal populations with the highest concentrations are found in equatorial and mid latitudes (Figure 13). Further inspection of the data shows that the highest contaminated species were all toothed whales. The mapping of liver concentrations shows high THg levels in populations sampled in the Northern Europe, Greenland/Iceland and Latin America & Caribbean regions, in addition to a few samples from East Australia (Figure 13). These species included long-finned pilot whales (Globicephala melas) from the Faroe Islands, polar bears (Ursus maritimus) from East Greenland, false killer whales (Pseudorca crassidens) from Caribbean and beaked whales (Mesoplodon sp.) from E. Australia. If data from 2010 onwards are included, highest THg concentrations are also found in toothed whales and polar bears, but some other regions and species with high THg levels emerge, such as Risso’s dolphins (Grampus griseus, Israel), Indo-Pacific bottlenose dolphins (Tursiops aduncus, Japan), and Blainville’s beaked whales (Mesoplodon densirostris, China).



2686

2687

The lowest overall mean THg concentrations were found in walruses, seals, and baleen whales.


[image: ]

	2688
	

	2689
	Figure 13. Concentrations of total mercury in liver and muscle samples from marine mammals collected in

	2690
	2014-2024. Each dot represents an arithmetic mean level in one species collected within a 5° × 5° grid cell.

	2691
	Points were jittered slightly to improve visibility of overlapping observations.

	2692
	Geographical representativeness of the marine mammal datasets

	2693
	In comparison to other regions, the Arctic is over-represented with regards to spatial and temporal for THg

	2694
	concentration data availability. There is a complete lack of information for some regions (e.g., Africa, S.E. Asia),

	2695
	in other areas only one sample was collected. Furthermore, in regions other than the Arctic and Northern Europe

	2696
	(Færoe Islands), liver and muscle samples often originate from stranded animals which is not optimal as these

	2697
	animals may have been old or very young and potentially sick. In contrast, samples in the Arctic and Northern

	2698
	Europe are crucial food sources collected from usually healthy individuals as part of subsistence activities. In

	2699
	several cases, more information about the health and appearance of the animals is available through Indigenous

	2700
	Knowledge (see the beluga case study below).

	2701
	Consistency of Answer with Existing Literature (especially the 2018 GMA):

	2702
	There was insufficient time and resources to undertake a comprehensive literature review. The 2018 GMA did

	2703
	not include much information and very limited data on marine mammals. Some sections refer to data from the


OESG Scientific Report, 10 April 2026, Page 98 of 282


98

2704
2705
2706
2707
2708

AMAP 1998 assessment, where mean Hg for Arctic marine mammals ranged from 0.08 - 2 µg g-1w.w. in seal muscle, and up to 300 µg g-1 ww in whale liver. A study from 1998 on Hong Kong’s Indo-Pacific hump-backed dolphins is referred to and reports a maximum of 906 μg kg-1 dw in animals close to point sources. The very large ranges of mercury levels reported globally for marine mammals in the various tissues are consistent with the current findings.
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2709
2710
2711
2712
2713

Evaluation of Confidence:
Overall, there is high confidence in data generated through national and regional monitoring programs, which are subject to standard QA/QC procedures, and (in the case of AMAP) additional round-robin laboratory testing to ensure comparability of the results between different facilities.
Information and Capacity Needs:



2714
2715
2716
2717

Enhanced monitoring is required in underrepresented regions, particularly Africa (AF), Latin America and the Caribbean (LAC), and other data-sparse areas. Increasing both the frequency and resolution of sampling will improve the temporal and spatial resolution of mercury assessments. For example, species in regions where high concentrations were found before 2010 should be sampled again to investigate more recent accumulation.



2718
2719

2720
2721
2722
2723
2724
2725
2726
2727
2728
2729
2730
2731
2732
2733
2734
2735
2736
2737
2738
2739
2740
2741
2742
2743

Continued investment in data-sharing infrastructure and promotion of cross-sector collaboration will improve accessibility and integration of datasets across regions and monitoring networks.


	Key findings/messages	


· Current levels were defined as total mercury (THg) measured between 2014 and 2024. Only a small set of the submitted data (31%) represents samples collected during the last decade.
· The most frequently sampled matrices were fish (muscle), followed by birds (feathers, blood, and eggs), invertebrates (soft tissues), and marine mammals (liver and muscle). Mercury concentrations varied widely, often spanning several orders of magnitude depending on tissue and species: invertebrates (10.2 to 2,070 ng g-1 dw), fish (<0.1-16,400 ng g-1 ww (muscle), birds (<0.1-6,000 ng g-1 dw (eggs) and 2-72,790 ng g-1 dw (feathers), 1- 8,691 ng g-1 ww (blood)), marine mammals (16.5 to 5,962,000 ng g-1 dw (liver) and 3-472,000 ng g-1 dw (muscle)).
· Data coverage is uneven: intensive monitoring exists in North America, Europe, and East Asia, but large gaps remain in Africa, Latin America, South Asia, and parts of the Pacific. Monitoring in artisanal and small-scale gold mining (ASGM) regions is critical, as these are major mercury emission hotspots.
· The submitted biota data are suitable for analyzing spatial patterns at regional scales, but they cannot support global‑scale assessments. This limitation reflects incomplete global geographic coverage and broad variability on the species and trophic positions among different regions. Spatial comparisons may be more feasible at regional level where the same species are well sampled such as North America, Europe or the Arctic.
· Greater, equitable and ethical utilization of knowledge, sciences and practices of Indigenous Peoples will strengthen the understanding of ecosystems, sources and pathways of mercury contamination, and greatly increase the relevance, inclusivity, and cultural appropriateness of monitoring programs.

2744
2745
2746
2747
2748
2749
2750
2751
2752
2753
2754
2755
2756
2757
2758
2759
2760
2761
2762
2763
2764
2765
2766
2767
2768
2769
2770
2771
2772
2773
2774
2775
2776
2.5.3 
Question 2: How do current levels of THg observed in (invertebrates, fish, birds, mammals) compare to established national / international benchmark and scientific levels associated with adverse effects on human health, wildlife and environmental sustainability?

2.5.3.1 Invertebrates Information Used
The dataset described in section 0.1.2.1 was filtered to include only observations since 2014. Observed concentrations were compared to the Background Assessment Concentrations for the Northeast Atlantic region by the OSPAR Commission (OSPAR Commission, 2009) and the Maximum Permissible Concentration in food for the protection of public health by the European Commission (1881/2006/EC) were used to calculate the proportion of individuals exceeding thresholds for the period 2014-2023. In addition, within the European Water Framework Directive, Environmental Quality Standard (EQS) for mercury have been developed as a means to protect humans and organisms from secondary poisoning (20 µg/kg ww). This EQS applies to top predators and its use for bivalves requires its conversion to trophic level 2, which would therefore decrease its value. In absence of global marine trophic magnification factor (TMF), this conversion is not possible and it is taken as a high estimate of Hg EQS for bivalves. However, this EQS converted to 150 µg/kg dw, assuming the average percent %moisture for bivalves in the presented dataset of 86.5%, is a top value for EQS for bivalves and it falls in the range of the OSPAR BAC. It might therefore be considered for the present exercise that values higher than OSPAR BAC would also be higher than WFD EQS.	Comment by USG: Spell out for first usage


Methodology
Contemporary concentrations in oysters and mussels (time period 2014-2024) were compared to 1) the Background Assessment Concentrations (BACs) established by the OSPAR Commission to evaluate mercury concentrations in biota, and 2) the Maximum Permissible Concentration (MPC) in food for the protection of public health for the Northeast Atlantic region by the OSPAR Commission (OSPAR Commission, 2009). Observed concentrations well below BACs are considered to be near background levels (see here). Of note, the BAC and MPC thresholds are originally derived for the NE Atlantic area covered by OSPAR assessments.


Answer/response
Sixty five65% percent of all oyster observations and 59% of all mussel observations were above BACs (Figure 15). No observations exceeded the MPC (Figure 14).
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	2777
	

	2778
	Figure 14. THg concentrations (ng g-1 dw) for the current period (2014-2024) by IPCC Region. Boxplots show	Comment by USG: In other sections of the document dw is expressed as d.w. and ww as w.w. - ideally this would be internally consistent across the entire document.

	2779
	min, mean – SD, mean, mean + SD, and max concentrations. Points represent individual observations. The Top

	2780
	panel shows data for mussel species and the bottom panel shows data for oyster species. Horizontal dashed red

	2781
	lines represent Background Assessment Concentrations (BAC) below which concentrations are considered to be

	2782
	near background for the Northeast Atlantic region by the OSPAR Commission (OSPAR Commission, 2009); the

	2783
	BAC for mussels is 90 ng/g dw and the background assessment concentration for oysters is 180 ng/g dw.

	2784
	Horizontal solid red lines represent the Maximum Permissible Concentration (MPC) in food for the protection

	2785
	of public health by the European Commission (1881/2006/EC) ; the MPC value is 500 ng/g ww converted to

	2786
	3704 ng/g dw assuming the average %moisture for bivalves in the presented dataset of 86.5%. Colors indicate

	2787
	whether data were associated with Hg point sources (red points). All S. Australia data are from the Nyrstar

	2788
	Hobart/Derwent Estuary Program monitoring Hg trends in the vicinity of a zinc smelter.

	2789
	Consistency of Answer with Existing Literature (especially the 2018 GMA):

	2790
	Mercury concentrations in bivalves were not considered in the 2018 Global Mercury Assessment.

	2791
	Evaluation of Confidence: There are few mercury thresholds specific to bivalves. The BAC and MPC and

	2792
	thresholds from the OSPAR Commission were selected because they are established thresholds for bivalves. The

	2793
	BAC threshold was not altered, as it is expressed on a dry weight basis and therefore aligned with the dry weight

	2794
	basis of the majority of bivalve observations discussed herein. The OSPAR Commission MPC threshold was

	2795
	converted from wet weight to dry weight units using the average percent% moisture (86.5%) of the bivalves included in

	2796
	invertebrate assessments. The BAC and MPC thresholds are originally derived for the NE Atlantic area covered

	2797
	by OSPAR assessments and may not be representative of background concentrations in other regions.
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	2798
	Information and Capacity Needs: Harmonized benchmarks representative of broader spatial areas are needed

	2799
	to improve comparability and interpretation across spatial areas. Continued development of analytical tools, such

	2800
	as species-specific risk calculators, alongside sustained investment in biomonitoring capacity, will further support

	2801
	effective assessment and management of mercury exposure biota.

	2802
	

	2803
	2.5.3.2  Fish

	2804
	Information Used

	2805
	The toxicity benchmarks used in this assessment are based on a summary of derived toxicity reference values (TRVs) for the effects of

	2806
	methylmercury on fish. Where possible, TRVs were selected from values mathematically derived using a

	2807
	benchmark dose analysis framework, following the recommendations of the U.S. Environmental Protection

	2808
	Agency (2012) and the European Food Safety Authority (Hardy et al. 2017). This benchmark dose methodology

	2809
	incorporates dose–response modeling and identifies the Benchmark Dose Lower Bound (BMDL) as the preferred

	2810
	toxicity benchmark, reflecting a conservative and protective estimate of adverse effect thresholds (U.S. EPA 2012;

	2811
	Davis et al. 2011; Hardy et al. 2017; Mayfield and Skall 2018; Gift et al. 2020).

	2812
	When mathematically derived TRVs were not available, the best available benchmarks from recent peer-reviewed

	2813
	review papers were selected. These subjectively derived TRVs, while less rigorous than BMDL-based estimates,

	2814
	still provide valuable points of reference and represent consensus values within the scientific literature.

	2815
	By comparing observed fish mercury concentrations against these TRVs, we can assess the likelihood of adverse

	2816
	effects on endpoints such as reproductive success, behavior, growth, and survival, thereby providing a consistent

	2817
	framework for evaluating ecological and human health risks across regions and taxa.

	2818
	Methodology

	2819
	Toxicity benchmarks values were used to calculate the proportion of individuals exceeding thresholds over 2014-

	2820
	2024.

	2821
	Answer/response

	2822
	Across nearly all regions, the vast majority (90.8%) of fish muscle THg concentrations (wet weight) exceeded the

	2823
	lowest TRV of 0.04 mg/kg ww, associated with impaired reproductive success. In half of the IPCC regions

	2824
	represented in the harmonized fish muscle subset exceedances were above 90%, with full exceedance (100%) in

	2825
	regions in Australia, Asia, Africa, and South America as well as regions in both the Atlantic and Pacific Oceans.

	2826
	As noted in the previous section, some data are not representative of the IPCC region as a whole. In the South

	2827
	Australia IPCC region, this includes samples collected at point‑source‑affected sites and data derived from sharks.

	2828
	As a result, caution is required when characterising the region overall.

	2829
	At the 0.50 mg/kg ww TRV (impaired behavior), exceedance rates were more variable but still widespread. In

	2830
	North America, as high as 36.2% (C. North-America) of fish muscle observations exceeded this threshold, with

	2831
	higher values in the S. Eastern-Africa (100%), Australia (E. Australia: 78.3%, S. Australia: 42.8%), Sahara (54%),

	2832
	and Mediterranean (42.6%), along with the North Atlantic and Pacific Oceans (93% and 100%, respectively).

	2833
	Exceedance at the 1.44 mg/kg ww TRV (impaired growth) was less common overall, but substantial in certain

	2834
	regions. More than 60% of fish THg concentrations in the North Atlantic and Pacific Oceans and S. Eastern Africa

	2835
	and E. Australia exceeded this level.

	2836
	At the highest TRV of 2.80 mg/kg ww (impaired survival), exceedances were rare overall but again regionally

	2837
	concentrated. High proportions were observed in S. Eastern Africa (38.9%) and N. Atlantic Ocean (39.5%).

	2838
	Shark species, where present, displayed particularly high exceedance rates. All observations in the N.Atlantic-

	2839
	and N.Pacific-Ocean regions included sharks with at least 90% of observations exceeding 0.50 mg/kg ww TRV

	2840
	(impaired behavior). In the North Atlantic Ocean and eastern Australia, where almost all records were from sharks,

	2841
	exceedances remained very high. In these regions, 65.1% and 60% of observations were above the growth TRV,

	2842
	and 39.5% and 13.3% exceeded the survival TRV.
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	2843
	Regions with limited sample sizes (e.g. S.E. and E. Asia, S.E. South America, Western Africa) showed mixed

	2844
	results, with low confidence due to small sample sizes.

	2845
	

	2846
	Table 6. Proportion of fish muscle total mercury (THg) concentrations (wet weight, ug/g) exceeding toxicity

	2847
	reference values (TRVs) concentrations in fish muscle within the harmonized fish muscle subset by IPCC region

	2848
	during 2014–2024. TRVs correspond to impaired reproductive success (0.04), impaired behavior (0.50), impaired

	2849
	growth (1.44), and impaired survival (2.80). Values are expressed as percentages of all records per region; N =

	2850
	number of samples. The proportion of shark species per region is are noted.



	IPCC_Name
	n (records)
	Reproductive threshold
	Behavioral threshold
	Growth impairment threshold
	Survival impairment threshold
	Shark

	
	
	0.04
µg/g ww
	0.50
µg/g ww
	1.44
µg/g ww
	2.80
µg/g ww
	

	Arctic-Ocean
	131
	43.5%
	0.8%
	0.0%
	0.0%
	0.0%

	C.North-America
	8644
	96.9%
	37.5%
	4.2%
	0.2%
	0.0%

	Caribbean
	228
	83.3%
	7.9%
	1.8%
	0.9%
	0.0%

	E.Australia
	60
	100.0%
	78.3%
	60.0%
	13.3%
	78.3%

	E.North-America
	25197
	93.7%
	25.3%
	2.4%
	0.2%
	0.0%

	E.Southern-Africa
	138
	39.1%
	2.9%
	0.0%
	0.0%
	0.0%

	Equatorial.Atlantic-Ocean
	375
	100.0%
	12.5%
	0.0%
	0.0%
	0.0%

	Equatorial.Pacific-Ocean
	126
	72.2%
	13.5%
	4.0%
	0.0%
	13.5%

	Greenland/Iceland
	268
	86.6%
	11.6%
	1.1%
	0.4%
	0.0%

	Mediterranean
	1,283
	86.3%
	42.6%
	12.5%
	3.0%
	17.6%

	N.Atlantic-Ocean
	43
	100.0%
	93.0%
	65.1%
	39.5%
	100.0%

	N.Australia
	999
	96.6%
	4.2%
	0.0%
	0.0%
	0.0%

	N.Central-America
	184
	78.8%
	17.4%
	5.4%
	0.0%
	20.1%

	N.E.North-America
	7,963
	96.6%
	32.7%
	5.0%
	0.4%
	0.0%

	N.Europe
	17,168
	87.7%
	7.1%
	0.3%
	0.0%
	0.0%
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	N.Pacific-Ocean
	60
	100.0%
	100.0%
	93.3%
	10.0%
	100.0%

	N.South-America
	375
	91.7%
	21.6%
	3.7%
	0.0%
	5.9%

	N.W.North-America
	1,170
	96.8%
	7.9%
	0.1%
	0.0%
	0.0%

	N.W.South-America
	866
	39.7%
	1.2%
	0.1%
	0.0%
	0.0%

	S.Asia
	13
	100.0%
	0.0%
	0.0%
	0.0%
	0.0%

	S.Australia
	486
	100.0%
	42.8%
	8.8%
	5.6%
	8.2%

	S.E.Asia
	12
	0.0%
	0.0%
	0.0%
	0.0%
	0.0%

	S.E.South-America
	38
	100.0%
	13.2%
	10.5%
	10.5%
	100.0%

	S.Eastern-Africa
	108
	100.0%
	100.0%
	89.8%
	38.9%
	0.0%

	S.Pacific-Ocean
	275
	95.6%
	13.5%
	0.0%
	0.0%
	0.0%

	Sahara
	63
	82.5%
	54.0%
	19.0%
	3.2%
	63.5%

	South-American-Monsoon
	1,220
	65.2%
	7.1%
	3.2%
	1.6%
	0.0%

	W.North-America
	425
	70.8%
	2.6%
	0.5%
	0.0%
	0.0%

	West&Central-Europe
	1,094
	60.8%
	1.4%
	0.0%
	0.0%
	5.6%

	Western-Africa
	27
	77.8%
	0.0%
	0.0%
	0.0%
	0.0%
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2851
2852
2853
2854
2855
2856

2857
2858
2859



[image: ]Figure 15. Boxplots of fish muscle total mercury (THg) concentrations (wet weight, ng/g within the harmonized fish muscle subset by IPCC region during 2014–2024. Data points are shown for individual records (orange = shark species, grey = other species). Horizontal colored lines indicate toxicity reference values (TRVs): 0.04 mg/kg (reproductive success, yellow), 0.50 mg/kg (behavior, orange), 1.44 mg/kg (growth, orangered), and 2.80 mg/kg (survival, dark red). The y-axis is a log10 scale.




Consistency of Answer with Existing Literature (especially the 2018 GMA):



2860
2861
2862
2863

Our analysis of Toxicity Reference Value (TRV) exceedance patterns in fish aligns broadly with conclusions of the Global Mercury Assessment 2018 (UNEP, 2019a). The GMA emphasized that methylmercury bioaccumulation in aquatic food webs poses the most significant risk to wildlife and humans, with regional hotspots of concern and significant data gaps.



2864
2865
2866
2867
2868
2869
2870
2871
2872

In our exceedance analysis, these same regions emerge with elevated frequencies of benchmarks being surpassed, suggesting consistency across independent datasets. However, some discrepancies are also apparent. For instance, our analysis shows relatively higher exceedance rates in North American freshwater systems compared to GMA’s more generalized regional synthesis, which may reflect differences in dataset composition, QA/QC harmonization, and the inclusion of more recent records in our compilation. Importantly, both GMA and our study highlight the uneven global coverage of biotic mercury monitoring, with persistent data gaps in Africa, South Asia, and parts of the Pacific, underscoring the continued need for improved spatial representation in global mercury biomonitoring. Overall, while the GMA provides a broad global framing, our exceedance-based approach refines the interpretation by directly linking observed concentrations to health-relevant thresholds for wildlife.



2873
2874

Our exceedance-based assessment reinforces the Global Mercury Assessment 2018 findings by confirming that mercury concentrations in fish and wildlife frequently surpass toxicity benchmarks in key regions while also


	2875
	underscoring persistent data gaps in Africa, South Asia, and the Pacific that limit global representativeness. Our

	2876
	analysis also highlights the importance of standardized and targeted sampling protocols as variability in individual,

	2877
	species, site factors significantly impact the interpretability of patterns in Hg concentrations across space and time.

	2878
	Evaluation of Confidence:

	2879
	The validation of benchmark values was conducted to ensure their scientific robustness, and the compatibility of

	2880
	reported units and tissue matrix types was verified, including conversion between wet weight and dry weight

	2881
	values and the standardization of equivalent matrices.

	2882
	Comparison of fish mercury datasets derived from dry weight versus directly reported wet weight values

	2883
	highlighted important QA/QC considerations. While converted wet weight data provides a harmonized and

	2884
	consistent basis for dataset integration and cross-regional comparisons, the assumption of 80% moisture content

	2885
	when sample specific moisture was not available inherently introduces uncertainty due to natural variability in

	2886
	tissue moisture between individuals and samples. This uncertainty reflects inconsistencies in data submission

	2887
	practices (e.g., differing assumptions on tissue moisture, unit errors, or incomplete metadata).

	2888
	These discrepancies emphasize the importance of standardized reporting templates requiring both wet and dry

	2889
	weight concentrations, explicit documentation of moisture content, and unit verification prior to data integration.

	2890
	Overall, confidence is high in the TRV exceedance framework where data have been standardized and quality-

	2891
	controlled, while confidence is lower in regions or datasets where reporting practices are heterogeneous or sample

	2892
	sizes are small.

	2893
	Information and Capacity Needs:

	2894
	Broader adoption of harmonized benchmark frameworks, including systematic use of mathematically derived

	2895
	TRVs with transparent documentation, will strengthen the scientific basis of exceedance assessments. Enhanced

	2896
	biomonitoring in underrepresented regions (Africa, South Asia, the Pacific, Latin America and the Caribbean),

	2897
	coupled with more consistent sampling of focal species at sentinel sites, is needed to improve temporal and spatial

	2898
	resolution. Strengthened QA/QC procedures—such as standardized templates requiring both wet and dry weight

	2899
	reporting, moisture content, and verified metadata—will reduce uncertainties and improve comparability.

	2900
	Continued investment in analytical tools (e.g., risk calculators, data-sharing platforms) and laboratory capacity,

	2901
	particularly in developing regions, will close monitoring gaps and support more robust global mercury

	2902
	assessments under the Minamata Convention.

	2903
	

	2904
	2.5.3.3  Birds

	2905
	Information Used

	2906
	Toxicity benchmarks were selected by choosing Toxicity Reference Values (TRV) that were mathematically

	2907
	derived using a benchmark dose analysis framework when available, as recommended by the U.S. Environmental

	2908
	Protection Agency and European Food Safety Authority. When mathematically derived TRVs were not available,

	2909
	we selected the best available benchmarks from subjectively derived TRVs from the specific recent review papers

	2910
	(Ackerman et al. 2024). .

	2911
	Methodology

	2912
	TRVs were used to calculate the proportion of individuals exceeding thresholds using data from the time period,

	2913
	2014-2023.

	2914
	Answer/response

	2915
	Eggs

	2916
	For bird eggs, Toxicity Reference Values (TRVs) from Ackerman et al. (2024) were used to assess the likelihood

	2917
	of adverse impacts on ecological health across regions and species. The TRVs were derived using analyses across

	2918
	taxa, so are applied for all Orders in the egg subset. The TRVs combined survival and reproduction endpoints

	2919
	recommended for assessing injury to wildlife.
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	2920
	Egg THg concentrations (on a wet weight basis) were largely below a toxicity reference value (TRV) of 0.7 µg/g

	2921
	on a fresh wet weight basis, where a predicted 10% median injury to birds may occur (EC10) due to mercury

	2922
	concentrations (Ackerman et al. 2024). Only 2% of observations exceeded this toxicity benchmark. Specifically,

	2923
	across all IPCC regions, 17.0% of egg THg concentrations were below the EC01 effect level (low injury; 0.04

	2924
	µg/g fww). Overall, 83.1% of samples exceeded the EC01 toxicity benchmark, 24.1% exceeded EC05 (moderate

	2925
	injury; 0.3 µg/g fww), 2.2% exceeded EC10 (high injury; 0.7 µg/g fww), and 0% of samples exceeded the EC20

	2926
	toxicity benchmark (severe injury; 1.8 µg/g fww).
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2927
2928

2929


Figure 16: THg concentrations in eggs from bird samples, according to IPCC regions



2930
2931
2932
2933
2934
2935
2936
2937
2938
2939
2940
2941
2942
2943
2944
2945
2946
2947
2948
2949
2950

Feathers
For bird feathers, Toxicity Reference Values (TRVs) from Ackerman et al. (2024) were used to assess the likelihood of adverse impacts on ecological health across regions and species. The TRVs were derived using analyses across taxa, so are applied for all Orders in the feather subset. The TRVs combined survival and reproduction endpoints recommended for assessing injury to wildlife. Please note that THg concentrations in feathers are difficult to interpret because they often do not correlate with internal mercury concentrations because feathers are often grown at different time periods and locations then where they were sampled (Ackerman et al. 2024). Additionally, much larger biomass of feathers is required for accurate estimation of THg concentrations than are typically sampled (Peterson et al. 2019). Consequently, feather THg concentrations should be interpreted cautiously.


Notably, during moult, growing feathers are connected to blood vessels, and reflects dietary Hg well (Bottini et al., 2021). Once feathers mature, feather THg become metabolically inactive and MeHg levels are stable(Appelquist et al. 1984, Bond et al. 2015). Thus, as a frequently used non-destructive tool (Furness et al. 1986, Bearhop et al. 2000; Perkins et al., 2019), it is important to combine moult ecology/feather type/life stage (Chastel et al 2022) and use standardised sampling protocols when assessing Hg levels in the future biomonitoring project (Ma et al., 2024, 2021).


Feather THg concentrations (on a dry weight basis) were largely below a toxicity reference value (TRV) of 8.5 µg/g dw, where a predicted 10% median injury to birds may occur (EC10) due to mercury concentrations (Ackerman et al. 2024). Only 5.2% of observations exceeded this toxicity benchmark (Figure 17, Table 7).

2951
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2955
2956
2957
2958

Figure 17. Total Hg (THg, μg/g, dw) concentration in feathers across different continents. Vertical lines indicate toxicity reference values (TRVs): 2.3 μg/g (EC01 – low injury; yellow), 5.7μg/g (EC05 – moderate injury; orange), 8.5 μg/g (EC10 – high injury; orange-red), 13.0 μg/g (EC20 – severe injury; dark red) from Ackerman et al. (2024). X-axis is log10 scale.


2959	Table 7: The risk category for THg in feathers

	
Risk Category
	
N (number)
	
Percentage (%)

	
No apparent effect
	9,278
	76.6

	
Low injury
	1,827
	15.1

	
Median injury
	380
	3.1




	
High injury
	310
	2.6

	
Severe injury
	322
	2.7


2960

2961	Blood
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2962
2963
2964
2965

For bird blood, Toxicity Reference Values (TRVs) from Ackerman et al. (2024) were used to assess the likelihood of adverse impacts on ecological health across regions and species. The TRVs were derived using analyses across taxa, so are applied for all Orders in the blood subset. The TRVs combined survival and reproduction endpoints recommended for assessing injury to wildlife.



2966
2967
2968
2969

Across all IPCC regions, 20.3% of adult blood THg concentrations were below the EC01 effect level (low injury; 0.09 µg/g ww). An additional 54.4% of samples exceeded the EC01 toxicity benchmark, 14.6% exceeded EC05 (moderate injury; 0.6 µg/g ww), 9.6% exceeded EC10 (high injury; 1.3 µg/g ww), and 1.2% of samples exceeded the EC20 toxicity benchmark (severe injury; 3.2 µg/g ww).



2970
2971
2972
2973
2974
2975
2976
2977

2978





















2979
2980
2981
2982
2983

2984

Exceedances were distributed across all IPCC regions. The only sample (Wattled Jacana [Jacana jacana]) from
N.W. South-America exceeded the EC10 toxicity benchmark. A total of 12.9% of the only species sampled in N. Central-America (Peregrine Falcons [Falco peregrinus]) exceeded either EC10 or EC20. E. North-America (12.1%) was the remaining IPCC region with >10% of samples exceeding EC10 or EC20, with 63.7% of samples (n=479) of Common Loon (Gavia immer) in the region exceeding these toxicity reference values. These examples highlight the presence of observed mercury concentrations that exceeded TRVs in some of the IPCC regions, but they do not reflect a comprehensive, region wide assessment nor do they represent the only species which exceeded TRVs.

[image: ]

Figure 18. Boxplots of adult bird blood total mercury (THg) concentrations (ng/g ww) within the harmonized adult bird blood subset by IPCC region during 2014–2024. Data points are shown for individual records (colors by Order). Horizontal colored lines indicate toxicity reference values (TRVs): 90 ng/g (EC01, yellow), 600 ng/g (EC05, orange), 1300 ng/g (EC10, orange-red), 3200 ng/g (EC20, dark red). The y-axis is a log10 scale.


	2985
	Consistency of Answer with Existing Literature:

	2986
	A limited comparison indicated that the Toxicity Reference Value (TRV) exceedance assessment broadly aligns

	2987
	with the conclusions of the 2018 Global Mercury Assessment (GMA; UNEP, 2019a). While the 2018 GMA did

	2988
	not quantitatively assess mercury body burdens in relation to TRVs, it emphasizes the variability in mercury body

	2989
	burdens in birds, driven by a suite of confounding factors, resulting in a heterogeneous distribution. Consequently,

	2990
	some species and regions exhibit elevated risk, as reflected in the individuals with body burdens exceeding the

	2991
	established toxicity benchmarks. The GMA notes that elevated body burdens can have adverse impacts (e.g.,

	2992
	reduced reproductive capacity, altered behavior) underscoring the ecological significance of mercury

	2993
	contamination. This analysis demonstrated a similar heterogeneity in body burdens across individuals, species,

	2994
	and regions highlighting the importance of monitoring to identify patterns and populations at risk.

	2995
	Evaluation of Confidence:

	2996
	The validation of benchmark values was conducted, and the compatibility of reported units and matrix types was

	2997
	verified, including the conversion between wet weight and dry weight values and the standardization of equivalent

	2998
	matrices. While the framework of reporting mercury body burdens in birds in the context of TRVs is established

	2999
	and has a high degree of confidence, there is lower confidence in assessing regions or taxa with small sample sizes

	3000
	and incomplete metadata. This highlights the importance of standardized, targeted sampling, comprehensive

	3001
	metadata collection, and sufficient replication.

	3002
	Information and Capacity Needs:

	3003
	The broader adoption of harmonized benchmark frameworks is needed to improve comparability and

	3004
	interpretation across studies. Continued development of analytical tools, such as species-specific risk calculators,

	3005
	alongside sustained investment in biomonitoring capacity, will further support effective assessment and

	3006
	management of mercury exposure to biota.

	3007
	2.5.3.4  Marine Mammals

	3008
	

	3009
	Information Used

	3010
	Risk categories for adverse effects of mercury on the reproduction, physiology, condition, and behaviour of

	3011
	mammals have been developed by Dietz et al. (2022). To evaluate the risk of mercury toxicity in marine mammals,

	3012
	we compared total mercury concentrations in liver to the four risk categories: ≤16 µg g-1 ww (No risk), 16–83 µg

	3013
	g-1 ww (Low risk), 83–126 µg g-1 ww (High risk), and ≥126 µg g-1ww (Severe risk).

	3014
	Methodology

	3015
	Inclusion criteria: Comparisons with toxicity thresholds were conducted twice: first including all marine

	3016
	mammal taxa collected from 1969 to 2023 (55 species, Figure 18); then including only marine mammal taxa

	3017
	collected from 2014 onwards (15 species, Figure 19). As these benchmarks were estimated only in liver tissue

	3018
	and on a wet weight basis, we included only hepatic mercury concentrations (n = 4295 for all years; n = 1999 for

	3019
	the 2014–2024 period), expressed as µg g-1 ww.

	3020
	Exclusion criteria: Hg measurements in all other tissues except liver were excluded.

	3021
	Data standardization and harmonization: Prior to comparison with benchmarks, data expressed on a dry weight

	3022
	basis were converted to wet weight using a moisture content of 70%, as estimated for liver tissue in several marine

	3023
	mammal species (Hawk et al., 2024; Yang et al., 2003).

	3024
	Answer/response

	3025
	When including taxa from 1969 to 2023, mercury levels reported in the liver of marine mammals fell within the

	3026
	risk range (≥16 µg g-1 ww) for 34 out of 55 species (62%), while 21 out of 55 species (38%) presented individuals

	3027
	in the high to severe risk range. Short-finned and long-finned pilot whales (Globicephala macrorhynchus and G.

	3028
	melas), striped dolphins (Stenella coeruleoalba), pygmy killer whales (Feresa attenuata), polar bears, ringed seals

	3029
	(Pusa hispida), grey seals (Halichoerus grypus), belugas (Delphinapterus leucas), Cuvier’s beaked whales
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	3030
	(Ziphius cavirostris), and strap-toothed beaked whales (Mesoplodon layardii) consistently presented individuals

	3031
	exceeding severe-risk mercury thresholds across regions.

	3032
	When considering only data from the 2014–2024 period, only 15 species remained in the dataset. Mercury levels

	3033
	reported in the liver of marine mammals were in the risk range (≥16 µg g-1 ww) for 8 out of 15 species (53%),

	3034
	while 6 out of 15 species (40%) presented individuals in the high to severe risk range. Consistent with the 1969–

	3035
	2023 analysis, beluga, Blainville’s beaked whale, false killer whale, grey seal, long-finned pilot whale, polar bear,

	3036
	ringed seal, and strap-toothed beaked whale presented individuals at risk across regions.

	3037
	Most of the listed odontocetes occupy meso- and bathypelagic foraging niches, feeding largely on high-trophic-

	3038
	level prey such as cephalopods and deep-water fishes (Cioffi et al., 2021; McInnes et al., 2024; Plint et al., 2023;

	3039
	Santos et al., 2014; Shearer et al., 2022). Polar bears and grey seals are apex predators of their respective

	3040
	ecosystems, feeding on other marine mammals (e.g., ringed, harp, and hooded seals or harbour porpoises for polar

	3041
	bears; harbour porpoises for grey seals) (Stringell et al., 2014; Galicia et al., 2021). Polar bears are also exposed

	3042
	to terrestrial inputs, including seabird eggs (Petherick et al., 2021). The extensive use of offshore and deep-ocean

	3043
	habitats by toothed whales, and of sea ice or terrestrial habitats by polar bears and other Arctic species, places

	3044
	these animals high up in marine food webs where mercury efficiently bioaccumulates.

	3045
	Polar bears, ringed seals, and long-finned pilot whales are also harvested and consumed by Arctic Indigenous

	3046
	Peoples, and northern communities. Ringed seals and polar bears have long provided essential sources of food

	3047
	and cultural identity across Arctic regions, while long-finned pilot whales are hunted and consumed in the North

	3048
	Atlantic, particularly in the Faroe Islands (AMAP 2021b). This human consumption pathway means that elevated

	3049
	mercury levels observed in these species may pose potential health risks for northern populations relying on them

	3050
	as part of traditional diets (AMAP 2021b).

	3051
	





















	3052
	

	3053
	Figure 18. Individual THg concentrations in marine mammal liver (µg/g ww) for the period 1969 to 2024. The

	3054
	red-dotted lines indicate the thresholds for low (< 16 µg/g ww), moderate (16 – 83 µg/g ww), high risk (83-126

	3055
	µg/g ww) and severe risk (> 126 µg/g ww) of adverse effects of mercury on the reproduction, physiology,

	3056
	condition and behaviour of mammals according to the categorization made by Dietz et al. 2022. Concentrations

	3057
	are reported as median and by region. NA: North America, AN: Antarctica, AR: Arctic, EAP: East Asia &

	3058
	Pacific, ECA: Europe & Central Asia, LAC: Latin American & Caribbean, MENA: Middle East & North Africa
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3059
3060
3061
3062
3063
3064
3065
3066

3067



[image: ]Figure 19. Individual THg concentrations in marine mammal liver (µg/g ww) for the period 2014-2024. The red-dotted lines indicate the thresholds for low (< 16 µg/g ww), moderate (16 – 83 µg/g ww), high risk (83-126 µg/g ww) and severe risk (> 126 µg/g ww) of adverse effects of mercury on the reproduction, physiology, condition, and behaviour of mammals according to the categorization made by Dietz et al. 2022.
Concentrations are reported as median and by region. NA: North America, AN: Antarctica, AR: Arctic, EAP: East Asia & Pacific, ECA: Europe & Central Asia, LAC: Latin American & Caribbean, MENA: Middle East & North Africa.


3068	Consistency of Answer with Existing Literature (especially the 2018 GMA):


3069
3070

3071
3072

There was insufficient time and a lack of resources to undertake a literature review and comparisons with the 2018 GMA to determine consistency with earlier research.


Evaluation of Confidence:



3073
3074
3075

The validation of benchmark values was conducted, and the compatibility of reported units and matrix types was verified, including the conversion between wet weight and dry weight values and the standardization of equivalent matrices.


3076	Information and Capacity Needs:


3077
3078
3079
3080
3081
3082
3083
3084

3085
3086
3087
3088
3089
3090

The broader adoption of harmonized benchmark frameworks is needed to improve comparability and interpretation across studies. Continued development of analytical tools, such as species-specific risk calculators, alongside sustained investment in biomonitoring capacity, will further support effective assessment and management of mercury exposure to biota. Only a limited number of mercury toxicity thresholds have been established to date, and many are based on very old experimental studies (e.g., the four risk categories defined by Dietz et al. 2022 were derived from Donald et al.’s live exposure experiment on harp seals in 1977). Others have been extrapolated from terrestrial mammalian species, which may not be appropriate for marine mammals given their unique physiology and ecology.




	Key findings/messages	
· Invertebrates:
· Observed total mercury concentrations were compared with OSPAR background assessment
concentrations for the Northeast Atlantic region and the EU’s Maximum Permissible


	3091
	Concentration in food for the protection of public health by the European Commission

	3092
	(1881/2006/EC) to determine the proportion of individuals exceeding these thresholds from

	3093
	2014–2023.

	3094
	· 65% of all oyster observations and 59% of all mussel observations were above the background

	3095
	assessment concentrations defined by OSPAR Commission for the Northeast Atlantic region,

	3096
	but none surpassed food safety limits, indicating low human health risk (500 ng g-1 w.w).

	3097
	●
	Fish:

	3098
	· 
	Toxicity benchmarks were selected by choosing Toxicity Reference Values (TRVs) that were

	3099
	
	mathematically derived using a benchmark dose analysis framework when available, as

	3100
	
	recommended by the U.S. Environmental Protection Agency and European Food Safety

	3101
	
	Authority.

	3102
	· 
	When mathematically derived TRVs were not available, the best available benchmarks from

	3103
	
	recent peer-reviewed review papers were selected.

	3104
	· 
	By comparing observed fish mercury concentrations against these TRVs, we estimated the

	3105
	
	proportion of individuals at risk of adverse mercury effects on endpoints such as reproduction,

	3106
	
	behaviour, growth, and survival. This approach provides a consistent framework for

	3107
	
	evaluating ecological health risks across regions and taxa.

	3108
	· 
	TRVs support environmental risk assessors and managers in determining whether mercury

	3109
	
	contamination at a site is likely to affect wildlife, and whether long-term monitoring or

	3110
	
	targeted management actions may be necessary. Integrating long-term concentration trends

	3111
	
	with the proportion of individuals sampled that exceed TRVs can reveal how the potential

	3112
	
	magnitude of ecological effects might change over time, such as in response to management

	3113
	
	or mitigation actions. Such information can help align mercury monitoring and management

	3114
	
	efforts under the Minamata Convention with the targets of the Kunming–Montreal Global

	3115
	
	Biodiversity Framework.

	3116
	· 
	Mercury contamination is widespread, with evidence of reproductive, behavioral, growth and

	3117
	
	survival risks across multiple regions, including regions of Africa, Asia, Australia, Europe,

	3118
	
	and North and South America.

	3119
	· 
	Higher level TRVs for behavioral, growth, and survival effects were exceeded less frequently

	3120
	
	but remained substantial in hotspots such as the North Atlantic, Pacific Ocean, and

	3121
	
	southeastern Africa, particularly where shark species dominated samples.

	3122
	· Birds:
	

	3123
	○
	For bird tissues, Toxicity Reference Values (TRVs) from Ackerman et al. (2024) were used to

	3124
	
	assess the likelihood of adverse impacts on ecological health across regions and species. The

	3125
	
	TRVs were derived using analyses across taxa, so are applied for all Orders in the tissue

	3126
	
	subsets. The TRVs combined survival and reproduction endpoints recommended for assessing

	3127
	
	injury to wildlife.

	3128
	○
	Feather total mercury concentrations (on a dry weight basis) were largely below a toxicity

	3129
	
	reference value of 8.5 µg/g dw, where a predicted 10% median injury to birds may occur

	3130
	
	(EC10) due to mercury concentrations. Only 5.2% of observations exceeded this toxicity

	3131
	
	benchmark.

	3132
	○
	Egg total mercury concentrations (on a wet weight basis) were largely below a toxicity

	3133
	
	reference value of 0.7 µg/g, where a predicted 10% median injury to birds may occur (EC10)

	3134
	
	due to mercury concentrations. Only 2% of observations exceeded this toxicity benchmark.

	3135
	○
	Adult blood total mercury concentrations (on a wet weight basis) were largely below a

	3136
	
	toxicity reference value 1.3 µg/g, where a predicted 10% median injury to birds may occur

	3137
	
	(EC10) due to mercury concentrations. 9.6% of observations exceeded this toxicity

	3138
	
	benchmark.

	3139
	· Marine
	mammals:

	3140
	○
	To evaluate the risk of mercury toxicity in marine mammals, total mercury concentrations in

	3141
	
	liver were compared to the four risk categories: ≤16 µg g-1 w.w. (No risk), 16–83 µg g-1 w.w.

	3142
	
	(Low risk), 83–126 µg g-1 w.w. (High risk), and ≥126 µg g-1 w.w. (Severe risk). Risk
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3143
3144
3145
3146
3147
3148
3149
3150
3151

3152
3153
3154
3155
3156
3157

categories for adverse effects of mercury on the reproduction, physiology, condition, and behaviour of mammals have been developed by Dietz et al. (2022).
· Marine mammals showed widespread mercury exposure: 53% of species (8 out of 15 species) in the 2014–2024 dataset had individuals above the ≥16 µg g⁻¹ w.w. risk threshold, and 40% (6 out of 15 species) had individuals in the high to severe risk categories. The species most consistently exceeding these benchmarks include beluga, Blainville’s beaked whale, false killer whale, grey seal, long finned pilot whale, polar bear, ringed seal, and strap toothed beaked whale, predators positioned high in marine food webs where mercury strongly bioaccumulates.

2.5.4 Question 3: How do THg in species vary geographically over time (2000-current)? (for non-migratory species?)

Due to the limited availability of global-scale data, temporal analyses of THg concentrations in certain taxa were primarily based on a small number of case studies, conducted at local or regional levels.
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3158	Recommended criteria for analysing temporal trends:


3159
3160
3161
3162
3163
3164
3165

3166
3167
3168
3169
· 
Data series spanning at least five years
· Data series ending in 2015 or later
· Ideally, one species should be sampled consistently over time; however, comparisons at a higher taxonomic level are also possible
· Same tissue type sampled
· Same location or region sampled
· Use of standardized sampling and analytical procedures


2.5.4.1 Invertebrates


Information Used:



3170
3171
3172
3173

Temporal analyses of THg concentrations in bivalves can be pursued for subsequent reports should sufficient time allow for a robust approach. In the meantime, we summarized results of prior analyses by AMAP/OSPAR, HELCOM, and NOAA Mussel Watch as the monitoring programs contributing the majority of the bivalve data discussed herein.



3174
3175
3176
3177
3178

OSPAR: In the OSPAR regions, in sediment, fish and bivalves (a different picture is observed for long lived organisms), the OSPAR convention (https://oap.ospar.org/en/ospar-assessments/quality-status-reports/qsr-2023/thematic-assessments/hazardous-substances) reported in 2023 that most metals follow a general downward trend over the last 20 years, though smaller trends are observed in the most recent year compared with former decades (Figure 20).



3179
3180
3181
3182
3183
3184

However, in the more populated OSPAR Regions, mercury concentrations in fish and bivalves did not decrease in the last 20 years. There is even an overall increasing trend for pollution in the Southern North Sea in Region II (within the IPCC regions NEU: North Europe) with three times more upward than downward trends, whereas no significant improvements have been seen in the Northern North Sea, the English Channel, or the Northern Bay of Biscay (IPCC regions NEU and CEU: Central Europe), which have poor environmental status and consequently, do not move close to background values for naturally occurring mercury.



3185
3186

Analysis of mercury inputs, however (see: Inputs of Mercury, Cadmium and Lead via Water and Air to the OSPAR Maritime Area), shows that those from air and rivers are decreasing, which is also reflected in the

3187
3188
3189
3190
3191
3192
3193
3194

3195

3196
















3197
3198
3199
3200
3201
3202
3203
3204
3205
3206
3207
3208
3209
3210
3211

decreasing mercury concentrations found in sediment. The generally upward time trends for fish and shellfish could be due to remobilisation of historically contaminated materials from sediment to water and marine organisms or to a change in the uptake of metals by fish and shellfish owing to environmentalclimate change. Indeed, observed oxygen depletion (hypoxia and anoxia) and temperature increases in the marine environment provide a favorable environment for mercury methylation, and therefore favors its subsequent uptake in food webs and in several cases has also been found to increase the toxicity of contaminants. Continuation of the current dependence on coal in Russia, China, and India for power generation, together with increasing risks of forest fires, could imply a risk of increasing atmospheric deposition of mercury in the future.
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Figure 20. Temporal change in the last twenty years in mercury concentrations in biota (fish and bivalves) from the North East Atlantic covering AMAP and OSPAR regions (North East Atlantic). On the left panel: regional trend estimates with pointwise 95% confidence intervals are plotted. On the middle panel: trend estimates from the individual time series on which the regional assessment is based. On the right panel: geographical spread of the time trend analysis status assessment. The symbols in all these plots have the following interpretation: downward triangle: the mean concentration is significantly decreasing (p < 0.05), circle: there is no significant change in mean concentration (p > 0.05), upward triangle: the mean concentration is significantly increasing (p
< 0.05). The colours have the following meaning: blue: the mean concentration is significantly (p < 0.05) below the Background Assessment Concentration (BAC), green: the mean concentration is significantly (p < 0.05) below the Environmental Quality Standard based on secondary poisoning (EQSsp = 0.020 mg/kg ww), red: the mean concentration is not significantly below the EQSsp. From the 2025 annual assessment on the OSPAR Hazardous Substances Assessment Tool (OHAT: https://dome.ices.dk/ohat/?assessmentperiod=2025) using HARSAT approach.
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3212
3213

HELCOM: The HELCOM data cover the Baltic Sea area, adjacent to the Northern European Seas covered by OSPAR and also contributeing to the data for the N. Europe IPCC region (Figure 21).
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3215	Figure 21. HELCOM area, covering the Baltic Sea zone
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3216
3217
3218
3219

HELCOM mercury monitoring data (a regional focus has been agreed on biota) are regularly assessed in relation to established criteria, with good status achieved when the concentrations of mercury are below the regionally agreed threshold values. For invertebrate molluscs (M edulis, + M. baltica + Dreissena polymorpha) a threshold (EQS biota secondary poisoning) of 20 μg/kg ww is applied. The soft body tissue material is used in analysis.



3220
3221
3222
3223
3224
3225
3226
3227
3228
3229
3230
3231

HELCOM assessments integrate results from different media (i.e., selected fish species also monitored); conclusions reflected below are therefore not based on invertebrate data alone and the majority of the blue mussel monitoring sites are in the southern Baltic Sea (also reflecting species distribution patterns). In its most recent assessment the available mercury data are considered sufficient to allow a wide-ranging evaluation to be made for the Baltic Sea. Despite apparent reductions in mercury inputs and also decreasing trends (i.e. lower concentrations) at some stations where distinct trends could be assigned, the mercury status objectives were not reached in almost all evaluated sub-areas, with all but two coastal areas and all open sea assessment units evaluated as failing to achieve Good Environmental Status for mercury (https://indicators.helcom.fi/indicator/mercury/). The HELCOM evaluation of mercury includes a large number of high-quality biota datasets with long time-series and the possibility to assign statistical trends. Distinct downward trends were recorded at 13 stations and 8 stations showed trends of increasing concentrations (Thematic Assessment of hazardous substances 2023).
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NOAA Mussel Watch: For the purposes of this report, we draw on two recently published trend analyses from the NOAA National Centers for Coastal Ocean Science for the Gulf of Maine (IPCC region = E. North America) and Pacific Northwest (IPCC region = W. North America) regions of North America. Bivalve (Mytilus sp.) Hg concentrations at Mussel Watch and Gulf Watch sites in the Gulf of Maine (including coastal sites in Massachusetts, New Hampshire, Maine, and Nova Scotia) were generally low (<LD to 100 ng/g dw) with a few sites identified as having medium concentrations (100 to 200 ng/g dw) and one site as having high concentrations (300 to 1300 ug/g dw). Trend analysis (Figure 23b and c) indicates that 2015/2016 concentrations were mostly low relative to historic patterns. Only one site showed a significant increasing trend for the period 1986-2013, whereas four sites showed a significant decreasing trend over the same time period. Overall, concentrations for the period 1986-2016 presented in this report are spatially and temporally variable. Mytilus sp. sampling in the Pacific Northwest of the USA represents coastal sites in Washington and Oregon (Figure 22). Concentrations are generally low in this region. In 2019, concentrations among sampling sites ranged from 30 to 190 ng/g dw, with 94% of sites having low concentrations (LD to 160 ng/g dw). Trend analysis indicates that in 2019, the most recent year of sampling for this report, concentrations at the majority of surveyed sites are similar or lower than historic median concentrations, with two sites showing significantly decreasing concentrations and one site showing significantly increasing concentrations (Figure 23b). There have not been significant changes in tissue concentrations regionally over time.
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Figure 22. The same assessment units as shown in Figure 23 but each assessment unit visualises the individual stations included in making the assessment unit level status evaluation. Potential differences in evaluation outcome due to sampling matrices are highlighted: Red=fish muscle, blue=mussel soft body, and green=fish liver.
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[image: ]Figure 23. a) Map of Mussel Watch and Gulf Watch sampling locations in the Gulf of Maine. b) Trend analysis showing 2015/2016 sampling results (red triangles) relative to historic concentrations shown in light grey boxplots (Mussel Watch program) and dark grey boxplots (Gulf Watch program) for the period 1986-2013. Significant trends are noted by arrows beneath specific sites, with upwards arrows indicating increasing trend and downward facing arrows indicating decreasing trends. Sites are grouped by state or region (MA: Massachusetts, USA; NH: New Hampshire, USA; ME: Maine, USA; NS: Nova Scotia, Canada). The number of years sampled since 1986 is noted above the plot for the Mussel Watch program and below the plot for the Gulf Watch program. c) Boxplots (light grey, Mussel Watch program; dark grey, Gulf Watch program) of temporal patterns across sites from 1986-2016. The number of sites sampled since 1986 is noted above the site for the Mussel Watch program and below the plot for the Gulf Watch program. Figure modified from Swam et al. (2023).
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Figure 24. a) Map of Mussel Watch sampling locations in the Pacific Northwest, USA. b) Trend analysis showing 2019 sampling results (red triangles) relative to historic concentrations shown as grey boxplots for the period 1986-2012. Significant trends are noted by arrows beneath specific sites, with upwards arrows indicating increasing trend and downward facing arrows indicating decreasing trends. Sites are grouped by state and number of years sampled since 1986 is noted above the plot. c) Boxplots of temporal patterns across sites from 1986-2019. The number of sites sampled since 1986 is noted above the plot. Figure modified from Swam et al. (2025).


2.5.4.2 Fish
Information Used:
Data were compiled from different data sources: submissions to the OESG repository and public domain (Annex 1). Several long-term datasets exist for certain sites, which could support temporal trend analyses. In the meantime, we summarized results of analyses for Great Lakes and Nordic Fish.


Answer/response Great Lakes
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Both the US and Canada have monitoring programs for fish in the Great Lakes that include Hg and other contaminants. In the US, data are collected by the US Environmental Protection Agency (USEPA) in several programs including the National Aquatic Resources Surveys (NARS), National Coastal Condition Assessment (NCCA), and the Great Lakes Fish Monitoring and Surveillance Program (GLFMSP). The USEPA data are a combination of muscle and whole fish samples collected for evaluation of both human and ecosystem health. In Canada, data for the Great Lakes are collected by the Ontario Ministry of the Environment, Conservation and Parks (MECP). The fish samples are filet samples collected for the establishment of fish consumption advisories for the Canadian waters of the Great Lakes.
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Total mercury concentrations in fish muscle (ww) tissue were selected because they made up more than 90% of the available samples. We also selected the five most sampled species (walleye, lake trout, lake whitefish, smallmouth bass, and yellow perch) for further analysis. All mercury concentrations were first length-standardized to the mean length for each species by quantifying the species-specific effect of length on muscle mercury concentrations, before being natural log transformed to improve normality.
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We then used a linear mixed effects model to better understand patterns in mercury concentrations in fish in the Great Lakes. The length-standardized and log-transformed total mercury concentrations were modelled as a function of the interaction between Year, Lake, and Species, along with a random intercept for sampling site to


	3322
	account for site-level variation. Mercury concentrations in fish muscle varied significantly across lakes and

	3323
	through time, with multiple significant interactions between year, lake, and species, highlighting the spatial and

	3324
	temporal complexity of mercury trends in the Great Lakes (Figure 25) with several species-lake combinations

	3325
	showing significant positive or negative trends. When comparing the fish tissue concentrations to human health

	3326
	criterion for human exposure, all lakes have fish exceeding the US Food and Drug Administration (USFDA) / USDA/USEPA criterion (Figure 26).	Comment by USG: In the citation, it is USFDA - which would need to be introduced here as the US Food and Drug Administration. Also, EPA has been introduced above as USEPA, so that cannot be reduced to EPA here. Suggested rewrite provided. Parallel change made to citation on line 4289.
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[image: ]Figure 25. Estimated annual trends in length-adjusted total mercury concentrations (ln[THg], ng/g muscle wet weight) in five fish species from the five Great Lakes. Temporal trends were estimated using a linear mixed-effects model with fixed effects for Year, Lake, Species, and their interaction, and including sampling site as a random effect. Bars show model-estimated slopes for each combination of species and lakes with lines for 95% confidence intervals. Black outlines denote statistically significant trends (p < 0.05), while gray outlines denote non-significant trends. Only the five most-sampled species were modelled.
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[image: ]Figure 26: Percent of all fish samples in each of the five Great Lakes with mercury fish tissue concentrations categorized by the USFDA/EPA fish consumption guidelines for sensitive human populations indicating best choices (≤0.15 = 3 weekly fish servings), good choices (≤0.23 = 2 weekly fish servings or ≤0.46 = 1 weekly fish serving), or choices to avoid (>0.46 = 0 weekly fish servings) (US FDA/USEPA 2024).


3340	- Nordic fish mercury
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Widespread mercury contamination in the biota of Fennoscandia was recognized already in the 1960s, during the same decade as the cause of Minamata disease was becoming apparent in Japan. The Nordic concerns about mercury led to initiation of mercury monitoring in the environment to determine both the risks and the causes of that contamination. The record of mercury in over 50,000 Fennoscandian fish collected since the mid-1960s is a valuable case study for addressing central questions for first effectiveness assessment of the UNEP Minamata Convention: can reductions in the release of Hg to the environment reduce Hg in the biota. The most recently published analysis of these data Braaten et al. (2019) found that mercury levels in aquatic invertebrates and fish have decreased since the 1970s, consistent with reduced atmospheric concentrations. The rate of response, however, is slow, and mercury levels in many fish higher in the food web remain over levels safe for human consumption and wildlife. Both the challenges of harmonizing the data from different fish monitoring programs, and confounding influences (e.g. changes in land use, precipitation, temperature etc and climate) contribute to variation in the fish mercury levels over time (Figure 27). The availability of Hg in environmental archives and surface waters, provides important evidence that supports the interpretation of linkages between emissions, different environmental media, and the biota. In summary, reducing emissions is of value, but it requires diligent follow-up, often over decades, to observe the benefits when it comes to reduced atmospheric Hg levels and fish.
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[image: ]Figure 27: Fitted trend for Swedish perch (Perca fluviatilis) Hg concentrations 2013-2022. Source: Faxneld et al 2024
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	3364
	Figure 28. Time-series examples of fish Hg changes from 1980 to 2023 across different Swedish monitoring

	3365
	sites. The dotted horizontal line represents an Environmental Quality Standard (EQS) level of 20 ng/g wet

	3366
	weight. Source: Soerensen et al 2025
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[image: ]Figure 29: Time-series examples from the Minamata Convention on Mercury after technical validation for mercury (ng.g-1 ww) concentration in herring (Clupea harengus) from the autumn sampling at the stations: Ängskärsklubb and Utlängan and in the guillemot (Uria aalge) eggs from Stora Karlsö in Baltic Sea. Source: Ammar et al. 2024.


3372	Mercury trends in key fish species
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Analysis of mercury concentrations in freshwater perch from multiple lakes reveals predominantly declining trends over time. Despite this general decrease, very few lakes show fish Hg levels below the Environmental Quality Standard (EQS) threshold of 20 ng/g wet weight (Figure 28). This persistence of elevated mercury suggests legacy contamination in these ecosystems, coupled with ongoing bioaccumulation within certain catchments.
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In contrast, mercury concentrations in Baltic Sea herring have remained mostly stable or have exhibited slight increases (Figure 29). Most herring Hg levels consistently exceed the EQS, indicating the presence of persistent mercury sources or ecological factors driving bioaccumulation, such as dietary shifts or slower mercury elimination rates in marine environments.
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Cod populations in the Baltic Sea demonstrate a marked increase in mercury concentrations since the early 1990s, particularly in deeper waters. Mercury levels in cod are well above the EQS and continue to rise, underscoring ongoing contamination pressures and bioaccumulation in this species.




Evaluation of Confidence:
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Confidence in the results varies depending on data consistency and coverage. High confidence is attributed to long-term datasets with consistent species, tissue types, and geographic regions. Moderate confidence applies to assessments where metadata or sampling methods showed some variation. However, confidence is limited in areas with sparse data or where inconsistencies exist in tissue types or temporal coverage.


3392	Information and Capacity Needs:
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3399

To strengthen mercury monitoring and assessment, expanded sampling efforts are needed in underrepresented regions and ecosystems. Greater inclusion of Indigenous-led monitoring programs and ethical utilization of associated knowledgeof Indigenous Knowledge frameworks are essential for more comprehensive and culturally relevant assessments. Continued refinement of models that incorporate biogeochemical, ecological, and climate variables will improve understanding of mercury dynamics.


2.5.4.3 Birds


3400	Information Used


3401
3402
3403
3404
3405
3406

Available bird datasets in the OESG repository were compiled but limited temporal trends could be conducted. Further temporal analyses of THg concentrations in birds can be pursued for subsequent reports should sufficient time and additional monitoring data become available to support a robust trend assessment. For the present report, we analyzed a single dataset of Common Loon (Gavia immer) mercury concentrations. Some additional published studies are described below for temporal trends of THg in birds to give broader geographical and ecological context, though a comprehensive literature review was not conducted.


3407	Methodology
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Only studies with data series containing a minimum of five years of data and terminating in 2015 or later were included in discussion of analyzed published temporal trends for bird THg concentrations.


3410	Answer/Response
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Common Loons are obligate piscivores that have been identified as a good bioindicator of MeHg bioavailability in temperate lakes and so have been intensively studied for several decades. The Common Loon dataset contained more than 7,000 THg samples beginning in 1988. We selected wet-weight whole blood (>58% of the available Common Loon samples) because it represented the largest sample type. Blood THg concentrations also reflect shorter-term Hg exposure and therefore capture local, lake-specific ecological drivers of exposure, compared to the spatially and temporally integrative profile provided by feathers – an important distinction in a migratory bird species.



3418
3419
3420
3421
3422

Adult Common Loon blood THg concentrations ranged from 10 to 9,750 ng/g ww across 2,990 samples from three countries (Canada, Iceland, Unites States). We converted male blood THg concentrations to female blood THg concentrations using standard published relationships (Evers et al. 2011), in order to increase the standardized sample size usable in each Lake x Year. Samples from lakes with five or more years of data extending past 2015 were included in the lake-specific temporal trend analyses.
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[image: ]Figure 30. Total mercury concentrations in adult Common Loon (Gavia immer) blood by year. Regional analysis (ln[THg] ∼ Year + Sex + (1 | Site)) showed no significant temporal trend (p<0.05), although male THg concentrations were significantly higher than females (p<0.05).
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Variation in temporal and spatial sampling, coupled with annual-, individual-, and site- specific drivers of Hg methylation, bioaccumulation, and biomagnification (e.g., depressed trophic position in some smaller pond systems) confounds interpretation of long-term trends. To better account for this variability, we independently analyzed temporal trends in 32 lakes in North America that had five or more years of dating ending in 2015 or later. In total there were 991 adult blood THg concentrations from the 32 lakes in two IPCC regions (E.North America and W.North America) that met the sampling criteria.
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The temporal trends observed in adult Common Loon blood were heterogeneous across both space and time. Most lakes in the dataset exhibited relatively stable concentrations since 1988, with significant directional change observed at only a small number of lakes. In total, four lakes demonstrated significantly decreasing THg trends, while three lakes exhibited significantly increasing THg change (p<0.05). These trends were modelled over the course of multiple decades of declining Hg emissions in the United States (U.S. Environmental Protection Agency’s National Emissions Inventory). This heterogeneity may reflect the importance of localized drivers of THg dynamics in adult Common Loon blood rather than uniform regional exposure trends. These findings emphasize the continued need for long-term, consistent monitoring, particularly in lakes with intermittent sampling, to understand mechanisms driving trends and to inform risk assessment and management of mercury in freshwater ecosystems.
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[image: ]Figure 31. Temporal change since 1988 in total mercury concentrations in Common Loons (Gavia immer) from North America are shown on the left panel. Trends were calculated individually for each lake with five or more years of data, including data in 2015 or later. Circle outlines indicate no significant change in mean blood THg (p≥0.05). Blue downward triangles indicate a significantly decreasing THg (P<0.05) and red upward triangles indicate a significantly increasing THg (P<0.05). Trends are calculated using the HARSAT approach consistent with other trend analyses (HARSAT: https://harsat.amap.no/). The right panel visualizes the sampling year effort for each of the lakes meeting the minimum criteria for inclusion in temporal analyses. Lines indicate years of consecutive data collection, while points indicate an isolated sampling year.


3455	Literature review


3456
3457
3458
3459
3460
3461
3462
3463
3464
3465

The most comprehensive regional analysis of temporal trends of THg in birds, currently available, was for the circumpolar Arctic (Morris et al. 2022) (see also section 0.1.4.5). Seabirds were monitored for mercury exposure using eggs, feathers or blood. Increasing, decreasing, and stable mercury concentrations were observed across 9 monitoring sites, which ranged in temporal coverage from 10-40 years. In other geographic areas, non-linear trends were reported for THg in feathers of egrets in the Florida Everglades (Lange et al. 2020) and for THg in eggs of seabirds breeding on the Pacific Coast of Canada (Kesic et al. 2024). Feathers of an owl species in Norway showed no temporal trend of THg over a 30-year period (Devalloir et al. 2023), and similarly, multi-decadal variation of THg in gull eggs from a large freshwater lake in northern Canada showed no trend after controlling for diet variation (Hebert et al. 2021). These published studies highlight the complexity and variable temporal trends of mercury exposure to birds in Europe and North America.


3466	Consistency of Answer with Existing Literature (especially the 2018 GMA)
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The heterogeneity in trends in individual lakes and lack of a significant trend at a regional scale are broadly consistent with the literature (e.g., Schoch et al (2020) found Common Loon tissue Hg concentrations increased significantly from 1998-2010 and then stabilized from 2011-2016). The 2018 GMA was not able tocould not analyze temporal trends in Common Loons, but noted a spatial gradient with increasing THg concentrations moving west to east across North America then dropping again in Iceland. This qualitative pattern is largely reflected in the geometric means of this dataset when aggregating by IPPC region after extracting known marine wintering samples in California, Louisiana, and Virginia (E.North-America>W.North-America>C.North-America>N.W.North-America>Greenland/Iceland>Marine). A key distinction is the 2018 GMA aggregated sites in western Canada with the western continental United States (excluding Alaska) while the IPCC region approach aggregates them with Alaska.

3478	Evaluation of Confidence
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Confidence in the results presented is low overall due limitations in data available. The OESGWe analyzed one species and, despite its intensive sampling over multiple decades, only 32 lakes in the United States met the criteria (≥5 years of data ending in 2015 or later) for temporal analyses. In order toTo increase confidence in temporal trends, robust analyses need to be conducted for multiple species spanning taxonomic groups and with adequate metadata and statistical approach to account for the multitude of confounding factors driving MeHg exposure in birds.


3484	Information and Capacity Needs
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A more comprehensive analysis is needed for temporal trends of THg in birds, which accounts for better geographic coverage and the influence of ecological and biological factors. In particular, the spatial and temporal linkages between emissions and releases, atmospheric concentrations, deposition, and the MeHg concentrations in birds isare still poorly understood (see case studies in this report highlighting decoupling of patterns in different compartments in other taxa). The identification of these knowledge gaps, further harmonized data collection with associated standardized metadata, and capacity to implement robust statistical frameworks are critical for understanding spatial and temporal trends in biota across ecoregions and taxa while accounting for the many other drivers impacting Hg concentrations trends (e.g., global climate change, invasive species, land use conversion, resource exploitation, biophysiology).	Comment by Nichols, Elizabeth S: Here, either delete the term climate change, or delete this list of change drivers. 
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2.5.4.4 
Marine Mammals
Information Used (including applicable indigenous and traditional knowledge):
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More than 60 time series with over five years of data collection for different tissues were submitted for the report (Figure 30). A majority of those trends ended before 2015 (24 included to study the changes from 2000 until 2015 and after). Half of the datasets submitted were from polar regions. Monitoring programs in certain northern countries such as the Kingdom of Denmark, Norway, and Canada have allowed the continuous measurements of mercury concentrations over decades in marine mammals. In the Arctic Monitoring and Assessment Programme 2021 Mercury Assessment (AMAP 2021a), most of the Arctic marine mammal species investigated, except for beluga, had at least some time series with significantly increasing trends of Hg in liver over the last 20 years (50 time series analyzed with a minimum of 6 years of data post-2015; AMAP 2021a). Mercury time series for Arctic marine mammals were found to be statistically powerful for muscle (AMAP 2021a). The Arctic data and the beluga time trend are described in more detail in the case study section below. In particular the beluga case study shows how Indigenous co-led monitoring can lead to more comprehensive and culturally relevant assessments to explain the observed mercury trends.
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Figure 32. Temporal changes in total mercury concentrations in marine mammals since 2000. Each dot represents the rate of change for a given location, species and tissue with 30 observations or more. Only data series with a minimum of five years of data and terminating in 2015 or later are included. Data is aggregated by a 20° × 20° grid cell. Red indicates increasing trends through time, blue decreasing trends.
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Methodology
Only data series with a minimum of five years of data and terminating in 2015 or later were included in analysis.


Answer/response
Results indicated that temporal trends varied by species and locations. Long-time data series from southern regions (East Asia/Pacific; Europe/Central Asia; Latin America) were limited in numbers and time scale (Figure 29). Analyses of most recent time trends since 2000 and reaching 2015 or later (minimum five years of data) indicated slightly increasing concentrations in several populations from the Arctic, while concentrations in some populations from lower/sub Arcticsub-Arctic and South America were decreasing.


Consistency of Answer with Existing Literature (especially the 2018 GMA):
There was insufficient time and a lack of resources to undertake a comprehensive literature review. As mentioned above, the AMAP and beluga case studies describe the most recent trends found for some marine mammals in the Arctic. The 2018 GMA did not extensively report marine mammal trends, but referred to a few studies from the late 1990’s and early 2000. These described that levels of mercury in seals and belugas in some areas of Canada and Greenland increased 1.5 - 4 times over the last 25 years. This data is consistent with (and included in) the latest Arctic marine mammal trends as reported by AMAP.
Evaluation of Confidence:
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Confidence in the results varies depending on data consistency and coverage. High confidence is attributed to long-term datasets with consistent species, tissue types, and geographic regions. Moderate confidence applies to assessments where metadata or sampling methods showed some variation. However, confidence is limited in areas with sparse data or where inconsistencies exist in tissue types or temporal coverage.
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Information and Capacity Needs:
To strengthen mercury monitoring and assessment, expanded sampling efforts are needed in underrepresented regions and ecosystems over extended periods of time. As illustrated with the beluga case study, greater inclusion
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of Indigenous-led monitoring programs and utilization of associated knowledge Indigenous Knowledge frameworks can be essential for more comprehensive and culturally relevant assessments of mercury trends. Continued refinement of models that incorporate biogeochemical, ecological, and climate variables will improve understanding of mercury dynamics.



2.5.4.5 Integrated biota case studies (several taxa)


· Arctic Case Study: Time trends of mercury bioaccumulation in the circumpolar Arctic
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The Arctic Monitoring and Assessment Programme (AMAP), an international working group of the Arctic Council, performs assessments of contaminants in the Arctic, including for mercury. A core component of AMAP assessments is the synthesis of national monitoring datasets to evaluate temporal trends of mercury bioaccumulation in animals across the circumpolar Arctic (Figure 31). This effort is one of the most comprehensive regional evaluations of change to levels of mercury in animals, given the geographic scope, diversity of bioindicator species, and lengths of the time series. The most recent analysis was completed in 2021, focusing on 77 time series of mercury concentrations of Arctic biota including mussels, marine and freshwater fish, seabirds, and marine and terrestrial mammals (Morris et al. 2022). Together, the compilation of time series covered the period of 1968-2018, and individual datasets contained on average 17 years of measurements with at least one of the years between 2013-2018. Most time series (60%) showed no change in biotic mercury concentration over the past 20 years (1999-2018), while 22% showed a statistically significant increase and 18% showed a statistically significant decrease. There was no pattern in the types of Arctic biota or geographic regions that showed these temporal trends. These divergent results make it challenging to draw an overall conclusion about changes in mercury exposure to Arctic animals and food webs over the last two decades. Further, the findings highlight that combined effects of long-range transport of mercury, local environmental conditions, and a broad range of processes have complex influences on mercury burdens. The AMAP assessment underscores the importance of carefully designing temporal trend monitoring to account for the influence of transport, biogeochemical, ecological and biological processes on mercury accumulation in animals.
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Figure 33. Geographical patterns in recent (last 20 years) trends of total mercury concentrations in tissues of biota, where trends were significant and/or time series were of a statistical power ≥80%. The figures show freshwater fish and terrestrial mammals (top left); seabirds (top right); marine invertebrates (mussels) and marine fish (bottom left) and marine mammals (bottom right). Overlapping symbols have been dispersed to make them visible, resulting in clusters of points around some monitoring locations where trends are available for multiple time series (source: Morris et al. 2022).


· Beluga Monitoring Case Study: Community participatory approaches
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As part of Inuvialuit and their ancestors' stewardship of beluga whales, a resource they depend on, they have maintained the Beluga Harvest Monitoring Program since the initiation in 1973. The program formalized in 1980 and later expanded in 2001 to include annual sampling for contaminant monitoring (Harwood and Smith 2002; Loseto et al., 2015) and has since grown to include a range of health-related analyses (e.g. Noel et al., 2018; Nielsen et al., 2018; Ostertag and Chan 2018; Choy et al., 2020; Figure 34). The program is directed by Inuvialuit partners to ensure that it responds to community and regional concerns. Through the practice of meaningful engagement and collaborative research that respects cultural and societal expectations, the monitoring program has provided more than 40 years of mercury data for the eastern Beaufort Sea beluga whale population.
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Beluga whale harvesting is a central feature of Inuvialuit culture, dictating summer gathering and activity, providing food for the whole year (Nuligak, 1996; Alunik et al., 2003; Worden, 2018). Most of the whale hunting occurs near the mouth of the Mackenzie River (Day 2002; Usher, 2002). Inuvialuit have in-depth knowledge about beluga, qilalugaq, and the surrounding ecosystem, that they have acquired through first-hand experience and intergenerational knowledge transfer that extends many generations, referred to as Inuvialuit Knowledge (IK; ICC et al., 2006). The rich IK provides direction on beluga research and monitoring and the opportunity to co-design
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research informed by two knowledge systems - Inuvialuit and western science. The successful co-design of beluga research and monitoring is enabled by a solid foundation of strong relationships between researchers and communities. These relationships have been developed over decades, with consistent communication throughout the research process. The relationship respects and acknowledges the capacity and realities of communities and partner organizations. This process of respectful engagement and collaboration has resulted in an extensive dataset of beluga samples and research programs that are inclusive of IK, that also drives research and monitoring directions (e.g. MacMillan et al., 2023; Mayette et al., 2022; Noel et al., 2022; Ostertag et al., 2018; Ovitz et al., 2023; Figure 34).
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Figure 34. Schematic of the measurements, data and samples collected on harvested beluga whales through a partnership between Inuvialuit and researchers.
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Mercury levels in the beluga whales harvested by Inuvialuit were found to be increasing from 1981 to 2002 and were shown to be higher than beluga whales harvested in other Canadian Inuit communities (Lockhart et al., 2005, Figure 33). Since this time, mercury levels have declined and a closer evaluation of size, age and foraging habits were identified as key interpretive factors (Loseto et al., 2015; Morris et al., 2022; Noel et al., in press. Figure 35). Questions remain about the driver of high mercury levels measured between 1996 to 2002, and were recently evaluated using environmental forcing models with parameters informed by IK (ICC et al., 2006). Findings pointed to ecosystem productivity as a key driver of beluga mercury trends (Gilles et al., 2024).
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Regional differences in beluga mercury levels across the Canadian Arctic were recently explored through considering local contexts, particularly around harvester preferences in two communities, Arviat (Nunavut) and Tuktoyaktuk (Northwest Territories) (Sudlovenick et al., 2024). Community interviews together with historical data highlighted context and the marked preferences, with Tuktoyaktuk hunters harvesting the largest belugas and hunters from Arviat harvesting across an even spread of belugas. The re-interpretation across common size and age reduced the regional disparity and highlighted the nuanced complexity of the beluga harvest and context of the individual animal harvest preferences. Findings remind us to consider where the samples come from and how these contexts can be applied to data interpretation (Sudlovenick et al., 2025).


	3624
	The partnerships and emphasis on dialogue between scientists and Inuvialuit knowledge-holders to guide research

	3625
	has broadened the beluga monitoring program to respond to critical questions about the significance of mercury

	3626
	in the Arctic food web for Inuvialuit harvesters. Harvesting, preparing and eating traditional or ‘country’ foods, including beluga

	3627
	dry meat and maktaaq (the outer skin and blubber layers), continue to support physical and mental health in the

	3628
	ISR.

	3629
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[image: ]Figure 35. Temporal trend of mercury in Eastern Beaufort Sea beluga harvested in the Inuvialuit Settlement Region from 1981 to 2023
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Monitoring contaminants in beluga whales comes with the responsibility ofto responding to questions about the safety of eating beluga and other country foods, andfoods and providing background on legacy contaminants and heavy metals in the Arctic ecosystem. In 2016, Inuvialuit participants at the ISR’s Beluga Summit emphasized the need for research to respond to questions about beluga health from a human perspective, including how the preparation of beluga affects contaminant and nutrient concentrations (Murray et al., 2024). The Country Foods for Good Health project was initiated to respond to these questions and expanded to country foods in general, and used a multi-disciplinary approach to answer questions through western science, youth perspectives and Elders’ IK, and improve communication of dietary health messages (Gyapay et al., 2022; Gyapay et al., 2025; Ramirez Prieto et al., 2025)
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The leadership of Inuvialuit has led to the success of the beluga monitoring program. Beluga whales are a critical source of food and connection to culture in the ISR and other Inuit regions. Inuvialuit are at the table with scientists developing the research questions and guiding the direction of research, including defining key and meaningful research questions, ensuring the study designs are fail proof, enhancing the programs with inclusion of knowledge holders and including future leaders within the research programs. These strong partnerships and respectful working relationships have generated what is likely the most reliable long-term trend on mercury in toothed whales that there is globally, providing crucial information that can be used regionally, nationally, and globally to inform policies, explain impacts of environmental climate change, ecosystem health and provide critical information to Inuvialuit harvesters on the health risks and benefits of consuming beluga whale products.



· Integrated Analysis of Mercury in the Derwent Estuary, Australia Description of the case study


	3655
	The Derwent Estuary covers an area of about 200 km2 and is an integral part of Tasmania’s natural, cultural and

	3656
	economic heritage in Australia (Macleod & Coughanowr, 2019). It supports diverse urban, industrial, and

	3657
	recreational uses (Macleod & Coughanowr, 2019). Historically, the estuary has been impacted by the operations

	3658
	of a large zinc smelter (in operation since 1917) and a paper mill (established in 1941). Although modern

	3659
	environmental management practices have significantly improved, the legacy of past industrial activity continues

	3660
	to affect the estuary and is likely to persist for decades (Figure 34).

	3661
	Several environmental issues affect the Derwent Estuary, including contamination by metals, loss of habitats and

	3662
	species, introduced pests, weeds, altered river flow regimes, blocked migratory pathways for fish and eels,

	3663
	elevated nutrients, algal growth and hypoxia in localised areas (Macleod & Coughanowr, 2019).

	3664
	The Derwent Estuary Program, initiated in 1999, plays a central role in advancing the understanding and

	3665
	management of these issues. Cooperative monitoring arrangements with the State Government, industries, local

	3666
	governments and the scientific community have generated a wealth of information on water and sediment quality,

	3667
	seafood safety and estuarine habitats and species (DEP, 2020, 2021). Metal levels in the Derwent sediments, water

	3668
	column, fish and some invertebrates have been monitored for several decades (Bloom & Ayling, 1977; Macleod

	3669
	& Coughanowr, 2019; Ratkowsky et al., 1975; Whitehead, 2013) (Figures 34 a and b). Additional data on mercury

	3670
	emissions and releases is available through both the Australia’s National Pollutant Inventory and industry reports

	3671
	(NPI, 2025; Nyrstar, 2025). These monitoring datasets represent one of the rare long-term environmental data

	3672
	series from the Southern Hemisphere, a region often underrepresented in global data collection efforts.

	3673
	The Derwent Estuary contains some of the highest recorded concentrations of mercury, zinc, lead, and cadmium

	3674
	in sediments compared to other estuaries worldwide (Macleod et al 2019, Jones 2013). While the primary source

	3675
	of these metals is historical industrial activity, ongoing contributions from fugitive dust, diffuse groundwater

	3676
	inflows, and point-source discharges from current zinc smelting operations may continue to influence both bound

	3677
	and soluble metal levels in the estuary (Nyrstar 2025).

	3678
	

	3679
	Mercury observations in invertebrates

	3680
	To monitor bioavailability to organisms, oysters have been deployed annually to surface waters throughout the

	3681
	estuary and then retrieved to measure the concentration of accumulated metals including mercury (Nyrstar, 2025).

	3682
	Wild oysters and mussels were also collected on a triennial basis to determine possible human health risks of

	3683
	exposure to metals through collection of wild shellfish (Nyrstar, 2025). Oysters and mussels are exposed to both

	3684
	particulate-bound and dissolved mercury through filter feeding and direct absorption from the water column. As

	3685
	effective bioindicators, they oysters and mussels exhibited changes in mercury concentrations influenced by anthropogenic inputs and

	3686
	environmental factors such as sediment resuspension and water quality.

	3687
	Deployed oysters at nine impacted sites in the middle estuary accumulated higher concentrations of mercury than

	3688
	those deployed to the control site (Mickey’s Bay) and showed the highest loads from sites nearest to the zinc

	3689
	smelter (Nyrstar Wharf) (DEP, 2020, 2021) between 2014 and 2024 (Figure 35a).

	3690
	Wild oysters and mussels collected in the middle (near the zinc smelter) and lower zones of the Derwent Estuary

	3691
	showed higher concentrations of mercury than those from sites furthest from zinc smelting activities (the

	3692
	D’Entrecasteaux Channel and Mickey’s Bay) (Figures 35b and c). Within the estuary, the highest concentrations

	3693
	were typically recorded in the middle estuary and Ralphs Bay, whilst the western shore, exhibited the lowest

	3694
	levels. These spatial patterns likely reflect the influence of estuarine circulation, ambient water metal

	3695
	concentrations, proximity to contaminant sources, estuarine processes and longer water and sediment retention

	3696
	times at Ralphs Bay. Sites in the middle estuary are closest to the zinc smelter, whereas marine-influenced regions,

	3697
	such as the western shore, are generally exposed to lower concentrations of metals in the water column.

	3698
	In 2025, the Derwent Estuary Program scientists assessed mercury temporal trends in deployed oysters using the

	3699
	Harmonised Regional Seas Assessment Tool (HARSAT) being developed as a collaboration between AMAP

	3700
	(Arctic Monitoring and Assessment Programme), HELCOM (Baltic Sea Regional Seas Convention) and OSPAR

	3701
	(NE Atlantic Regional Seas Convention). Between 2004 and 2024, four sampling sites, including the control site,

	3702
	showed no statistically significant trends in mercury concentrations in deployed oysters. In contrast, six impacted

	3703
	sites within the estuary exhibited significant linear or nonlinear trends. At three of these sites, mercury

	3704
	concentrations increased annually by 1.6% to 3.4% over the 2004-2024 period (Table 8a).
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3706	Mercury observations in fish
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Environmental organisms at higher trophic levels are primarily exposed to organic mercury through dietary sources. Sand flathead (Platycephalus bassensis) being selected as a bioindicator of metal contamination because of their high site fidelity, abundance and regular consumption by humans (Jones et al., 2013; Ratkowsky et al., 1975). Sand flathead is a benthic carnivore, most likely exposed to mercury through dietary intake of epibenthic fauna such as crabs, which in turn feed at the sediment surface where methyl mercury can be produced (Jones, 2013). Sand flathead also shows high site fidelity and a relatively small home range (~5-10 km) with limited migration downstream during the spring/summer, presumably for spawning purposes (Tracey et al., 2020).
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The control region (Mickey’s Bay) mercury concentrations in fish (0.20 ± 0.02 mg kg−1 ) were significantly lower than mercury concentrations in fish from within the Derwent Estuary (0.49 ± 0.01 mg kg−1) between 1975 and 2011 (Jones et al., 2013).
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In 2025, the Derwent Estuary Program scientists plotted current mercury concentrations in fish (Figure 35d). Mercury concentrations in fish from the control site (Mickey’s Bay) were lower than those measured in fish collected from within the Derwent Estuary during 2014–2024. The observed spatial variability in mercury concentrations across impacted sites is likely influenced by differences in fish growth rates (Jones, 2013) and potentially greater mercury bioavailability and longer water and sediment retention times in Ralphs Bay (Ralphs Bay Spit and Richardson Beach) (Jones et al., 2014).
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Assessing the temporal change of Hg bioaccumulation in fish is complicated by shifts in habitat, fish length, growth rates, prey preferences and the potential for seasonal movements or migration (Jones, 2013). Jones et al 2013 used linear and non-linear models to examine spatial and temporal variations between regions. The authors concluded that calculating length-standardized mercury concentrations are important to accurately evaluate spatial and temporal trends. Both linear (data from 1974-2011) and non-linear models (data from 1991-2011) that take into consideration the fish biometrics, showed no significant change in mercury concentrations over sampling time despite reductions of mercury inputs(Jones et al., 2013).
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In 2025, the Derwent Estuary Program scientists used the Harmonised Regional Seas Assessment Tool (HARSAT) to assess long-term trends in mercury concentrations in fish across sampling sites. No statistically significant trends were detected across all sites between 2002 and 2024, consistent with the findings of Jones et al. (2013) (Table 8b). In the current study, length standardisation was not applied due to lack of log-linear relationship between mercury concentration and fork length. However, applying the length-standardisation method described by Jones et al. (2013) may be appropriate for adjusting mercury concentrations for fish size in future trend analyses.


3737	Mercury observation in birds
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3745

Methylmercury is absorbed largely through the diet, and birds which feed on fish and other aquatic organisms are most at risk of exposure (Einoder et al., 2018). Biomagnification of mercury has been observed in the piscivorous birds residing in the Derwent Estuary, with concentrations reaching levels considered toxic (Einoder et al., 2018). For example, feathers collected near the refinery showed mercury concentrations of 24.8 ± 4.8 mg Hg/kg dry weight in White-bellied Sea-Eagles and 19.3 ± 6.9 mg Hg/kg dry weight in Black-faced Cormorants (Einoder et al., 2018).


3746	Human consumption advice


3747
3748
3749
3750

Understanding mercury concentrations in fish and invertebrates remain crucial as a mechanism for monitoring and in protecting humans who consume seafood. Observed mercury concentrations in deployed oysters and wild oysters and mussels are significantly lower than Food Standards Australia and New Zealand national guidelines for mercury (Maximum Permitted Limit; 0.5 mg kg−1) over last two decades (DEP, 2020, 2021; Nyrstar, 2025).


	3751
	Of all the legal sized flathead sampled from the Derwent in the 2014-2022 period (n=325), 68.5% had a mercury

	3752
	concentration exceeding Food Standards Australia and New Zealand national guidelines for mercury (Maximum

	3753
	Permitted Limit; 0.5 mg kg−1)(DEP, 2020, 2021).

	3754
	

	3755
	Key Findings

	3756
	The Derwent Estuary case highlights complex and persistent mercury contamination issues. Modern control

	3757
	measures have substantially reduced mercury emissions from industrial activities over recent decades. However,

	3758
	elevated mercury concentrations in fish and invertebrates at impacted sites, compared to control sites, indicate

	3759
	that historical contamination remains a major source of exposure.

	3760
	Metal concentrations in all biota were consistently lower at the control site (Mickeys Bay) compared to impacted

	3761
	sites within the Derwent Estuary. Mercury spatial patterns in biota likely reflect the influence of proximity to

	3762
	contaminant sources, estuarine circulation, and estuarine processes. For example, elevated mercury concentrations

	3763
	in biota from Ralphs Bay, despite its greater distance from the zinc smelter, suggest additional environmental

	3764
	factors influencing mercury bioavailability and bioaccumulation in this region. Ralphs Bay has been previously

	3765
	characterised by longer water and sediment retention times and greater mercury bioavailability.

	3766
	There were some differences in temporal trends between deployed oysters and resident benthic fish, likely

	3767
	reflecting distinct exposure pathways, bioaccumulation mechanisms and fish mobility. Despite reductions in total

	3768
	anthropogenic mercury inputs over the past two decades, no significant temporal decline in mercury

	3769
	concentrations in fish has beenwas observed between 2002 and 2024. In comparison, mercury concentrations in

	3770
	deployed oysters showed either no significant changes or increased annually by 1.6% to 3.4% between over 2004 and -2024.

	3771
	Although these concentrations in deployed oysters remain well below thresholds of concern for human health,

	3772
	further investigation and predictive modelling are required to better understand the processes driving these

	3773
	observed changes. An assessment of the mercury discharge from industrial activities, environmental and

	3774
	biogeochemical drivers, such as climatic conditions (wind and rainfall), sediment geochemistry, co-contaminants,

	3775
	mercury methylation, and food-web dynamics is suggested as all these processes and inputs may influence

	3776
	mercury bioavailability in biota.

	3777
	Overall, the results suggest that significant reductions in anthropogenic mercury inputs achieved to date have not

	3778
	translated into corresponding decreases in mercury concentrations in fish and oysters. This highlights the

	3779
	complexity of mercury cycling processes and interactions within the Derwent Estuary, as well as the need for

	3780
	long-term monitoring and targeted management strategies.
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[image: ]Figure 36a. Derwent Estuary Program fish (flathead), deployed oysters, wild oysters and mussels sampling locations.
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[image: ]Figure 36b. Derwent Estuary Program fish (flathead) and deployed oysters sampling locations.
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Figure 37a. Total mercury concentrations in surface-deployed Pacific Oysters’ soft tissues (2014-2024). Box plots show the minimum, 20th percentile, median, 80th percentile and maximum concentrations at nine impacted sampling sites in the middle estuary and a control site in Mickey’s Bay. Grey dots show the raw data. Horizontal red line represents Food Standards Australia and New Zealand national guideline for mercury (Maximum Permitted Limit; 0.5 mg kg−1). Mercury concentrations are expressed in mg/kg wet matter basis (WMB). Outliers were removed using the interquartile range (IQR) method. Values that were more than 1.5 times the IQR below the first quartile or above the third quartile were excluded.
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Figure 37b. Total mercury concentrations in wild mussels’ soft tissues (2014-2024). Box plots show the minimum, 20th percentile, median, 80th percentile and maximum concentrations at five regions and a control site in Mickeys Bay. Grey dots show the raw data. Horizontal red line represents Food Standards Australia and New Zealand national guideline for mercury (Maximum Permitted Limit; 0.5 mg kg−1). Mercury concentrations are expressed
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in mg/kg wet matter basis (WMB). Outliers were removed using the interquartile range (IQR) method. Values that were more than 1.5 times the IQR below the first quartile or above the third quartile were excluded
[image: ]

Figure 37c. Total mercury concentrations in wild oysters’ soft tissues (2014-2024). Box plots show the minimum, 20th percentile, median, 80th percentile and maximum concentrations at five regions and a control site in Mickeys Bay. Grey dots show the raw data. Horizontal red line represents Food Standards Australia and New Zealand national guideline for mercury (Maximum Permitted Limit; 0.5 mg kg−1). Mercury concentrations are expressed in mg/kg wet matter basis (WMB). Outliers were removed using the interquartile range (IQR) method. Values that were more than 1.5 times the IQR below the first quartile or above the third quartile were excluded.
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	3811
	

	3812
	Figure 37d. Total mercury concentrations in fish (flathead) muscle tissues (2014-2024). Box plots show the

	3813
	minimum, 20th percentile, median, 80th percentile and maximum concentrations at eight impacted sampling sites

	3814
	and a control site in Mickeys Bay. Grey dots show the raw data. Horizontal red line represents Food Standards
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Australia and New Zealand national guideline for mercury (Maximum Permitted Limit; 0.5 mg kg−1). Mercury concentrations are expressed in mg/kg wet matter basis (WMB). Outliers were removed using the interquartile range (IQR) method. Values that were more than 1.5 times the IQR below the first quartile or above the third quartile were excluded. 2018 data points were removed because the skin was left on and data was erroneous. Mercury concentrations were not length-standardised.
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The Derwent Estuary Program scientists analysed temporal trends of mercury in biota by using the Harmonised Regional Trend Analysis Tool (HARSAT)- HARSAT tool. Statistical time-trend analysis was performed in R version 4.5.1 using the HARSAT package version 1.0.3 (https://harsat.amap.no/). The concentrations were log transformed and changes in the log concentrations over time were modelled using linear mixed models. When there are more than 15 years of data, both a linear model and a smoother on 2,3 and 4 degrees of freedom (df) were fitted to the data. Model selection was based on the lowest Akaike Information Criterion (AICc). The primary metric used to summarise changes over time was the change in total Hg concentrations from 2002(4) to 2024, with significance assessed at the 5% level. The significance of each fitted trend—whether linear or non-linear—was assessed using a likelihood ratio test. Further methodological details are available in Morris et al. 2022.


Table 8a.Trend analysis of total mercury in surface-deployed oysters across nine impacted sites in the Derwent Estuary and one control site (Mickey’s Bay) from 2004 to 2024, using the HARSAT tool. To account for variability in control oyster sources, baseline correction was applied by subtracting control oyster values from retrieved oyster measurements. This approach ensures that observed changes reflect environmental influences rather than differences in source oyster conditions. Where this correction resulted in values below the limit of reporting (LOR), data were adjusted to equal the LOR. The figures show the fitted trend along with pointwise 90% confidence bands (grey shaded areas).


	Sampling Station
	Trend
	p-value
	Concentrations change over 2004-2024

	Bedlam Walls
	No significant temporal trend
	0.298
	Concentrations at the end of the time series were not significantly different from those at the start of the time series.

	Beltana Beacon
	No significant temporal trend
	0.783
	Concentrations at the end of the time series were not significantly different from those at the start of the time series.

	Cornelian Bay
	Significant nonlinear trend
	0.005
	Concentrations at the end of the time series were not significantly different from those at the start of the time series.

	Elwick Bay
	Significant log-linear trend in the time series
	0.045
	Concentrations have increased by an estimated 1.6% per year over the course of the time series.

	Mickey’s Bay
(control)
	No significant temporal trend
	0.691
	Concentrations at the end of the time series were not significantly different from those at the start of the time series.

	New	Town Bay
	Significant nonlinear trend
	0.011
	Concentrations at the end of the time series were significantly higher than those at the start of the time series.

	Nyrstar Wharf
	Significant nonlinear trend
	0.018
	Concentrations at the end of the time series were not significantly different from those at the start of the time series.

	Pavillion Point
	Significant log-linear trend
	0.007
	Concentrations have increased by an estimated 3.4% per year over the course of the time series.

	Dowsing Point
	Significant log-linear trend
	0.032
	Concentrations have increased by an estimated 3% per year over the course of the time series.




	Geilston Bay
	No	significant temporal trend
	0.950
	Concentrations at the end of the time series were not significantly different from those at the start of the time series.



	3838
	

	3839
	Table 8b. Trend analysis of total mercury in wild caught fish (flathead) across six impacted sites in the Derwent

	3840
	Estuary and one control site (Mickey’s Bay) from 2002 to 2024, using the HARSAT tool. 2018 data points were

	3841
	removed because the skin was left on and data was erroneous.



	Sampling Station
	Trend
	p-value
	Concentrations	change	over 2002-2024

	New Town Bay
	No significant trend
	0.930
	






Concentrations at the end of the time series were not significantly different from those at the start of the time series.

	Bellerive Bay
	No significant trend
	0.822
	

	Sandy Bay Beach
	No significant trend
	0.673
	

	Ralphs Bay Spit
	No significant trend
	0.214
	

	Oppossum Bay
	No significant trend
	0.518
	

	Kingston Beach North
	No significant trend
	0.076
	

	Mickey’s Bay (control)
	No significant trend
	0.326
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· Flin Flon Case Study
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The Cu-Zn smelter at Flin Flon was a major mercury and heavy metal emitter. Hg emissions began declining in the late 1980s and ceased when the Cu smelter closed in 2010 because of its inability to meet target SO2 (and Hg) emission reductions. Within 10 km of the smelter, the landscape and lake sediments remain highly contaminated with mercury (and other metals) deposited over the more than 90 years of smelter operation and continue to enter lake ecosystems through re-emission and runoff. Mercury concentrations in northern pike in lakes within 10 km of the smelter were extremely low in 1982 due either to selenium interference with uptake or metal toxicity interfering with mercury methylation. Mercury concentrations have increased in recent years as mercury, other metals and SO2 emissions have declined. Highest mercury concentrations occur in northern pike 70 km to the north on the Boreal Shield due to a combination of fish age, growth rates and unknown factors. Trend monitoring would better elucidate the response of Flin Flon lakes to the major reductions in Hg, SO2, and toxic metal emissions.


· Japanese Monitoring Case Study Information Used:

This case study utilizes data submitted from the long-term monitoring program “Survey of Ocean Environment” conducted in Japan. Although the survey commenced prior to 2000 and remains ongoing, the present analysis focuses on data collected during Japan’s fiscal years 2000 to 2022 (April 2000 to March 2023).


Answer/response
Sampling was conducted across both coastal and offshore areas. Coastal sites include Sendai Bay, Tokyo Bay, Ariake Sea, and Toyama Bay. Offshore sampling covered broader marine regions such as the Sea of Japan, the East China Sea, and the North Pacific Ocean, specifically within the Kuroshio and Oyashio current areas.


	3867
	The map of survey area as shown in Figure 38.
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	Map Source:
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	“白地図” tile by Geospatial Information Authority of Japan
https://cyberjapandata.gsi.go.jp/xyz/blank/{z}/{x}/{y}.png
“全国ランドサットモザイク画像” tile by Geospatial
Information Authority of Japan
Landsat8 image（GSI,TSIC,GEO Grid/AIST）, Landsat8 image
（courtesy of the U.S. Geological Survey）, seabed topography
（GEBCO）
https://cyberjapandata.gsi.go.jp/xyz/seamlessphoto/{z}/{x}/{y}.j pg
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Figure 38: Survey area of “Survey of Ocean Environment”

Survey areas were in IPCC Region “E.Asia (EAS)”.
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The coastal areas of the survey sites are human settlements where fishing and industrial activities take place. However, there are no specific point sources of mercury near the sites.


Target Species: The target species in the survey are shown in Table 5. The specific species name was unknown for some of the survey years, but it was considered that these were essentially the same species as those shown in Table **-1 or similar species.


Table 9. Target species of “Survey of Ocean Environment”


	
	Example Species (Latin name)
	Survey site
	Target organ

	Invertebrates

	Bivalves
	Mediterranean mussel (Mytilus galloprovincialis),
Purplish bifurcate mussel (Septifer virgatus)
	Sendai Bay, Tokyo Bay, Ariake Sea, Toyama Bay
	
Soft tissue

	Squids
	Japanese flying squid (Todarodes pacificus),
	Oyashio current area, Kuroshio current area,
	Liver




	
	
	East China Sea, Sea of Japan
	

	Crustaceans
	Red snow crab (Chionoecetes japonicus)
	Oyashio current area,
Sea of Japan
	Whole specimen excluding shell

	Fish

	Benthic Sharks
	Starspotted smooth-hound shark (Mustelus manazo)
Spotless smooth-hound shark (Mustelus griseus), North pacific Spiny dogfish (Squalus suckleyi)
	Sendai Bay, Tokyo Bay, Ariake Sea, Toyama Bay
	

Liver

	Cods
	Pacific cod
(Gadus macrocephalus)
	Oyashio current area, Sea of Japan
	Liver


OESG Scientific Report, 10 April 2026, Page 143 of 282


143

3897
3898
3899
3900
3901
3902
3903
3904
3905
3906

3907
3908
3909
3910
3911
3912
3913
3914
3915
3916
3917
3918
3919
3920
3921
3922
3923
3924
3925
3926

3927


Most samples were a mixture of a few individuals, so it was difficult to evaluate and standardize the concentration data based on sample size.




Temporal trend
The data of mercury plotted over date are shown in Figure 39.

3928
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Figure 39: Temporal trends of mercury


Although the number of data points for each survey site and year may have been limited, no significant trends were found during the survey. Mercury levels in marine species (bivalves, squids, crustaceans, benthic sharks, and cod) did not show major changes from 2000 to 2023.


Evaluation of Confidence:
The survey, sample collection, and chemical analysis were conducted in the same manner for each survey in the monitoring program. Fixed quality assurance/quality control (QA/QC) procedures were applied, including limit of detection (LOD) estimation and confirmation of repeatability and reproducibility. Thus, the survey and analysis were considered with high confidence. However, due to the limited number of samples and ancillary information, such as sample size, there may be uncertainty regarding the representativeness of the samples and their characteristics (size).


Information and Capacity Needs:
Long-term monitoring is valuable for illustrating regional situations and temporal trends. Providing information on other species, particularly those at different trophic levels, offers insight into thevaluable ecological contextsituation. Additionally, including ancillary information with the mercury data, such as sample size, will make the analysis more precise.



· Mercury Pollution from Artisanal Gold Mining in Madre de Dios, Peru: A cross‑media case and
source attribution study


- Description of the Case Study
Over the last 30 years, ASGM has deforested and degraded nearly 100,000 ha of high-biodiversity rainforest landscapes in the department of Madre de Dios, located in the southern Peruvian Amazon (Caballero Espejo et al., 2018), and created highly degraded landscapes that are pockmarked by thousands of hectares of mining ponds (Gerson et al., 2020). A 2018 study estimated that 181 tons of mercury are released to the region's waterways, soils, and air every year. As of this writing, Madre de Dios is considered the largest hotspot of ASGM activity and ASGM-related mercury pollution in Latin America (Cardo & Vargas, 2017).
This case study illustrates the causal link between mercury emissions from artisanal and small-scale gold mining (ASGM) activities—including amalgam burning in gold shops and mercury releases to soils and waters at mining sites—and elevated mercury in biota from aquatic and terrestrial ecossystems. The objective is to demonstrate how ASGM contamination manifests across environmental media, with implications for both biodiversity and human exposure.
Between 2017 and 2019, T=the Centro de Innovacion Cientifica Amazonica (CINCIA),  is a Peruvian non-profit scientific research centre, developed a framework to characterize the presence, magnitude, and spatial distribution of mercury pollution in and around ASGM sites. CINCIA focused on measuring mercury concentrations in biota, sediment, and air across an area that spanned more than 2,000 km2 to evaluate mercury levels in different environments and media across the region to identify Hg hotspots.
ASGM and control sites were identified based on the presence and distance of mining activities. Control sites were selected to have very similar features to the impacted sites, but without ASGM. The sites defined as ASGM sites were initially located in rural environments, such as mining ponds formed during mining activity and subsequently abandoned after the cessation of the activity.
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Mercury in abandoned mining ponds: sediment and fish
The methodology to assess mercury levels in mining ponds included fish muscle, collected in mining ponds located in different ASGM areas of the Madre de Dios region. Natura oxbow lakes without?, upriver mining activity were used as control sites.


Mercury around Mining ponds: Bird and bats
CINCIA's biomonitoring surveys were initially focused on fish because they were the predominant source of methylmercury dietary exposure for humans. However, it later expanded to include wildlife species, such as birds and bats, to develop a better understanding of the transfer of mercury along the food web (biomagnification) and the potential impact of mercury exposure on terrestrial biodiversity. In this case, bat fur and bird feathers from around Mining ponds and natural oxbow lakes were sampled for mercury analysis.


· Cross-media integration of observed levels/trends
· Mining Ponds Assessment. The results showed that all the biota matrix (fish muscle, bird feather and bat fur) evaluated in and around mining ponds (impacted sites) and oxbows lakes (control sites), showed similar trend: Mercury levels were consistently and significantly higher in biota from ASGM sites in comparison with control sites (fig1, 2 and 3). In birds, we reported the highest Hg level reported for bird feather in South America. We recorded in bats from ASGM sites the highest mercury levels in bat fur reported in the Neotropics. (Sayer et al 2023; Pisconte et al 2024; Portillo et al 2023).
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Figure 40. Mercury concentrations in fish: ASGM ponds vs. oxbow lakes (controls). The red dotted line is for WHO reference of 0.5 mg/Kg and the green one is EPA reference Level in fish of 0.3 mg/kg
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Figure 41. Mercury concentrations in bird feathers: ASGM ponds vs. oxbow lakes (controls).
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Figure 42. Mercury concentrations in bat fur: ASGM ponds vs. oxbow lakes (controls). The red dotted line shows the 10 mg/kg toxicity threshold for small mammals (Burton et al. 1977, Nam et al. 2012)


Taken together, these findings provide strong evidence of cross-media contamination, where mercury emissions from ASGM are simultaneously detectable in aquatic and terrestrial wildlife.


· Relevance to effectiveness evaluation
This case study is one of the few that directly examines mercury contamination from ASGM across multiple environmental matrices during the same time range in similar sites. The data provide clear evidence of how mercury from ASGM is distributed throughout mining regions and demonstrate the value of using cross‑media indicators to characterize contamination. While bottom sediment samples did not consistently differentiate between ASGM ponds and natural oxbow lakes, biota indicators told a different story: fish, birds, and bats in and around ASGM sites consistently showed significantly higher mercury concentrations than those from control sites, further confirming the breadth of ASGM’s impact across both aquatic and terrestrial systems.
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These findings are directly relevant to the Minamata Convention’s effectiveness evaluation, particularly under Article 7 (ASGM). They show that, despite ongoing national and international commitments, ASGM in Madre de Dios continues to release large amounts of mercury that are traceable across environmental media. This case underscores the urgent need to strengthen Peru’s National Action Plan on ASGM, tighten controls on mercury trade and use, and develop targeted hotspot monitoring that can provide measurable evidence of the Convention’s effectiveness.


· Gaps, Limitations and Recommendations
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While this case study provides clear evidence of cross‑media mercury contamination from ASGM, several important gaps and limitations should be acknowledged. The monitoring period, conducted between 2017 and 2019, was relatively short and may not fully capture longer‑term temporal trends. For example, sediment samples did not consistently differentiate between ASGM and control sites, likely reflecting time lags in mercury deposition. In addition, although mercury concentrations were measured in fish, birds, and bats, the study did not include direct human exposure assessments such as dietary surveys or biomonitoring of hair or blood. As a result, the link between observed environmental contamination and community health impacts remains indirect.
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Geographically, the study focused exclusively on Madre de Dios, which is the largest ASGM hotspot in Latin America but does not represent the full diversity of mining contexts across the Amazon Basin.
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These limitations point to several recommendations. Future work should expand biomonitoring to include human exposure pathways and extend geographic coverage to other ASGM regions in Peru and neighboring countries. Standardizing protocols across media would improve comparability across studies and strengthen regional assessments. Finally, the integration of isotope tracing into national mercury monitoring frameworks would provide a powerful tool to attribute sources more precisely and support enforcement of Minamata Convention commitments.

Key findings/messages

Across regional and local case studies (AMAP, Beluga Case Study, OSPAR/HELCOM, NOAA Mussel Watch, Great Lakes, Fennoscandia, Australian Derwent Estuary Program, Common Loon blood mercury study, Japan’s case study), mercury in biota exhibits different trends (stable, increasing, and decreasing trends), driven by a complex interplay of local ecology, food-web dynamics, species traits, climate influences, legacy contamination, biogeochemistry, and hydrodynamics. While mercury emission reductions provide benefits, biotic responses are delayed, often slow, uneven, and masked by legacy stores and ecological factors. Exceedances of health and environmental thresholds remain common in some systems.
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2.6 Humans
2.6.1 What data are available?
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The data submitted through the online data repository managed by BRI include 16 data sets of biomonitoring data from nine countries: Canada, Japan, Brazil (Amazon region), Lithuania, Arctic region (Canada, Faroe Islands, Iceland, Greenland, United States, Sweden, Russia). In total, 21 intend to submit forms have been received, and the countries that intended to but have not yet submitted their data are: Peruvian Amazon, Palau, Switzerland, Norway, Zimbabwe, Lithuania, and Japan. The data from the received datasets represent the period from 2000 to 2023. The data collected is described in Annex II. In summary, most of the data represent Indigenous and other Arctic populations, and Indigenous populations from the Amazon region. Two datasets received from Japan and Lithuania represent national human biomonitoring programs.
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In addition to data submission through the OESG template, a systematic literature search was conducted to collect all publicly available data on mercury exposure in various human populations across the globe published from 2018 onwards, to complement data collected for the Global Mercury Assessment 2018 by Basu et al.[1] Adopting the methodological approach described by Basu et al., the Web of Science database was screened for publications using the following keywords: (ALL=("mercury") OR ALL=("methylmercury") OR ALL=("methyl" AND "mercury") OR ALL=("MeHg")) AND (ALL=("blood") OR ALL=("hair") OR ALL=("urine")). The initial search resulted in 3,.288 records., Aafter selecting for only for articles and proceedings papers, there were we got 2,.980 papers remaining. FirstNext, the titles were screened and, after excluding non-human, in-vitro or cell lines research, analytical or modelling papers, papers dealing with poisoning events and blood pressure related studies (Hg-containing devices) and national human biomonitoring programs (HBMs) (collected separately), 1,.153 papers remained, which were further screened by reading through the abstracts. After excluding the papers following the same criteria as described above for title screening, we got 652 papers for the full review. From these, 273 were found eligible as cross-sectional studies. One additional study was later identified by one of the OESG group members and six more through the full papers review, so in total 280 papers were eligible and were included in the database. We Papers were excluded the papers that contained data collected before the year 2000, had a sample size <50, used inappropriate biomarker for Hg exposure, did not report measures of central tendency, or could not be retrieved, as well as papers whose data was already reported in the OESG template or included in GMA2018. Papers reporting data for 50 birth cohorts were identified and were included in a separate database. The flow diagram of the search is presented in Figure 1. To summarize the literature review, the data from the papers represent 62 countries, and cover the entire target time period – from 2000 to 2024.
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[1] Basu N., Horvat M., Evers D.C., Zastenskaya I., Weihe P., Tempowski J. A State-of-the Science Review of Biomarkers in Human Populations Worldwide between 2000 and 2018. Environmental Health Perspectives 126 (10), 2018.
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Within the 280 papers on cross-sectional studies we’ve identified 589 population groups were identified (with at least one biomarker), which were either not stratified or stratified by geographical region, age (life stage), type of environmental (contaminated vs. non-contaminated; industrial vs. rural, …) or year. There were 324 population groups classified as general (background) population, 104 as Indigenous (40 as Arctic and 64 as other), 55 as fish consumers, 42 living on contaminated sites (other than ASGM) and 41 in ASGM sites with direct exposure. There was only one study/population on dental workers, while 18 study populations on occupation exposure other than dental. Only three eligible studies were found on the Hg exposure in relation to cosmetics use. Most of the study groups from cross-sectional studies had Hg measured in whole blood (n=286), followed by hair (n=249), urine (n=144), and cord blood Hg measurement (n=16). Methyl Hg was measured in addition to total Hg in only 5% of studies.
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	4354
	

	4355
	Figure 1. Flow diagram of literature search for human biomonitoring data indicating the number of papers that

	4356
	were identified, screened, and included in the metadata file.

	4357
	Data collections for the national HBM programs were also obtained from different sources: 1) reports (United

	4358
	States), 2) publications (France, Republic of Korea, Spain), 3) Canadian Biomonitoring Dashboard (Canada), and

	4359
	4) European HBM dashboard (Belgium, Czech Republic, Germany). For Slovenia, the data on Hg have not been

	4360
	submitted through the OESG repository, as the laboratory analysis was completed just recently, and the national

	4361
	reporting is in progress. The data of the national programs span years from 2007 to 2024.

	4362
	The data from publications listed in the Annex II will be combined with the data identified and used in the last

	4363
	assessment by Basu et al. (2018) to form a common database for the current assessment within the Minamata

	4364
	Convention, which will be particularly useful to evaluate time trends and patterns for the general population

	4365
	(background exposure) from nationally representative data and alsoand in the most vulnerable population groups, e.g.

	4366
	Indigenous Arctic populations.
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	4367
	

	4368
	Figure 2. Number of studies or birth cohorts by countries. The map includes human biomonitoring data obtained

	4369
	through the OESG repository and literature search.

	4370
	2.6.2	What are current levels of THg observed in (blood, urine, hair) of (vulnerable

	4371
	sub-populations including Indigenous Peoples, highly exposed population

	4372
	(occupationally exposed at ASGM, non occupationally exposed at ASGM, use of

	4373
	skin lightening creams) and the general population - ) that are a) remote from

	4374
	anthropogenic sources (i.e. indigenous vs others) and b) at anthropogenic sources

	4375
	(highly exposed population; iHg, orgHg exposure)?

	4376
	Information Used (including applicable Indigenous and traditional knowledge):

	4377
	We used Aall available data described in the previous chapter was used: data from national HBM programs, data submitted

	4378
	through the OESG repository and data obtained through literature search.

	4379
	Methodology:

	4380
	For the purpose of the research question, the data of cross-sectional studies were classified according to the type

	4381
	of population as follows:

	4382
	1)  The general population (background exposure)

	4383
	2)  Fish consumers (further classified into consumers of: Inland fish, Marine fish, Marine mammals,

	4384
	Multiple)

	4385
	3)  Indigenous Peoples from Arctic regions

	4386
	4)  Indigenous communities from non-Arctic regions (further classified into riverside South American,

	4387
	First Nations, and Other)

	4388
	5)  ASGM communities with direct exposure to Hg vapour

	4389
	6)  Contaminated sites

	4390
	7)  Occupational exposure – dental workers

	4391
	8)  Occupational exposure – other

	4392
	9)  Skin-lightening cream users
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	4393
	Each population type was assigned a group based on the type of exposure:

	4394
	1)  BKGD: The general population (background exposure)

	4395
	2)  DIET: dietary exposure sources (Indigenous Peoples from Arctic regions, Indigenous non-Arctic

	4396
	communities away from direct exposure to Hg vapour (absence of ASGM practice), Fish consumers –

	4397
	includes non-indigenous or mixed populations)

	4398
	3)	POINT: direct exposure through Hg vapour in the ASGM areas, contaminated areas, and occupational

	4399
	exposure

	4400
	4)  FETUS: fetal exposure (regardless of the population type)

	4401
	5)  COSMETICS: skin-lightening cream users

	4402
	For each dataset the following information was collected either through the harmonized data template or from the

	4403
	scientific publications: country of the study, WHO and UN region, type of population (see above), year(s) of

	4404
	sampling, sex, age range, life stage (infant, toddler, child, teenager, adult), main source of Hg exposure (fish-

	4405
	marine, fish-inland, marine mammals, seafood other than fish, rice, mining-ASGM, mining-other, industry-non-

	4406
	mining, amalgam, cosmetics, multiple), primary source of Hg exposure (e.g. ASGM mining in fish-consuming

	4407
	riverside areas contaminated from ASGM), biomarker (whole blood, urine, hair, cord blood), Hg measured (Total

	4408
	Hg, Methyl Hg, Hg2, Hg0), unit of reported Hg concentrations, sample preparation method, detection method,

	4409
	QA/QC, central tendency metrics (median, geometric mean or mean), and upper bound (P75, P90, P95, or Max).

	4410
	For the purpose of harmonizing the reported levels on Hg exposure, in cases where whole blood Hg was not

	4411
	measured, but hair Hg was available, the latter were converted into whole blood levels (blood-equivalent levels)

	4412
	by dividing the hair Hg concentration in ng/g by 250 to obtain whole blood concentration in µg/L, but only in

	4413
	cases where no external contamination was expected. Although the ratio is known to be highly variable among

	4414
	individuals, it allows us to compare the levels among all population groups. The transformation was not applied

	4415
	in cases where exposure was known to occur via inhalation of mercury vapor. For transformation from cord blood

	4416
	to maternal whole blood levels, the concentration in cord blood was divided by 1.7.

	4417
	Answer/Response:

	4418
	The following plot (Fig. 3) shows median whole blood Hg levels by the population types described in the

	4419
	Methodology section above. Fish-consuming populations and Arctic Indigenous Peoples were further stratified

	4420
	by their main dietary source, while non-Arctic Indigenous populations were stratified by geographic region.
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[image: ]Figure 3. Distribution of median Hg blood or blood-equivalent levels levels across different population groups
(n) identified from Cross-sectional studies stratified by main groups of exposure: GENERAL (Background exposure), DIET (dietary sources of exposure, further classified into Fish consumers, Indigenous Arctic and other populations), POINT (point sources of exposure: ASGM, contaminated sites and occupational exposure). DIET group: in cases hair or cord blood Hg levels were the only biomarkers available, whole blood Hg was derived using a conversion factor of 250 and 1.7, respectively.
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Notes:
IO-Riverside S. America includes data from Brazil, Peru, Colombia, Suriname, Guyana IO-Other includes data from China, Kenya, New Zealand
IA-Arctic Marine mammals Include also one population from Faroese Islands
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Among non-occupationally exposed populations, the highest Hg levels were observed for riverside Indigenous communities from South America (Median = 19.6 µg/L; data from Brazil, Peru, Colombia, Suriname, Guyana). They were followed by fish-consuming populations whose main source of exposure is freshwater (inland) fish (Median = 7.3 µg/L), ASGM communities with direct exposure to Hg vapour (Median = 5.5 µg/L), and Arctic Indigenous Peoples consuming marine mammals (Median = 5.1 µg/L). A strong link to gold mining contamination was evident in the South American populations. Among riverside South American Indigenous communities, 86 % of study populations were reported to live on ASGM-contaminated sites. Furthermore, fish consumers whose main source of Hg exposure were freshwater (inland) fish were in majority from South American countries, and 61 % of these population groups were reported to reside in ASGM-contaminated areas (Fig. 4).


















	4442
	

	4443
	Figure 4. Distribution of median blood or blood-equivalent levels Hg levels in Indigenous and non-indigenous

	4444
	consumers of freshwater (inland) fish, by country. Note: ‘n’ refers to the number of distinct population groups.

	4445
	For each country, we indicated whether contamination from ASGM activities was identified in the paper/data

	4446
	source.

	4447
	Overall, the highest exposure levels were observed among Indigenous communities from Colombia, all of which

	4448
	were affected by ASGM mining. However, the levels shown in the figure should be interpreted with caution, as

	4449
	for most countries (except Brazil), the estimates are based on only a small number of studies, and some report

	4450
	arithmetic means, which are not appropriate for log-normally distributed biomarker data. Moreover, for many

	4451
	population groups, where the means/medians are reported for different villages, the sample size is often below 50.

	4452
	Figure 5 shows median hair Hg levels in freshwater fish consuming communities, either Indigenous or non-

	4453
	Indigenous from non-Arctic regions, stratified by reported ASGM contamination in the area. In cases of ASGM

	4454
	contamination, no direct exposure to Hg vapour was expected in these populations, but this can notcannot be completely

	4455
	excluded.

	4456
	Median Hg levels in Indigenous riverside communities being affected by ASGM contamination were 12 times

	4457
	higher than those of the other riverside Indigenous communities.
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[image: ]Figure 5. Distribution of median hair Hg levels in non-indigenous (fish consumers) and Indigenous riverside populations, by absence or presence of ASGM contamination, as identified in the reviewed publications.


	4461
	Among the ASGM communities with direct exposure to Hg vapours (important: dietary exposure via

	4462
	contaminated fish consumption is not excluded and may also contribute), most studies (12) were conducted in

	4463
	Colombia with 18 distinct population groups and median level of 6.4 µg/L in whole blood and 7.5 µg/L in urine

	4464
	(Fig. 6). Maximum levels were also reported for Colombia, namely 22.7 µg/L in whole blood and 26.9 µg/L in

	4465
	urine.
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[image: ]Figure 6. Distribution of median whole blood and urine Hg levels in ASGM communities, by country. Note: ‘n’
refers to the number of distinct population groups.
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Based on the above observations, in Table 1 we present all cross-sectional studies of Hg data that are relevant to ASGM activities: direct exposure through inhalation of Hg vapour, dietary exposure in Indigenous communities and dietary exposure in non-indigenous fish-consuming communities. According to Table 1, the most exposed on account to ASGM are Indigenous fish-consuming communities.
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Table 1. Total Hg concentrations in urine, whole blood and hair in different ASGM-related communities.

	Biomarker
	ASGM – direct exposure*
	n
	ASGM – dietary exposure Indigenous
	n
	ASGM – dietary exposure non-Indigenous
	n

	Urine	THg (µg/L)
	6.6
	25
	n.a.
	/
	n.a.
	/

	Blood	THg (µg/L)
	5.5
	22
	7.4
	1
	2.5
	6

	Hair THg (ng/g)
	1700
	37
	4900
	36
	1875
	18


*Dietary exposure also possible


These findings show that the highest Hg non-occupational exposures from the current literature review were associated with freshwater (inland) fish consumption and among the consumers the levels were the highest in Indigenous communities living in ASGM-contaminated areas.


In the following section (Fig. 7) we have looked into the Hg exposure levels for fish (and other seafood) consumers, who reside in the areas (presumably) free from ASGM contamination were evaluated. Despite the latter, the highest median and maximum levels were still observed for freshwater (inland) fish consumers, which mostly represent the South American riverside communities (see Fig. 4). Second largest median levels were observed for consumers of Marine mammals, which represent populations from the Arctic region (Indigenous Peoples from Canada and Greenland, and Faroese population). Exposure from marine fish consumption will be analysed further in the next version of the report.
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	4489
	

	4490
	Figure 7. Distribution of median blood or blood-equivalent levels Hg levels in Fish (or other seafood) consuming

	4491
	communities by main source of Hg (population groups with known ASGM contamination excluded). Note: ‘n’

	4492
	refers to the number of distinct population groups. Plot on the right also includes data from Birth cohort studies

	4493
	to ensure representativeness from all Arctic populations.

	4494
	In addition to data from cross-sectional studies, we also collected data from nationally representative HBM

	4495
	surveys. The Japanese national program was conducted for the first time in 2021-23 and shows markedly higher

	4496
	Hg exposure levels than other national data (Fig. 8). The nationally representative Japanese median is consistent

	4497
	with levels observed in fish-consuming populations identified in the literature, when restricted to adults (Median

	4498
	Hg in blood = 5.6 µg/L), and likely reflects exposure primarily through seafood consumption.
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[image: ]Figure 8. Median Hg levels in whole blood from the most recent available national HBM surveys.
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Table 1 lists all study populations identified in the literature search that were classified as occupationally exposed. The highest exposure was reported for Hg miners from Mexico, with median urinary Hg levels of 550 µg/g creatinine. Very high exposures were also observed among workers in thermometer and lamp factories in China, with median urinary levels of 150 µg/g crt. These were followed by chlorine production workers (median urine Hg = 40.7 µg/g crt) and fluorescent lamp production workers (median urine Hg = 20 µg/g crt). Other exposures were related to lead and tin smelting in India and China, for whom whole-blood mercury concentrations around 10 µg/L were observed.



4509
4510

Table 1. Hg exposure data for occupational exposure, presented by different activities as obtained from the literature review.


	
Country
	
Specific population
	
SEX
	
YEAR
	
Biomarker (Total Hg)
	
UNIT
	
Mean, median or GM
	
Type
	
n

	India
	Pb smelting workers
	M
	2003-04
	Whole blood
	µg/L
	9.60
	Mean
	127

	India
	Pb smelting executives
	M
	2003-04
	Whole blood
	µg/L
	8.92
	Mean
	121

	China
	Pb-Zn industry
	Both
	2022-23
	Whole blood
	μg/L
	4.18
	GM
	401

	China
	fluorescent lamp production workers
	Both
	2017-20
	Urine
	µg/g crt
	19.7
	Median
	530

	China
	thermometer and lamp factory: chronic Hg exposure
	Both
	2016
	Urine
	µg/g crt
	2.13
	Median
	40

	China
	thermometer and lamp factory: absorption group
	Both
	2016
	Urine
	µg/g crt
	150
	Median
	40

	China
	Tin Smelting Workers: comprehensive work
	Both
	2019
	Whole blood
	µg/L
	10.4
	GM
	62

	China
	Tin Smelting Workers: maintenance
	Both
	2019
	Whole blood
	µg/L
	10.3
	GM
	34

	China
	Tin Smelting Workers: primary smelting
	Both
	2019
	Whole blood
	µg/L
	9.04
	GM
	73

	China
	Tin Smelting Workers: refining
	Both
	2019
	Whole blood
	µg/L
	7.99
	GM
	49

	Mexico
	Mercury miners (mine "La Estrella")
	M
	2019
	Urine
	µg/g crt
	551
	Median
	34

	Poland
	Chlorine production factory workers
	M
	2016-17
	Urine
	µg/g crt
	40.7
	Median
	38

	Poland
	chloralkali workers
	M
	2015
	Whole blood
	µg/L
	6.06
	Median
	131

	Poland
	chloralkali workers
	M
	2015
	Urine
	µg/g crt
	11.8
	Median
	131



	4511
	Only 3 studies were identified that assessed Hg exposure associated with the use of skin-lightening creams. Of

	4512
	these, only one (conducted more than 20 years ago) measured Hg in whole blood and urine (Table 3). For the

	4513
	other two studies (one conducted in 2017 and one for which the study period was not reported), only hair Hg

	4514
	levels were available, which do not reliably reflect exposure from skin-lightening product use.

	4515
	Table 2. Hg exposure data for users of skin-lightening creams.



	Countr y
	Specific population
	Year
	Biomarke r (Total Hg)
	Unit
	Mean
	n

	China
	Users of a beauty cream cosmetic who contacted the Department of Health following a public announcement
	2002
	Whole blood
	µg/L
	17.1
	183

	China
	Users of a beauty cream cosmetic who contacted the Department of Health following a public announcement
	2002
	Urine
	µg/L
	45.2
	282



	4516
	Consistency of Answer with Existing Literature (especially the 2018 GMA):

	4517
	The median blood Hg levels stratified by basic population groups and exposure sources can be compared to the

	4518
	levels presented in the latest Hg exposure assessment by Basu et al (2018) (Fig 9). In general, some reduction in

	4519
	exposure can be observed, particularly for POINT and DIETARY exposure sources. Particularly, the exposure in

	4520
	Indigenous Peoples and ASGM communities seems to be somewhat lower, however, the non-Arctic Indigenous
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	4521
	communities still show high dietary exposure, which seems to be, to a large extent, a consequence of ASGM

	4522
	activities in South American countries, as described above (Figures 4 and 5). Consequently, also the exposure

	4523
	stratified by WHO regions additionally changed from the last assessment and is now the highest in ‘Americas’ region, on

	4524
	account of high levels in South American countries where ASGM is taking place.

















	4525
	

	4526
	Figure 9. Comparison of pooled median blood or blood-equivalent levels by basic population type between

	4527
	assessment in 2018 (Basu et al, 2018, left) and current assessment (right).

	4528
	The levels obtained through national HBM biomonitoring programs have not changed significantly from the last

	4529
	assessment (Fig. 9), except for the new nationally-representative data available for Japan, which shows markedly

	4530
	higher levels than other national data available (Fig. 8).

	4531
	Evaluation of Confidence:

	4532
	Several limitations can be noted, particularly for the highly exposed populations in remote areas:

	4533
	-	The data often relies on small sample size;

	4534
	-	In many cases arithmetic mean levels are reported instead of geometric mean or medians, which may

	4535
	overestimate the exposure estimates. Arithmetic mean in not appropriate in log-normally distributed data, as

	4536
	is the case for exposures to toxic elements;

	4537
	-	In ASGM settings, total mercury in hair may not be an optimal biomarker, because hair can be externally

	4538
	contaminated by airborne mercury in addition to reflecting dietary methylmercury uptake. In the absence of

	4539
	mercury speciation, it is therefore difficult to distinguish externally deposited from internally incorporated

	4540
	mercury.

	4541
	In order to increase the confidence of the data, we are currently:

	4542
	-	contacting the publication authors to provide us median or geometric mean levels for their study

	4543
	populations;

	4544
	-	checking the ASGM-related data with local collaborators in the OESG group, to distinguish with higher

	4545
	confidence between populations with direct exposure to Hg from ASGM activities and those that are exposed

	4546
	in-directly through fish consumption.

	4547
	Information and Capacity Needs:

	4548
	To be added in the next version.
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	4549
	2.6.3	How have levels of THg observed in (vulnerable subpopulations including

	4550
	Indigenous Peoples, general population) changed over the available record? Is

	4551
	there a change in the observed trends over the available record and how do those

	4552
	changes in trends compare to the timeline of the Minamata Convention? Locally,

	4553
	Regionally, Globally

	4554
	Information Used (including applicable Indigenous and traditional knowledge):

	4555
	For the purpose of this draft, we onlythe following were used:

	4556
	1)	Nationally-representative HBM data (national HBM programs), where monitoring was repeated over

	4557
	time.

	4558
	2) Regional data, repeated over time for the same population group (Nunavik region and central Sweden).

	4559
	Methodology:

	4560
	At this stage, the analysis is limited to visualization of mean mercury levels by year of study conduct, and therefore

	4561
	only includes datasets with repeated measurements over time.

	4562
	Answer/Response:

	4563
	The trends in total mercury concentrations in the adult population appear broadly stable after the year 2010. For

	4564
	example, Canada’s biomonitoring fact sheet on mercury reports that total mercury levels remained essentially

	4565
	unchanged between 2007–2009 (the first CHMS data collection period) and 2018–2019 (the most recent period

	4566
	for which data have been reported). Similar patterns are observed in other HBM surveys.















	4567
	

	4568
	Figure 10. Temporal data from available national HBM programs (ADULTS) by years of sampling.

	4569
	Regional temporal data is available for pregnant Indigenous women from the Arctic region of Nunavik and

	4570
	showed marked decrease in Hg exposure from year 2000 (Fig. 11, left). Gradual decrease can be observed also at

	4571
	lower levels of exposure, such as in the general population of Swedish primiparous women (Fig. 11, right).
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	4572
	

	4573
	Figure 11. Regional temporal data.

	4574
	Although national and regional human biomonitoring data generally indicate a decline or stabilization in mercury

	4575
	exposure, a more comprehensive analysis of time trends will be conducted using all available cross-sectional data

	4576
	to provide a more complete assessment of temporal patterns across different population groups and regions.

	4577
	Consistency of Answer with Existing Literature (especially the 2018 GMA):

	4578
	The time trends using nationally representative data have been re-produced from GMA 2018. The next version of

	4579
	the report will include a more comprehensive analysis of time trends using all available cross-sectional data across

	4580
	the globe.

	4581
	Evaluation of Confidence:

	4582
	To be added in the next version.

	4583
	Information and Capacity Needs:

	4584
	To be added in the next version.

	4585
	2.6.4	How do current levels of THg observed in (blood, urine, hair) of (vulnerable sub-

	4586
	populations and the general population) vary geographically at the global scale?

	4587
	Information Used (including applicable Indigenous and traditional knowledge):

	4588
	We used Aall available data described in the previous chapter were used: data from national HBM programs, data submitted

	4589
	through the OESG repository and data obtained through literature search.

	4590
	Methodology:

	4591
	For each dataset, the country of the study, the WHO and UN region were collected along with other information.

	4592
	Each study was located as accurately as possible based on the information provided by data providers (OESG

	4593
	template) or authors of the scientific publications. These locations were either wider regions within countries,

	4594
	towns, or villages. The location will be used to visualise the collected Hg levels on a global map, stratified by

	4595
	population types/exposure sources. Each study population was classified also according to the place of living

	4596
	(coastal - Atlantic, Pacific, Mediterranean, Arctic, other; inland - general; inland - river or lake).

	4597
	Answer/Response:

	4598
	In addition to Fig. 8, which shows median blood Hg levels by WHO regions, we stratified the levels also according

	4599
	to the UN regions. Among the UN Regions Latin America and Caribbean show almost 6-time higher exposure

	4600
	than other regions, which is on account of high levels observed in riverside communities of South America, largely

	4601
	affected by ASGM activities as described in the previous chapters.
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	4602
	Across the general (background) population, pooled median Hg concentrations in blood, urine, and hair were

	4603
	typically low, however, some variability can be observed according to the (geographical) place of living (Fig. 12).

	4604
	The median blood and blood-equivalent levels were higher in the populations residing in coastal regions than

	4605
	inland, which is most plausibly driven by dietary habits, particularly seafood and fish consumption.
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4606
4607
4608

4609



[image: ]Figure 12. Distribution of median Hg blood or blood-equivalent levels in the general (background) population by place of living. Medians of pooled data are indicated on the graph.


4610	Consistency of Answer with Existing Literature (especially the 2018 GMA):

4611	To be added in the next version.

4612	Evaluation of Confidence:

4613	To be added in the next version.

4614	Information and Capacity Needs:


4615

4616
4617
4618
4619

To be added in the next version.

2.6.5 How do current levels of THg observed in (blood, urine, hair) of (vulnerable sub-populations and the general population) compare to established national and international guidance levels associated with adverse effects on human health? Locally, Regionally, Globally


4620	Information Used (including applicable Indigenous and traditional knowledge): n.a.

4621	Methodology: n.a.

4622	Answer/Response: n.a.

4623	Consistency of Answer with Existing Literature (especially the 2018 GMA): n.a.

4624	Evaluation of Confidence: n.a.

4625	Information and Capacity Needs:
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4626
4627
4628

4629
4630
4631
4632

In order to be able to answer this question, we need internationally-established guidance values are needed. In addition, reporting of percentages of population above the available reference values/ health-based guidance level is needed.


2.6.6 How do the changes in the levels of THg observed in (blood, urine, hair) of (vulnerable sub-populations and the general population) between circa 2010 and the present compared to established national and international benchmark levels associated with adverse effects on human health? Locally, Regionally, Globally


4633	Information Used (including applicable Indigenous and traditional knowledge): n.a.

4634	Methodology: n.a.

4635	Answer/Response: n.a.

4636	Consistency of Answer with Existing Literature (especially the 2018 GMA): n.a.

4637	Evaluation of Confidence: n.a.

4638	Information and Capacity Needs:


4639
4640
4641

4642
4643
4644
4645

In order to be able to answer this question, we need internationally-established guidance values. In addition, reporting of percentages of population above the available reference values/ health-based guidance level is needed.


2.6.7 How are the changes in the levels of THg observed in (blood, urine, hair) of (vulnerable sub-populations and the general population) attributable to the mitigation measures influenced by the Convention? Locally, Regionally, Globally


4646	Information Used (including applicable Indigenous and traditional knowledge):


4647
4648
4649
4650
4651

Although in many regions and in nationally representative studies we are observing declining trends in Hg exposure, we have no evidence that the decline can be directly attributed to the mitigation measures influenced by the Convention. However, there have been case studies conducted regionally or locally that demonstrate a decline in exposure following certain measures or interventions. The three cases that can be used to answer the question are the following:


4652	1) Dental amalgam phase-out for children < 15 years (Slovenia)


4653
4654
4655
4656
4657
4658
4659
4660
4661
4662
4663
4664
4665
4666

Urinary mercury concentrations from four human biomonitoring (HBM) studies were analysed to assess the impact of dental amalgam phase-out measures on mercury exposure in Slovenian children aged 6–11 years. These studies included the EU 6th Framework project Public Health Impact of Mixed Element Exposure in Susceptible Populations (PHIME; 2007–2008), the EU Life+ project Demonstration of a Study to Coordinate and Perform Human Biomonitoring on a European Scale (DEMOCOPHES; 2011–2012), the EU 7th Framework project European Coordination Action on Human Biomonitoring (CROME; 2016), and the Second National Human Biomonitoring Program in Slovenia (SLO-HBM-II; 2018–2024). Children originated from 13 geographically distinct regions across the country, encompassing urban, rural, and potentially contaminated areas. The latter included the former Hg-mining town of Idrija and other regions affected by industrial activities. Parents completed standardized questionnaires in all studies. For this analysis, data on the presence (yes/no) and number of amalgam fillings, frequency of fish consumption (<1 per month vs. ≥1 per month), and basic child characteristics (age, sex, body mass index, BMI) were used. Urinary mercury (U-Hg) levels were analysed both as unadjusted concentrations (ng mL⁻¹) and creatinine-adjusted values (µg g⁻¹ creatinine). Differences between cohorts were assessed using non-parametric tests and regression models adjusting for age, sex, BMI, and residence area type. Associations between U-Hg


	4667
	levels and the presence/number of dental amalgams were examined using correlation analyses in both pooled and

	4668
	cohort-specific data. Temporal trends were evaluated with mixed-effects models that accounted for clustering by

	4669
	town and included key predictors such as amalgam status, fish consumption, urinary creatinine, residence area

	4670
	type and child characteristics. Interactions of year with amalgam and fish consumption were added to test

	4671
	hypothesized changes in contribution of exposure sources over time.

	4672
	Source: Usenik, V., Alilović Osolin, A., Snoj Tratnik, J. et al. Human biomonitoring in support of the Minamata

	4673
	Convention: a case of phasing out dental amalgam. Environ Health (2026). https://doi.org/10.1186/s12940-025-

	4674
	01255-7

	4675
	2) Dietary recommendations/interventions in the Arctic

	4676
	There are various dietary recommendations and interventions applied across Arctic regions, especially among

	4677
	Indigenous Peoples, which are all aimed at protecting health with encouraging the consumption of healthy

	4678
	traditional foods. Authorities prioritise trusted, locally-tailored communication that pairs the benefits of traditional

	4679
	diets (nutrition, part of cultural and spiritual identity, food security) with clear guidance on limiting high-

	4680
	contaminant foods and choosing safer alternatives (Krümmel et al., 2024). Traditional diets differ across the Arctic:

	4681
	marine mammals are central for many Indigenous Peoples in Alaska, Canada, Greenland, and far-eastern Russia,

	4682
	whereas terrestrial game is more prominent in Norway, Finland, Sweden, and western central Arctic Russia, while

	4683
	fish is a major component for both Indigenous and non-Indigenous populations in many Arctic areas (AMAP,

	4684
	2021). Although most Arctic dietary advisories are largely mercury-centred, they are in a few cases multi-

	4685
	contaminant in scope, incorporating PCBs, dioxins, and other pollutants when local evidence indicates risk.

	4686
	Dietary advice is commonly life-stage specific (especially for pregnant/breastfeeding women, women planning

	4687
	pregnancy, and children), location and species-specific (emphasising mercury in predatory fish and, where

	4688
	relevant, PCBs/dioxins and other pollutants in fish/game/sea mammals, etc.), and increasingly evidence-based via

	4689
	biomonitoring (e.g., Alaska’s hair Hg program) (Krümmel et al., 2024; Arnold et al., 2005). It is often

	4690
	communicated through practical tools, such as serving limits, “Best/Good/Avoid” lists, point systems, location-

	4691
	specific notices, etc., delivered by trusted sources (State of Alaska, 2020; Government of Canada, 2019;

	4692
	Government of Greenland, 2020; Bjerregaard & Mulvad, 2012; AMAP, 2015; Krümmel & Gilman, 2016;

	4693
	Icelandic Directorate of Health, 2018; Faroese Food and Veterinary Authority, 2011; Finnish Food Authority,

	4694
	2019). Nevertheless, important gaps remain in the formal evaluation of the success of risk communication

	4695
	strategies, as well as balancing risk reduction with cultural identity. Long-term success depends on targeted

	4696
	communication from trusted sources, developed in an equitable partnership approach with communities, and the

	4697
	availability of healthy food alternatives. However, it was found that communication of contaminant risk is a

	4698
	complex undertaking and not a sustainable solution to ensure low levels of contaminants in human populations.

	4699
	Regulations to lower contaminant levels in the environment are thus crucial. (Krümmel et al., 2024).

	4700
	Sources:

	4701
	AMAP, 2021. AMAP Assessment 2021: Human Health in the Arctic. Arctic Monitoring and Assessment

	4702
	Programme (AMAP), Tromsø, Norway. x+240pp

	4703
	AMAP, 2015. AMAP Assessment 2015: Human Health in the Arctic. Arctic Monitoring and Assessment

	4704
	Programme (AMAP), Oslo, Norway. vii + 165 pp.

	4705
	Arnold SM, Lynn TV, Verbrugge LA, Middaugh JP. Human biomonitoring to optimize fish consumption

	4706
	advice: reducing uncertainty when evaluating benefits and risks. Am J Public Health. 2005; 95(3): 393-397.

	4707
	Bjerregaard P, Mulvad G. The best of two worlds: how the Greenland board of nutrition has handled conflicting

	4708
	evidence about diet and health. Int J Circumpolar Health. 2012; 71(1): 18588.

	4709
	Faroese Food and Veterinary Authority. Dietary recommendation on the consumption of pilot whale meat and

	4710
	blubber. J No: 461-200800444-70. 2011 [cited 2025 Oct 14]. Available from:

	4711
	https://hfs.fo/webcenter/ShowProperty?nodeId=%2Fhfs2cs%2FHFS053891%2F%2FidcPrimaryFile&revision=l

	4712
	atestreleased
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	4713
	Finnish Food Authority. Safe use of fish. Date modified: 7 February 2019. 2019 [cited 2025 Oct 13]. Available

	4714
	from:  https://www.ruokavirasto.fi/en/foodstuffs/instructions-for-consumers/safe-use-of-foodstuffs/safe-use-of-

	4715
	fish/

	4716
	Government of Canada. Mercury in fish. Consumption advice: making informed choices about fish. Date

	4717
	Modified: 27 July 2024. 2024 [cited 2025 Oct 13]. Available from: https://www.canada.ca/en/health-

	4718
	canada/services/food-nutrition/food-safety/chemical-contaminants/environmental-

	4719
	contaminants/mercury/mercury-fish.html

	4720
	Government of Greenland. De 10 kostråd [The 10 dietary tips]. 2020 [cited 2025 Oct 13]. Available from:

	4721
	https://peqqik.gl/Emner/Livsstil/Kost/GodeRaadOmKost?sc_%20lang=da-DK

	4722
	Icelandic Directorate of Health. Nutrition - recommendations from the Directorate of Health. 2018 [cited 2025

	4723
	Oct 13]. Available from: https://island.is/en/nutrition-recommendations/naering-a-medgongu

	4724
	Krümmel EM, Boyd AD, Brandow D, et al. Updated review on contaminant communication experiences in the

	4725
	circumpolar Arctic. International Journal of Circumpolar Health. 2024; 83(1): 2371623.

	4726
	Krümmel EM, Gilman A. An update on risk communication in the Arctic. Int J Circumpolar Health. 2016;

	4727
	75(1): 33822.

	4728
	State of Alaska. Fish facts & consumption. 2020 [cited 2025 Oct 13]. Available from:

	4729
	https://health.alaska.gov/en/education/fish-facts/

	4730
	Weihe P, Bjerregaard P, Bonefeld-Jørgensen E, et al. Overview of ongoing cohort and dietary studies in the

	4731
	Arctic. International Journal of Circumpolar Health. 2016; 75:33803.

	4732
	Weihe P, Grandjean P. Cohort studies of Faroese children concerning potential adverse health effects after the

	4733
	mothers’ exposure to marine contaminants during pregnancy. Acta Veterinaria Scandinavica. 2012; 54:S7.

	4734
	3) Dietary intervention study: HBM4EU-Mom

	4735
	The HBM4EU-Mom study was a multicentre randomized controlled trial within the European Human

	4736
	Biomonitoring Initiative (HBM4EU), conducted in five coastal, high fish-consuming countries (Cyprus, Greece,

	4737
	Spain, Portugal, Iceland). It integrated human biomonitoring (HBM) with a dietary intervention, providing

	4738
	seafood-consumption advice to pregnant women to reduce methylmercury (MeHg) exposure, while also

	4739
	documenting other potential mercury sources. Pregnant women (≥120 per country) were enrolled during the first

	4740
	trimester (gestational age ≤20 weeks). They provided a baseline hair sample for total mercury (THg) determination

	4741
	and completed a questionnaire covering lifestyle, pregnancy status, pre- and during-pregnancy diet (including

	4742
	seafood), and potential non-dietary mercury exposures. Next, the women were randomly assigned to either a

	4743
	control group (that would continue their habitual practices) or an intervention group (that received harmonized

	4744
	HBM4EU-MOM dietary advice for fish consumption during pregnancy and were encouraged to follow it).

	4745
	Around the child's delivery, the women provided a second hair sample and completed another tailored

	4746
	questionnaire.

	4747
	Source: Katsonouri et al., 2023 (https://doi.org/10.1016/j.ijheh.2023.114213); HBM4EU-Mom Final Report

	4748
	Methodology:

	4749
	No particular methodology applied, as results from published papers/reports were used. Evidence was compiled

	4750
	from existing publications and official reports and summarized descriptively.

	4751
	Answer/Response:

	4752
	1) Dental amalgam phase-out for children < 15 years (Slovenia)

	4753
	Across Slovenian children studied between 2007 and 2024, dental amalgam use was consistently associated with

	4754
	higher urinary mercury (U-Hg), with the number of fillings showing a significant positive correlation with U-Hg

	4755
	(Spearman’s ρ = 0.315 and 0.340 for U-Hg in µg/L and in µg/g creatinine; both p < 0.001). Over this period,
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	4756
	median U-Hg concentrations declined markedly, from 0.76 ng mL⁻¹ in the 2007 PHIME cohort to 0.22 µg/L in

	4757
	the 2018–2024 SLO-HBM-II cohort, in parallel with a pronounced decrease in amalgam prevalence in children

	4758
	(from 65% to 3%) and in the mean number of fillings among carriers (from 3.02 to 1.85; Figure 13). In mixed -

	4759
	effects models, inclusion of amalgam variables (either as a binary indicator or as the number of fillings)

	4760
	substantially attenuated the calendar-year effect, suggesting that changes in amalgam use accounted for a large

	4761
	share of the observed temporal pattern in U-Hg. As amalgam exposure declined, fish consumption emerged as a

	4762
	relatively stronger predictor of U-Hg in more recent cohorts, reflecting a shift in the relative importance of

	4763
	exposure sources. Study-specific analyses confirmed this pattern, with amalgam effects strongest in the oldest

	4764
	study, PHIME, and fish consumption influence strongest in the most recent study, SLO-HBM-II. Children living

	4765
	in historically contaminated areas continued to show higher U-Hg, indicating the persistence of environmental

	4766
	background contributions alongside changes in dental-related exposure.

























	4767
	

	4768
	Figure 13. Urinary mercury concentrations and exposure-related characteristics in the recruited Slovenian

	4769
	children: urinary Hg (µg/L; median and interquartile range, left y-axis) and on the right y-axis, the percentage

	4770
	of participants with at least one dental amalgam and the percentages in low-, medium- and high-fish consumption

	4771
	groups by year (2007-2024).

	4772
	Taken together, these findings indicate that the phase-down of dental amalgam use has been accompanied by

	4773
	measurable reductions in children’s mercury body burden in Slovenia. Although residual amalgam exposure

	4774
	remains detectable, dietary sources now represent a relatively larger share of ongoing exposure. The results

	4775
	demonstrate the value of human biomonitoring for evaluating policy effectiveness, tracking shifts in exposure

	4776
	pathways, and informing further efforts to minimize non-essential mercury exposure in children.

	4777
	2) Dietary recommendations/interventions in the Arctic

	4778
	While there are still many regions of the Arctic with limited human biomonitoring data, levels of several POPs

	4779
	and metals are declining in the Arctic regions where time trend data exist, although not uniformly or consistently

	4780
	across regions (AMAP, 2021; Weihe et al., 2016). Multiple cohort studies in the Faroe Islands show that the levels

	4781
	of POPs and Hg are decreasing. This is most likely due to decreasing consumption of pilot whale meat, as the

	4782
	levels in pregnant women and children in the latest cohort are much lower than those observed in the first one

	4783
	(Weihe & Grandjean, 2012), while pilot whale levels have been continuously increasing (AMAP 2015, Krümmel

	4784
	and Gilman 2016). This serves as an example of how overall exposure trends can decline despite high

	4785
	environmental contaminant levels when messaging is consistent, culturally sensitive and supported by accessible,

	4786
	healthy food alternatives. However, the success in the Faroe Islands came at the cost of loss of cultural identity
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	4787
	(AMAP 2021), and healthy food alternatives are often not available in highly food insecure Indigenous

	4788
	communities.

	4789
	Due to the effects of colonization and a dominating impact of Western culture, most Arctic populations have

	4790
	experienced a transition towards imported and highly processed foods. Health effects of such transitions depend

	4791
	on the characteristics of the newly adopted food items and the extent to which the traditional diet is maintained,

	4792
	but a switch to highly processed store-bought foods has been mostly negative for Arctic Indigenous Peoples. It

	4793
	has led to a decline in nutrient levels associated with reduced traditional food intake, such as lower vitamin D

	4794
	(Alaska, Canada), omega-3 fatty acids (Greenland), and iodine (young women in Iceland and Norway). Health

	4795
	effects include hypovitaminosis (across the European North of Russia), rising obesity, metabolic disorders, and

	4796
	dental problems, which are linked to higher consumption of sugar-rich and processed products (AMAP, 2021).

	4797
	Reported benefits of the dietary change include a reduction in contaminant burdens (e.g., mercury in the Faroe

	4798
	Islands and Greenland), increased intake of dietary fibre (reported for Greenland and Norway), and fruit and

	4799
	vegetables (reported for Norway and Sweden – while still too low), as well as reduced trans-fat intake (as seen in

	4800
	Iceland). Policy and program responses have included communication and access initiatives to promote low-

	4801
	contaminant, nutrient-dense traditional foods (Canada, Greenland), food-handling education, vitamin D

	4802
	fortification/supplementation, and iodine fortification (Finland).

	4803
	Future efforts should prioritise reducing or eliminating environmental contaminants and promoting culturally

	4804
	grounded, contaminant-aware diets that highlight the benefits of traditional country foods, coupled with an

	4805
	adequate evaluation of the effectiveness of dietary advice. Cohort studies and biomonitoring programs remain

	4806
	essential for establishing time trends of contaminants, following populations with elevated levels, studying health

	4807
	effects and identifying contaminants of emerging Arctic concern.

	4808
	3) Dietary intervention study: HBM4EU-Mom

	4809
	Mercury levels in the hair of women participating in Phases 1 and 2 of the study are presented in Figure x. In both

	4810
	phases, the highest Hg levels in hair were observed in Portugal (GMs 1555 and 1368  ng/g, for Phase 1 and 2,	Comment by USG: Spell out first usage

	4811
	respectively), followed by Spain (902 and 721 ng/g), Greece (440 and 464 ng/g), Iceland (360 and 362 ng/g) and

	4812
	Cyprus (307 and 309 ng/g).

	4813
	The levels of Hg in hair were compared with the available health-based levels that were established to protect an

	4814
	unborn child against neurodevelopmental toxicity. The lowest cut-off value, established by Bellanger et al. (2013)

	4815
	(580 ng/g), was exceeded by approximately half of the participants in both Phases 1 and 2. The US EPA reference

	4816
	cut-off value of 1000 ng/g (NRC, 2000) was exceeded by approximately one third of participants in both phases.

	4817
	The value of 1800 ng/g established by EFSA (2012) was exceeded by 13% of the women in Phase 1 and 8% of

	4818
	the women in Phase 2. The value of 2300 ng/g, established by FAO/WHO (2004), was exceeded by 7% of the

	4819
	women in Phase 1 and 4% of the women in Phase 2.



[image: ]

4820
OESG Scientific Report, 10 April 2026, Page 171 of 282


171


	4821
	Figure 14. Distribution of Hg levels in hair (ng/g) of the HBM4EU-Mom study participants in Phases 1 (1st

	4822
	trimester of pregnancy) and 2 (after receiving dietary advice on fish consumption). CY=Cyprus; EL=Greece;

	4823
	ES=Spain; IS=Island; PT=Portugal

	4824
	Marked differences in exceedances of these cut-off values were observed between the countries. Portugal had the

	4825
	highest percentage of women exceeding the available cut-off values, followed by Spain, Greece, Iceland and

	4826
	Cyprus. Overall, a drop in the percentage of women exceeding the cut-off values was observed after following

	4827
	dietary advice (Fig. 15). The sharpest drop from Phase 1 to Phase 2 was observed in Spain.
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4829
4830
4831



Figure 15. Percentage of participants exceeding available health-based guidance values for Hg in hair of HBM4EU-Mom study participants in Phases 1 (1st trimester of pregnancy) and 2 (after receiving dietary advice on fish consumption).


4832	Consistency of Answer with Existing Literature (especially the 2018 GMA):

4833	To be added in the next version.

4834	Evaluation of Confidence:

4835	To be added in the next version.

4836	Information and Capacity Needs:

4837	To be added in the next version. 4838
4839
4840


	4841
	2.7 Soil

	4842
	2.7.1	What data are available?

	4843
	Soil data are available from Australia, Africa, Europe, New Zealand, North America, and South America (Figure

	4844
	1 and Appendix II). Due to the low coverage of the available data, we used countries or continents as specific

	4845
	regions and we did not use the IPCC regions. Submissions include measurements for total Hg in soil. Ancillary

	4846
	data for pH, carbon content, and percentage of clay, silt and sand are available for a very limited number of sites.

	4847
	Table 1 reveals a highly uneven distribution of available soil Hg data across continents and countries. North

	4848
	America, led by the United States, dominates with an exceptional 14,571 Hg sampling sites, indicating extensive

	4849
	monitoring efforts. Oceania follows, primarily due to Australia, which contributes 2,401 sites. In South America,

	4850
	Peru and Ecuador stand out with 733 and 561 sites, respectively, while other countries like Brazil and Argentina

	4851
	show modest data availability. Europe presents a large coverage but moderate dataset, with France (236), Germany

	4852
	(146), and Finland (130) among the most sampled. Africa remains underrepresented, with only Tanzania (2) and

	4853
	Uganda (3) reporting data. Asia appears largely absent from the dataset, suggesting significant gaps in Hg soil

	4854
	monitoring across the continent. This global snapshot highlights both the strengths and disparities in

	4855
	environmental Hg surveillance, emphasizing the need for expanded efforts in underrepresented regions.
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[image: ]Figure 1: Map showing the distribution of the available soil data.


Additional datasets with more recent soil Hg data from Europe (LUCAS database) as well as individual European monitoring program (e.g. Switzerland, Germany, Poland) were identified but could not be accessed. Existing data from monitoring programs in China, Canada and Peru either were not submitted or are pending data use authorization.
Table 1: World survey of Hg soil data



Continent	Country	Hg data 2025
Albania	4

Europe

Austria	34
Belgium	10

Croatia	26
Czech Republic	20
Denmark	10
Estonia	22
Finland	130
France	236
Germany	146
Greece	82
Hungary	27
Ireland	22
Italy	98
Latvia	16
Lithuania	30
Netherlands	15
New Zealand	4
Norway	116
Poland	112
Portugal	38
Slovakia	29
Slovenia	10
Spain	135
Sweden	102
Switzerland	19
United Kingdom	120
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Africa

Tanzania	2
Uganda	3

Argentina	4
Brazil	21

America

Ecuador	561
Peru	733
United States of America	14571 Venezuela		1

French Guiana	3
Oceania	Australia	24014864

4865
The datasets span different time periods depending on the region (Figure 2). For Latin America, data were
4866
submitted for Ecuador for the years 2012 to 2023 and a dataset from Peru was identified that spans from 2015 to
4867
2023. For Australia, available data covers the period from 2007 to 2009 (Figure 2). Publicly available data for
4868
Europe was accessed from the FOREGS Geochemical database and contains data for soil samples taken between
4869
1997 and 2001 from the following countries: Albania, Austria, Belgium, Croatia, Czech Republic, Denmark,
4870
Estonia, Finland, France, Germany, Greece, Hungary, Ireland, Italy, Latvia, Lithuania, The Netherlands, Norway,
4871
Poland, Portugal, Slovak Republic, Slovenia, Spain, Sweden, Switzerland and the UK. The publicly available data
4872
from the USA covers the period between 2007 and 2010. Limited data for Argentina, French Guyana, Brazil, New
4873
Zealand, Tanzania, Uganda and Venezuela was obtained from tables and supporting information presented in
4874
published scientific publications and spans from 1978 to 2020.
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Figure 2 : Years with available observations for soil.



2.7.2	What are current levels of THg and MMHg (and other species/fractions if applicable) observed in soil that are remote from or near anthropogenic sources?
Information Used (including applicable indigenous and traditional knowledge): Received (submitted) or acquired data from publicly available databases. Only THg was available.
Methodology: Both datasets for remote from or near anthropogenic sources were restricted to soil samples within the 0–10 cm to 0–30 cm depth intervals and excluded entries with missing or zero total Hg concentrations. In both cases, the reported limit of detection (LOD) was considered, with values of 0.005 ng Hg (absolute values – DMA) and 100 ng /g (ICP-MS)- Laboratory quality documentation was reported as “ISO/IEC 17025”, “EPA Method 200.7”, or “Not Available”. Common sample preparation methods included sieving prior to analysis and chemical digestion using hydrochloric acid, nitric acid, aqua regia, as well as direct analysis without digestion. THg detection methods overlapped substantially, with both datasets reporting CV-AAS, ICP-MS, and DMA.



4890
4891
4892
4893
4894
4895
4896
4897

However, key differences exist. The anthropogenically influenced dataset comprises samples collected between 2007 and 2022, reflecting areas impacted by human activities, and standardized sieving to <2 mm. In contrast, the non-influenced dataset spans a broader temporal range from 1978 to 2023, includes sieving sizes from 0.075 mm to 2 mm, and represents soils with no recent anthropogenic impact. Additionally, the non-influenced dataset recorded an extra detection technique (CVAFS) not present in the influenced dataset. Finally, while both datasets were filtered to retain the most recent year with at least five observations, the broader historical coverage of the non-influenced dataset reflects its inclusion of legacy and modern records, contrasting with the more contemporary focus of the anthropogenically influenced dataset.


	4898
	Answer/Response: This question can only be partially answered since the data collected does not consistently

	4899
	label the sampling points as either remote or anthropogenically influenced and the distance to potential point

	4900
	sources are missing. Also, the data used is not homogenous (see “Methodology” above). Nonetheless, Ecuador

	4901
	and the United States show elevated Hg levels that are primarily associated with industrial and large-scale mining

	4902
	activities, with Ecuador showing the highest concentrations among the countries analyzed (Figure 3 and 4). Peru,

	4903
	influenced by artisanal and small-scale gold mining (ASGM activity), presents intermediate Hg levels, reflecting localized

	4904
	contamination.
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[image: ]Figure 3: Current levels of THg in soils in non-anthropogenically influenced soils
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	4907
	

	4908
	Figure 4: Current levels of THg in soils in anthropogenically influenced soils

	4909
	Consistency of Answer with Existing Literature (especially the 2018 GMA): There is only one study, in

	4910
	Europe, that has addressed this question on a large scale, to the best of our knowledge (Ballabio et al., 2021).

	4911
	There, the top 1% of the measured Hg concentrations (> 492 μg kg−1) were classified as likely outliers

	4912
	corresponding to sites subject to geogenically enriched bedrock or topsoil Hg contamination (42% of these could

	4913
	be associated with known mining sites). There are likely many small individual studies on soils impacted by large

	4914
	and small-scale mining or other anthropogenic activities that might be useful to answer this question but collecting

	4915
	and analysing such data would represent a huge logistical challenge that is currently not possible with the available

	4916
	human resources.

	4917
	Evaluation of Confidence: While the current dataset provides limited but valuable insights into THg

	4918
	concentrations in soils near anthropogenic sources, it is important to recognize that differences in soil types, land

	4919
	use, and the nature of human activities across countries limit the ability to draw statistically significant

	4920
	comparisons. Furthermore, as highlighted in “Methodology”, above, the datasets are not rigorously homogenous

	4921
	(depth, sieving etc.). Finally, only very few datasets were available.

	4922
	Information and Capacity Needs: Collection of data that systematically records the anthropogenic source,

	4923
	type and distance are necessary as well as homogenous data using similar sampling and sample preparation

	4924
	schemes.

	4925
	2.7.3	How have levels of THg and MMHg (and other species/fractions if applicable)

	4926
	observed in soil changed over the available record?

	4927
	Information Used (including applicable indigeous and traditional knowledge): Received (submitted) or

	4928
	acquired data from publicly available databases. Only THg was available.

	4929
	Methodology: The evaluation of THg concentrations in soil was based on country, continent, year, and sample

	4930
	counts. The anthropogenically influenced dataset spans 2007–2022, includes Ecuador, Peru, United States of

	4931
	America with a total of 7,936 samples, all from the American continents. The non-influenced dataset spans

	4932
	1997–2023 and includes Australia, Austria, Belgium, Brazil, Croatia, Czech Republic, Denmark, Ecuador,

	4933
	Estonia, Finland, France, Germany, Greece, Hungary, Ireland, Italy, Latvia, Lithuania, Netherlands, New
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	4934
	Zealand, Norway, Peru, Poland, Portugal, Slovakia, Slovenia, Spain, Sweden, Switzerland, United Kingdom,

	4935
	United States of America, located across Oceania, Europe, and America, with a total sample counts per

	4936
	continent of 6,921 for America, 1,600 for Europe and 2,400 for Oceania.

	4937
	Sampling depths included 0–10 cm, 0–20 cm, 0–30 cm, and below 30 cm. Sieving sizes ranged from 0.075 mm

	4938
	to 2.0 mm. Reported detection limits (LOD) ranged from 0.005 to 100 ng Hg. Sample digestion or extraction

	4939
	methods were hydrochloric acid, nitric acid, and aqua regia. Hg detection methods included Direct Mercury

	4940
	Analysis (no digestion), CV-AAS, CV-AFS, and ICP-MS. Laboratory quality management systems were

	4941
	reported as “ISO/IEC 17025”, “EPA Method 200.7, Rev.4.4”, or “Not Available”.

	4942
	Answer/Response: This question is difficult to answer for soils since soils are not typically sampled periodically.

	4943
	Also, any change in soil concentrations are happening over long periods of time while the data we collected

	4944
	represents short time periods for each dataset (Figure 2).

	4945
	Across non-anthropogenically influenced soils compiled in the available dataset, THg levels show no consistent

	4946
	temporal decline. This might be due to a shift in the geographical origin of the available data through the years

	4947
	although we cannot exclude that the reduction of Hg emissions is not (yet) reflected in soils which are large Hg

	4948
	reservoirs. Before 2013, the record is dominated by Australia and the United States, with low background levels

	4949
	(~15–30 μg kg−1), while post- 2013 data come mainly from Andean–Amazon countries (Ecuador, Peru), where

	4950
	natural and legacy Hg levels are higher (~70–100 μg kg−1). This geographic change inflates the apparent global

	4951
	median after 2013, and makes any statistical data treatment very difficult. Europe and Africa remain vastly

	4952
	underrepresented whereas Oceania shows stable low values with sparse recent data.

	4953
	Consistency of Answer with Existing Literature (especially the 2018 GMA): To be added

	4954
	Evaluation of Confidence: Low due to short time periods for each dataset. Differences in soil types, land use,

	4955
	and the nature of human activities across countries/datasets limit the ability to draw statistically significant

	4956
	comparisons. Furthermore, as highlighted in “Methodology”, above, the datasets are not rigorously homogenous

	4957
	(depth, sieving, etc..). Finally, only very few datasets were available.	Comment by USG: Redrafting for enhanced clarity suggested

	4958
	Information and Capacity Needs: A dedicated monitoring program with consistent sampling and analyses

	4959
	over a decadal time scale for a small number of representative background sites would be necessary to

	4960
	adequately address this question.

	4961
	2.7.4	How do temporal trends of Hg levels observed in soils compare to or co-vary

	4962
	with variations and trends of related pollutants or environmental variables over

	4963
	the available record? (TOC, SOM, DOC, TSS)?

	4964
	This question cannot be answered with the available data.

	4965
	Consistency of Answer with Existing Literature (especially the 2018 GMA): There does not seem to be any

	4966
	existing literature on the topic., to the best of our knowledge.

	4967
	Information and Capacity Needs: Ssame as 0.8.3:, a monitoring program with consistent sampling over time

	4968
	(decadal time scale) for a few selected sites would allow to answer this question.

	4969
	2.7.5	How do THg and MMHg levels (and other species/fractions if applicable) co-

	4970
	vary temporally in soils?

	4971
	This question cannot be addressed since no data was submitted or available for MMHg.

	4972
	Consistency of Answer with Existing Literature (especially the 2018 GMA): Compared to sediments and

	4973
	waters, there are relatively few studies on the levels and production pathways of MMHg in natural soils. These

	4974
	studies are usually carried out on permanently or periodically flooded soils, as suboxic and anoxic conditions are

	4975
	more conducive to Hg methylation, with a focus lately on the northern regions due to increasingly warmer and

	4976
	thawing conditions (St. Pierre et al., 2015; Yang et al., 2016; Olson et al., 2018; Fahnestock et al., 2019; Tarbier

	4977
	et al., 2021; Varty et al., 2021). Despite their limited number, they indicate that MMHg concentrations and

	4978
	contribution to THg (%MMHg) can be highly fluctuateing across seasons, i.e., concentrations can vary by several

	4979
	orders of magnitude and contribution to THg from 0 up to 10 %, depending on soil depth/horizons, temperature,

	4980
	redox conditions, composition of bacterial communities, electron donors and acceptors, and Hg availability. Alternatively,On

	4981
	the other hand, the literature on Hg methylation in contaminated soils is more extensive, though largely focused

	4982
	on floodplain and paddy soils (O’Connor et al., 2019; Zhao et al., 2020). MMHg levels at contaminated sites are

	4983
	usually higher due to a larger pool of Hg being available for transformations but they are also largely fluctuating.
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	4984
	Therefore, it is unlikely that a general temporal relationship would be uncovered between HgT and MMHg in

	4985
	soils globally even if such data would be available.

	4986
	Information and Capacity Needs: Monitoring programs including MMHg measurements are missing as they

	4987
	are cost and time intensive. This would be potentially possible for specific/representative selected sites.

	4988
	2.7.6	How do THg and MMHg levels (and other species/fractions if applicable) found

	4989
	in soils differ by world regions?

	4990
	Information Used (including applicable indigenous and traditional knowledge): Received (submitted) or

	4991
	acquired data from publicly available databases. Only THg was available.

	4992
	Methodology: Available data ranged from 1978 to 2023. Sampling depths included 0–10 cm, 0–20 cm, 0–30 cm,

	4993
	and below 30 cm. Sieving sizes ranged from 0.075 mm to 2.0 mm. Reported detection limits (LOD) were 0.005

	4994
	ng Hg (Absolute value value-DMA), 0.01 ng Hg (Absolute value - DMA), and 0.1 (CVAAS), 1 (CVAAS), 10

	4995
	(CVAAS), and 100 (ICPMS) ng g-1. Sample digestion or extraction methods were hydrochloric acid, nitric acid,

	4996
	and aqua regia. Hg detection methods included Direct Mercury Analysis (no digestion), CV-AAS, CV-AFS, and

	4997
	ICP-MS. Laboratory quality management systems were reported as “ISO/IEC 17025”, “EPA Method 200.7,

	4998
	Rev.4.4”, or “Not Available”.
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[image: ]Figure 5: Distribution of THg concentrations in America and Africa. Note that due to the number of data points available, the ranges for each continent are not representative but rather illustrative.
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	5002
	

	5003
	Figure 6: Distribution of THg concentrations in Europe and Oceania. Note that due to the number of data points

	5004
	available, the ranges for each continent are not representative but rather illustrative.

	5005
	Answer/Response: The analysis of THg concentrations in soil across continents, based on available data, provides

	5006
	a valuable snapshot of the global state of Hg levels (Figure 5 and 6). It should be noted that due to the low number

	5007
	of data points available, the ranges for each continent are not representative but rather illustrative. America and	Comment by USG: Need greater specificity - N. America, S. America, the USA, the Americas?

	5008
	Europe show the highest concentrations and variability, with notable outliers in countries such as the USA and

	5009
	several European countries. Africa presents the lowest and most consistent levels, while Oceania, particularly

	5010
	New Zealand, shows moderate to low concentrations with fewer anomalies. Although these patterns suggest

	5011
	regional differences, no concrete answer can be given; rather, the available data indicates trends that merit further

	5012
	investigation. Given the time span and global coverage of the dataset, this evaluation serves as a baseline for future

	5013
	monitoring, emphasizing the importance of identifying key indicators and regions for continued observation and

	5014
	scientific assessment.

	5015
	Consistency of Answer with Existing Literature (especially the 2018 GMA): In addition to the extensive

	5016
	datasets for the US and Australia, there are large- scale studies covering Europe and China (data not available for

	5017
	this report) that can help answer the question. The average ± SD topsoil Hg concentration in Europe (0 – 20 cm)

	5018
	was 55.4 ± 4.9 μg kg−1 while the median was 23.3 μg kg−1 with an inter-quartile range of 35.7 μg kg−1 (Ballabio

	5019
	et al., 2021). Higher concentrations were found in forested soils compared to other land uses (at the exception ofexcluding 
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	5020
	contaminated soils). A north-south gradient was also noted due to different types of vegetations, normalized

	5021
	difference vegetation index (NDVI), and soil organic carbon content. This is consistent with data from the US

	5022
	where the mean ranges from 17 to 87 μg kg−1 (median from 11 - 73 μg kg−1) in the top 5 cm, depending on the

	5023
	land cover or ecoregions (Olson et al., 2022). No such detailed analysis about land cover or ecoregions has been

	5024
	conducted for the Australian dataset where the average Hg concentration is 30 ± 18 μg kg−1 (Reimann and de

	5025
	Caritat, 2017; Schneider et al., 2023).

	5026
	Evaluation of Confidence: Low due to limited data available.

	5027
	Information and Capacity Needs: Data gaps remain across many regions of the world. Also, there is a critical

	5028
	need to establish consistent sampling, analysis and reporting protocols so data can be compared across regions.

	5029
	2.7.7	How do temporal trends in THg and MMHg (and other species/fractions if

	5030
	applicable) found in soils differ by world regions?

	5031
	The available data does not allow us to address this question.

	5032
	Consistency of Answer with Existing Literature (especially the 2018 GMA): There does not seem to be any

	5033
	existing literature on the topic., to the best of our knowledge.

	5034
	Information and Capacity Needs: Data gaps remain across many regions of the world. Also, there is a critical

	5035
	need to establish consistent sampling, analysis and reporting protocols so data can be compared across regions.

	5036
	2.7.8	How do THg and MMHg levels (and other species/fractions if applicable) found

	5037
	in soils differ by watershed land cover or land use?

	5038
	The available data does not allow us to address this question as land cover/use are not consistently or not at all

	5039
	reported.

	5040
	Consistency of Answer with Existing Literature (especially the 2018 GMA): Beyond the distance to

	5041
	anthropogenic activities and the presence of lithogenic Hg, the presence of vegetation, especially forest, is a

	5042
	critical factor to explain the concentrations of Hg in soils (Ballabio et al., 2021; Obrist et al., 2016; Wang et al.,

	5043
	2019; Zhang et al., 2020). This is because plants act as a biological pump for atmospheric Hg (Jiskra et al., 2018;

	5044
	Obrist et al., 2017), absorbing elemental Hg through leaves' stomata and sequestering it under its oxidized form.

	5045
	This Hg is then transferred to soils during litterfall, which represents one of the largest fluxes in the Hg cycle and

	5046
	the largest sink for atmospheric Hg (Wang et al., 2016; Zhou et al., 2021; Zhou and Obrist, 2021). Therefore, Hg

	5047
	concentrations in soils under forests is usually twice as high as in other land use/cover (Almeida et al., 2005;

	5048
	Lacerda et al., 2004; Gamby et al., 2015; Ballabio et al., 2021; Olson et al., 2022) but it can largely vary depending

	5049
	on the ecosystem, type of vegetation and land-use considered.

	5050
	Information and Capacity Needs: A clear reporting and categorization of land-use and land cover is needed

	5051
	for future monitoring programs for terrestrial ecosystems.

	5052
	2.7.9	How do THg and MMHg levels (and other species/fractions if applicable) co-

	5053
	vary spatially in soils?

	5054
	This question cannot be addressed since no data was submitted or available for MMHg.

	5055
	Consistency of Answer with Existing Literature (especially the 2018 GMA): As mentioned in 0.8.5, very few

	5056
	studies on MMHg levels in soils are available, especially at large scale so it is difficult to answer this question. A

	5057
	positive relationship between THg and MMHg has been reported in one case (St. Pierre et al., 2015). However,

	5058
	since it is the "bioavailable fraction" of THg (and not THg per se) that is the required substrate for methylation

	5059
	process, it is unlikely that such a relationship would be found over a wide range of conditions, even if data would

	5060
	be available. Such relationship was nonetheless previously evidenced in sediments and waters of various

	5061
	ecosystems, see e.g. Cossa et al. (Cossa et al., 2014), which demonstrates the importance of THg as the substrate

	5062
	for the reaction even if other parameters are also important.

	5063
	Information and Capacity Needs: same as 0.8.5 above, monitoring programs including MMHg measurements

	5064
	are missing but perhaps possible for specific/representative sites.
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	5065
	2.7.10 How do spatial trends of Hg levels observed in soils compare to or co-vary with

	5066
	variations and trends of related pollutants or environmental variables over the

	5067
	available record? (TOC, SOM, DOC, TSS)?

	5068
	Information Used (including applicable indigeousindigenous and traditional knowledge): Received (submitted) or

	5069
	acquired data from publicly available databases. The dataset included variables such as sampling depth (cm),

	5070
	sieving size (mm), individual THg concentration (ng/g), pH, organic carbon (%), clay (%), silt (%), sand (%),

	5071
	electrical conductivity (dS/m), and cation exchange capacity (cmol+/kg).

	5072
	Methodology: To assess the co-variation of THg with other environmental variables, only the data from

	5073
	America and Europe were compiled due to data availability for correlations. Sampling depths considered were

	5074
	0–10 cm and 60–80 cm, representing surface and subsurface layers. Sieving was applied prior to analysis using

	5075
	the following classes: 0.075 mm, 0.25 mm, 0.5 mm, 1.0 mm, and 2.0 mm. These data were used to evaluate

	5076
	relationships between THg concentration and soil attributes using common statistical approaches.

	5077
	Answer/Response: In both America and Europe, correlations between Hg and variables such as pH, Clay (%),

	5078
	Silt (%), Sand (%), Electrical Conductivity (EC), and Cation Exchange Capacity (CEC) were generally weak or

	5079
	negligible (Figure 6). Only Europe showed a modest positive correlation between Hg and Organic Carbon (%) (r

	5080
	= 0.23), suggesting a limited role of organic matter in Hg retention. In contrast, the American dataset, which

	5081
	includes data from Ecuador and Peru, reflects diverse soil conditions and anthropogenic influences that likely

	5082
	contribute to the absence of clear correlations. These findings highlight that, while temporal analysis is not feasible,

	5083
	the available data allows for some regional comparison of Hg covariation with key soil properties.























	5084
	

	5085
	Figure 6: Covariance analysis of THg and relevant soil properties.

	5086
	Consistency of Answer with Existing Literature (especially the 2018 GMA): Many previous studies have

	5087
	found various relationships, at the local and up to continental scale, between THg and soil physico-chemical

	5088
	parameters, such as texture, CEC, elemental content andbut especially with soil organic matter (Schuster et al., 2018;

	5089
	Zhang et al., 2020; Tarbier et al., 2021) as Hg presents strong affinity to reduced sulfur associated to organic

	5090
	matter (Skyllberg et al., 2006). However, there are marked differences between temperate and (sub)arctic soils on

	5091
	one hand and tropical soils on the other one. Positive (but often weak) relationships between THg and SOM are

	5092
	usually found in surface soils from temperate and (sub)arctic ecosystems. However, these relationships remain to

	5093
	a certain SOM level, above which the supply of Hg is limiting. On the other hand, in deeper mineral horizons of

	5094
	tropical forest soils, positive relationships are usually found with pedogenic oxides, to which Hg is associated

	5095
	since the organic matter content is very low in these soil layers (Grimaldi et al., 2008; Guedron et al., 2009; Roulet

	5096
	et al., 1998).

	5097
	Evaluation of Confidence: Low since very few datasets were available. The lack of available data on related

	5098
	pollutants or environmental variables limits the ability to draw statistically significant comparisons.

	5099
	Furthermore, as highlighted in “Methodology”, above, the datasets are not rigorously homogenous (depth,	Comment by USG: Comment as above. Are the datasets not rigorously homogenous ‘due to difference in sample’ depth, sieving etc? 

	5100
	sieving etc..).


OESG Scientific Report, 10 April 2026, Page 183 of 282


183


	5101
	Information and Capacity Needs: Hg concentrations in soils depend on soil physico-chemical parameters on

	5102
	one hand but also largely on Hg inputs (wet and dry) on the other one. As the relative importance of sources vs.

	5103
	retention has not been clearly established (yet), it is not obvious if focusing on soil parameters is key to understand

	5104
	and predict Hg concentrations at the moment.

	5105
	2.7.11 Key findings: Soil Hg observations

	5106
	The available data was very sparse except for the USA and Australia, and the available datasets covered different

	5107
	periods, making comparisons and interpretations very difficult. No sites were sampled over time preventing any

	5108
	evaluation of temporal trends and no MMHg data was available.

	5109
	A clear difference between background and anthropogenic levels was difficult to establish with the available data

	5110
	due to the intrinsically high spatial variability of soil THg.

	5111
	THg levels in soils seem to be regulated by the presence of soil organic matter on the surface and/or the presence

	5112
	of metallic oxides (e.g. iron or manganese oxides) at depth but the relationships observed can strongly vary.
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	5205
	2.8 Sediment Cores

	5206
	2.8.1	What data are available?

	5207
	The lake sediment core archive has global geographic coverage, with core data from every continent (Figure

	5208
	20). Of the 446 cores compiled, the majority (390 cores, 87%) were collected from the Northern Hemisphere,

	5209
	primarily from Canada (182 cores, 40.8% of the total), the USA (161 cores, 36%), and China (20 cores, 4.5%)

	5210
	(Figure 21). Cores from the Tropics (defined as between -30° and +30° latitude) accounted for 10.5% of the

	5211
	dataset (47 cores), with the majority originating from Brazil (13 cores) and Peru (5 cores). The Southern

	5212
	Hemisphere contributed the fewest cores (9 cores, 2%), with samples from Argentina (3 cores), New Zealand (3

	5213
	cores), Australia (2 cores), and the South Shetland Islands (1 core) (Figure 22). Ancillary measurements for

	5214
	other environmental variables, such as Total Organic Carbon (TOC), aluminum (Al), and percent loss on

	5215
	ignition (%LOI) are available for most of the cores.
























	5216
	

	5217
	Figure 20. A map showing the distribution of the available data for sediment cores.

	5218
	From the total 446 cores, 339 were collected from lakes, 28 from coastal regions and mangrove estuaries, and 19

	5219
	from reservoirs. A total of 347 cores (77.8%) were collected from locations without a known nearby

	5220
	anthropogenic source, while 99 cores (22.2%) were influenced by local industry. Cores collected from

	5221
	extremely remote regions—where no human settlements or infrastructure, including roads or rudimentary

	5222
	camps, were present—represented 168 cores (37.7%) of the dataset. In contrast, cores collected from areas

	5223
	within dense human settlements, characterized by buildings, roads, and agricultural activities, accounted for 52

	5224
	cores (11.7%).

	5225
	The dataset was compiled from publicly available data sourced from 110 peer-reviewed journal articles,

	5226
	government reports, and thesis publications. An additional 86 publications that reported mercury concentrations

	5227
	in dated lake sediment cores were identified but not included because the raw data was not publicly available.
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Figure 21. Number and length of peat cores from impacted (purple) and unimpacted (light green) areas; sediment cores from impacted (red squares) and unimpacted (yellow) areas; and tree rings from impacted (red circles) and unimpacted (green circles) areas from Asia, Europe, and North America.
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	5241
	

	5242
	Figure 22. Number and length of peat cores from impacted (purple) and unimpacted (light green)

	5243
	areas; sediment cores from impacted (red squares) and unimpacted (yellow) areas; tree rings from

	5244
	impacted (red circles) and unimpacted (green circles) areas from South and Central America, Africa

	5245
	and Oceania. Number and length of ice cores from Antarctica.

	5246
	2.8.2	What are the current levels of THg and MMHg (and other species/fractions if

	5247
	applicable) observed in sediment cores that are remote from or near

	5248
	anthropogenic sources?

	5249
	Information Used. To assess current THg levels (measured as concentrations and fluxes), lake sediment core

	5250
	data representing the time period 1990–2020 was used. The Hg concentration dataset (μg g⁻¹) includes 396 lake

	5251
	sediment cores from 96 published references globally, with 71% (281 cores) from North America and 29% (114

	5252
	cores) from watersheds with known anthropogenic Hg sources (Figure 1). The Hg flux dataset (μg m⁻² yr⁻¹)

	5253
5254
5255
	includes 467 cores from 109 published references, with 70% (329 cores) from North America and 24% (113 cores) from	impacted	watersheds	(Supplemental	Figure	1).

	5256
	Methodology. To assess current Hg levels, THg concentrations (μg g⁻¹) and/or THg fluxes (μg m⁻² yr⁻¹) measured

	5257
	in the top sediment horizons and corresponding to the period 1990–2020 were examined. THg fluxes represent

	5258
	the rate of Hg deposition to the lake bottom originating from atmospheric deposition and catchment inputs. They

	5259
	are calculated as the product of Hg concentrations and sediment mass accumulation rates (g cm⁻² yr⁻¹) and have

	5260
	been proven useful for reconstructing changes in Hg deposition over time (Dastoor et al. 2025, Muir et al. 2009,

	5261
	Engstrom et al. 2014, Wiklund et al. 2017, Roberts et al. 2019, Roberts et al. 2021). Hg concentration and flux

	5262
	data were log-transformed prior to analysis. Sample size (n), median (M), and mean (μ) log values were calculated

	5263
	for each modern time period examined (i.e., 1990-2020 as well as 1990–2000, 2000–2010, and 2010–2020;

	5264
	Figures 3 and 4). Wilcoxon rank-sum tests were used to test if Hg concentrations and fluxes were statistically

	5265
	different among impact status groups and time periods.

	5266
	The sites where sediment cores were collected from were classified as unimpacted if no known local Hg source

	5267
	was identified in the publication the data originated from while those that identified an anthropogenic Hg source

	5268
	in the watershed were classified as impacted. Anthropogenic Hg soucessources within the dataset include artisanal small

	5269
	scale gold mining (ASGM) sites, large- scale gold -mining, other mining and non-ferrous metal processing facilities,

	5270
5271
5272
	oil and natural gas processing facilities, cement clinker production facilities, chlor alkali plants, coal-fired power plants,	military	zones,	and	waste	incineration	facilities.

	5273
	Answer/ response. Current (1990–2020) global median Hg concentrations measured in lakes sediment cores

	5274
	collected from unimpacted sites are ~0.113 μg g⁻¹ (range 0.004 – 9.47 μg g⁻¹, n= 282) and are significantly lower

	5275
	than those from impacted sites for the same time period (median ~0.132 μg g⁻¹, range 0.007 – 551 μg g⁻¹, n= 114,

	5276
	p < 0.001). Similarly, current sediment derived depositional Hg fluxes in unimpacted sites are ~28.6 μg m⁻² yr⁻¹

	5277
	(range 0.002 – 2257 μg m⁻² yr⁻¹, n= 354) and are significantly lower than those measured in impacted sites (median

	5278
	~86.8 μg m⁻² yr⁻¹, range 0.1– 86,507 μg m⁻² yr⁻¹, n= 111, p < 0.001).

	5279
	To assess Hg levels in the most recent time period available, Hg concentrations and fluxes were also examined

	5280
	for the 2010–2020 time period. However, the number of impacted sediment cores available for this period is

	5281
	substantially lower (~40 cores) than for the previous two decades (>80 cores). In unimpacted sites, median Hg

	5282
	concentrations over the most recent time period are ~ 0.10 μg g⁻¹(range 0.02 – 9.77 μg g⁻¹, n= 60) and surprisingly,

	5283
	are significantly greater than those measured in sediment cores from impacted sites (median 0.065 μg g⁻¹, range

	5284
	0.017 – 76.7 μg g⁻¹, n= 45, p < 0.01). Comparison of sediment Hg concentrations over the three most current

	5285
	decades (1990–2000 versus 2000–2010 and 2010–2020) demonstrates that in unimpacted sites, Hg concentrations

	5286
	are comparable across these periods (p > 0.05). In contrast, in impacted sites, Hg concentrations are significantly

	5287
	lower in the most recent time period (2010–2020) compared to the previous two decades (p < 0.001). Sediment

	5288
	derived depositional Hg fluxes showed similar trends, with recent (2010–2020) fluxes in unimpacted sites (median

	5289
	~33.9 μg m⁻² yr⁻¹; range 0.51 – 9498, n=68) significantly higher than those in impacted cores (median 19.9 μg

	5290
	m⁻² yr⁻¹, range 3.3 – 6644 μg m⁻² yr⁻¹, n= 39, p < 0.001). In unimpacted sites, Hg fluxes are significantly higher

	5291
	over the 2010–2020 period compared to the previous two decades (p < 0.005) while in impacted sites, the opposite

	5292
	is true with measured Hg fluxes significantly lower in the most recent decade compared to the previous 20 years

	5293
	(p < 0.0001). Together, these results suggest that while Hg levels in unimpacted sites have increased over the most

	5294
	recent time period (2010–2020) compared to the previous two decades, Hg levels near point sources have
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	5295
	decreased over this same period. While these trends could result from the lower sample sizes available for the

	5296
	2010–2020 period compared to earlier decades, the decreasing trend in impacted sites likely reflects decreased

	5297
	Hg inputs due to emission controls, especially in parts of the world with the largest datasets (i.e., North America).

	5298
	Sediment cores from impacted sites also exhibit substantial variability over the full 1990–2020 period, with Hg

	5299
	concentrations and fluxes spanning ~5 and 8 orders of magnitude, respectively. In contrast, variability in the 2010–

	5300
	2020 subset is markedly lower, with concentrations and fluxes spanning 1 and 4 orders of magnitude, respectively.

	5301
	The markedly lower variability in the 2010-2020 dataset, resulting in part from smaller dataset may have made it

	5302
	more likely to detect a trend, underscoring the need for continued measurements to encompass a greater range of

	5303
	sites and resolve recent trends.

	5304
	Consistency with Existing Literature. For unimpacted sites, the observed values and recent increases in both

	5305
	Hg concentrations and fluxes (i.e., between 2010-2020 compared to the previous two decades) align with findings

	5306
	from two lake sediment core compilations for North America, both of which are included in this global dataset.

	5307
	Roberts et al. (2021) analyzed 82 cores from across Canada and reported regional differences, with Hg levels

	5308
	decreasing in western Canada but increasing in eastern Canada over the period 1990–2018. The magnitude of Hg

	5309
	flux varied between region and impact status, with lowest fluxes measured in remote central Alberta (5.1 ± 1.9 μg

	5310
	m⁻² yr⁻¹) and highest fluxes in close proximity to a large metals smelter (Flin Flon, Manitoba) that was recent

	5311
	decommissioned (436 ± 614 μg m⁻² yr⁻¹), while highly industrial regions such as the Greater Toronto Area

	5312
	displayed intermediate values (71.2 ± 30.8 μg m⁻² yr⁻¹). Similarly, Drevnick et al. (2016) analyzed 165 sediment

	5313
	cores from across western North America and identified median Hg fluxes of 27 μg m⁻² yr⁻¹ for the period 2000–

	5314
	2005 in unimpacted cores, similar to the median flux of 23 μg m⁻² yr⁻¹ for this dataset. Additionally, while the

	5315
	authors calculated a median Hg flux of 19 μg m⁻² yr⁻¹ for the most recent time period measured (2005–2010), the

	5316
	authors deemed this value untrustworthy compared to earlier intervals due to low sample numbers (n = 35), which

	5317
	aligns with our interpretation that the decline in Hg flux in impacted cores may reflect lower sample numbers for

	5318
	this time period.

	5319
	

	5320
	Evaluation of Confidence. The findings are consistent with previous studies, lending confidence in the results.

	5321
	However, impacted core classification was based on literature-reported proximity to Hg sources, which may have

	5322
	overlooked unidentified sources affecting some “unimpacted” sites. Moreover, the relatively low number of

	5323
	sediment cores spanning the most recent time period (n=41 for 2010–2020 for impacted sites) complicates

	5324
	distinguishing between true environmental changes and artifacts of sampling discrepancy.

	5325
	Information and Capacity Needs. The dataset remains heavily weighted toward North America (67–81% of

	5326
	cores), with major gaps in Africa (6 cores), Oceania (4 cores), and regions of Eastern Europe/ Mediterranean/

	5327
	Middle East (1 core) (Figures 1-2, Supplemental Figure 1). There is also much less data for the most recent time

	5328
	period (n=61 for the 2010–2020 time period) compared to the earlier two decades (n=183-269 for the 1990–2000

	5329
	and 2000–2010 time periods, respectively) highlighting the need for new lake sediment core collections, especially

	5330
	at previously cored lakes, to enable more robust trend assessments. There are no dated lake sediment cores with

	5331
	MMHg data available as MMHg is not well preserved down core. However, MMHg could be analyzed in surface

	5332
	lake sediment core slices to assess spatial patterns in sediment MMHg levels. Finally, a more systematic

	5333
	classification method for Hg source presence, including specific distance to source, is recommended.

	5334
	2.8.3	How have levels of THg and MMHg (and other species/fractions if applicable)

	5335
	observed in sediment cores changed over the available record?

	5336
	Information used. To assess changes in THg levels over time, temporal trends in concentration, flux, and

	5337
	enrichment factors were examined. Hg concentrations (μg g⁻¹) data were available for 435 lake sediment cores

	5338
	from 104 published references globally, with 67% (290 cores) from North America and 27% (116 cores) known

	5339
	to have an anthropogenic Hg source in the watershed. Hg flux (μg m⁻² yr⁻¹) data was available for 488 cores from

	5340
	116 published references, with 69% (338 cores) from North America and 118 from impacted watersheds. Flux-

	5341
	calculated enrichment factors (EFs) were available for 248 cores from 74 published references, with 82% (203

	5342
	cores) from North America and 45 from impacted watersheds.

	5343
	Methodology. Hg concentrations and fluxes were log-transformed for analysis. Sample size (n), median (M), and

	5344
	mean (μ) log values were calculated for different time periods spanning the period 1500–2020 (Figures 3 and 4).

	5345
	Based on data availability and time periods of significance for Hg emission and deposition, as previously defined

	5346
	by Streets et al. 2019, Hg concentration and flux data were examined over the following different time periods:

	5347
	pre-anthropogenic period (pre-1500); pre-industrial (1760-1850), post-industrial (1850-1950), and decadally

	5348
	between 1950-2020. Enrichment factors (EFs) were calculated for each sediment core as the ratio of

	5349
	untransformed mean decadal Hg flux versus mean pre-industrial (1760–1850) flux as follows:
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𝐸𝑛𝑟𝑖𝑐ℎ𝑚𝑒𝑛𝑡 𝑓𝑎𝑐𝑡𝑜𝑟𝑝𝑒𝑟𝑖𝑜𝑑 𝑥 𝑣𝑠. 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒

𝐻𝑔 𝑓𝑙𝑢𝑥𝑃𝑒𝑟𝑖𝑜𝑑 𝑥
=
𝐻𝑔 𝑓𝑙𝑢𝑥𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒
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The pre-industrial period (1760–1850) was used as the baseline rather than the pre-anthropogenic period (pre-1500) to increase the sample size. In unimpacted sites, Hg concentrations and fluxes were statistically similar between the pre-anthropogenic and pre-industrial periods (p > 0.05), supporting the use of either as a baseline. In impacted sites, Hg concentrations also did not differ significantly between the pre-anthropogenic and pre-industrial periods (median EF = 1.13, p > 0.05), but Hg fluxes were significantly higher during the pre-industrial period (median EF = 1.89, p < 0.001), suggesting potential early influence of anthropogenic activity.
The sites that sediment cores were collected from were classified as unimpacted or impacted as described above under the methodology for Question 1.
Answer/ response. In unimpacted sites, global Hg concentrations and fluxes over the pre-industrial (1760–1850) period were low (~0.061 μg g⁻¹ and 6.83 μg m⁻² yr⁻¹, respectively, n= 170-206) and generally comparable to those in impacted sites (median ~0.053 μg g⁻¹ and 5.21 μg m⁻² yr⁻¹, n= 44) (Figures 3-4). After the pre-industrial period, Hg concentrations and fluxes in unimpacted cores rose steadily peaking in the most modern period measured (2010–2020; ~0.10 μg g⁻¹ and 33.9 μg m⁻² yr⁻¹, respectively n= 60-68). In impacted sites, global Hg concentrations and fluxes rose more steeply than in unimpacted sites, peaking in 1990–2000 (0.16 μg m⁻² yr and 282.3 μg m⁻² yr⁻¹, n = 101-104) before declining sharply to significantly lower values in 2010–2020 (0.07 μg g⁻¹ and ~19.9 μg m⁻² yr⁻¹, n= 39-45). As discussed in detail under Question 1, the sharp decline in both Hg concentrations and fluxes in the most modern sediment horizons in impacted sites may reflect decreased Hg emissions and deposition due to emission controls or sampling bias due to the lower number of cores available for this time period. Hg concentrations and fluxes were significantly lower in unimpacted sites compared to impacted sites for all post-1850 time periods except the period 2010 – 2020 as discussed above in detail.
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In unimpacted sites, EFs, which are particularly useful for summarizing temporal trends, steadily increased from
~1.6 (range 0.07 – 18.7, n= 201) in 1900–1950, peaking in the most recent time periods at ~3.4 (range 0.4 – 36.1, n= 116) in 2000–2010 and 3.6 (range 0.7 – 23.8, n = 27) in 2010–2020. In impacted sites, EFs increased from
~3.0 (range 0.9 – 167.4, n= 44) in 1900–1950 and, in contrast to Hg concentrations and fluxes, reached maximum values in most recent time periods measured (5.1; range 0.5 – 146.1, n= 33 in 2000-2010 and 5.7; range 0.3 – 145.9, n= 16 in 2010–2020). However, concentration and flux data were available for a much larger number of cores (n= 41) than EFs (n= 16). Globally, EFs are significantly higher in impacted sites compared to unimpacted sites for all post-industrial time periods examined (p < 0.05, Figure 5) except for the most recent 2010 – 2020 period (p = 0.10) as discussed in Question 1.


Consistency of Answer with Existing Literature. Hg fluxes reported here are generally higher than values in other large lake sediment core compilations (e.g., Engstrom et al. 2014 range 4 – 12 μg m⁻² yr⁻¹ for the North America, South America and East Africa regions; Roberts et al. 2021 range 2 – 17 μg m⁻² yr⁻¹ for 82 sites across Canada; Drevnick et al. 2016 range 7 – 27 μg m⁻² yr⁻¹;), many of which have been included in this dataset (Muir et al. 2009, Drevnick et al. 2016, Chen et al. 2024; Roberts et al. 2021). The higher flux values reported here likely reflect that we were not able to correct Hg fluxes for sediment focusing, the process by which sediments are redistributed from shallow to deeper areas of a lake basin. Flux-based EFs are robust even without sediment focusing corrections and were much more comparable to exisitingexisting listeratureliterature. For example, for unimpacted sites, EFs reported here for the global dataset (~2-4) align well with estimates of modern vs. pre-industrial EFs reported in Engstrom et al. 2014 (range 2 – 5), Muir et al. 2009 (range 0.5 – 7), Drevnick et al. 2016 (~4), Biester et al. 2007 (~3), and Chen et al. 2024 (~5). Emission inventories suggest that globally, Hg emissions to air increase greatly around 1970 and remain high thereafter showing only modest declines (Streets et al. 2019). This is consistent with EF values being highest in the most modern recent time periods as a result of continued accumulation of Hg in the environment and the lag time in Hg being transported from catchments into lakes, even if in some regions (e.g., N. America) emissions to air are thought to have declined more significantly.
Evaluation of Confidence. Flux-based EFs align well with literature values (Engstrom et al. 2014; Muir et al. 2009, Drevnick et al. 2016; Biester et al. 2007; Chen et al. 2024), supporting confidence in the results. As discussed above, unlike sediment-derived fluxes, EFs are robust to the mathematical effects of sediment focusing corrections, allowing for more reliable comparison to literature values. The use of the pre-anthropogenic baseline for the EF calculation increased the samples size but may have lowered modern EFs in regions with early anthropogenic influence (i.e. some regions of Central American, South American, and European; see Question 6 for a detailed discussion).


	5404
	Information and Capacity Needs. The dataset remains heavily weighted toward North America (67–81% of

	5405
	cores depending on metric) with data for other regions, especially in Africa (6 cores), and Oceania (4 cores)

	5406
	needed. Additional data is also needed for the most recent time periods (2010-2020 and onward) as the low sample

	5407
	numbers for 2010–2020 compared to the earlier two decades make it difficult to assess current temporal trends

	5408
	with confidence.

	5409
	Focusing factors to estimate sediment focusing values for all world regions would allow quantitative spatial

	5410
	comparison of depositional fluxes. Currently focus factor estimates for Asia (n = 7), Africa (n= 4), Europe (n =

	5411
	6), Oceania (n = 3), South America (n = 0), and Central America (n = 0) are especially lacking. The focusing

	5412
	factors used to make the sediment focusing correction are based on the known significant linear relationship

	5413
	between atmospheric lead-210 fall out and latitude that, to our knowledge, has only been reported for North

	5414
	America (e.g., Muir et al. 2009).

	5415
	Finally, a more systematic method for classifying unimpacted versus impacted sites is needed to compare sediment

	5416
	derived Hg concentrations, fluxes and EFs among unimpacted and impacted sites. Future work could incorporate

	5417
	Hg emission data to categorize impacted versus unimpacted sites, though these may underrepresent sources like

	5418
	artisanal small-scale gold mining, where atmospheric emissions are more uncertain.

	5419
	2.8.4	How do temporal trends of Hg levels observed in sediment cores compare to or

	5420
	co-vary with variations and trends of related pollutants or environmental

	5421
	variables over the available record? (TOC, SOM, DOC, TSS)?

	5422
	Information used. To assess how THg levels covary with other environmental variables, temporal trends of THg

	5423
	concentration, THg flux, percent loss-on-ignition (% LOI) and aluminum (Al, μg g⁻¹) were compared.

	5424
	Measurements of THg concentrations (μg g⁻¹) and %LOI were available for 86 lake sediment cores from 20

	5425
	published references, with 48% (42 cores) known to have an anthropogenic Hg source in the watershed (i.e.

	5426
	impacted). Measurements of THg concentration and Al were available for 162 lake sediment cores from 34

	5427
	published references with 37% (60 cores) from impacted watersheds. Measurements of Hg flux (μg m⁻² yr⁻¹)

	5428
	and %LOI were available for 80 cores from 16 published references, with 50% (40 cores) from impacted

	5429
	watersheds, while measurements of Hg flux and Al were available for 143 lake sediment cores from 25 published

	5430
	references, with 39% (56 cores) from impacted watersheds.

	5431
	Methodology. The regions that sediment cores were collected from were classified as unimpacted or impacted as

	5432
	described under the methodology for Question 1. Spearman correlations were used to assess relationships between

	5433
	THg concentration or flux and %LOI or aluminum (Al) across different time periods spanning from 1500–

	5434
	2010. %LOI was used as a proxy for organic matter concentration, which influences Hg binding and methylation

	5435
	potential, while Al served as an indicator of lithogenic mineral inputs of catchment-derived material. Correlations

	5436
	were calculated for the same time bins used for temporal trends analysis  in Question 2. Correlations were

	5437
	calculated only where ≥5 paired observations were available per time bin. For each time bin, Spearman’s ρ, p-

	5438
	values, and 95% confidence intervals (via Fisher z-transformation) were computed. Correlation strength was

	5439
	classified as very weak (|ρ| < 0.2), weak (0.2–0.4), moderate (0.4–0.6), or strong (|ρ| ≥ 0.6), and further grouped

	5440
	by direction (positive or negative) and significance (p < 0.05).

	5441
	Answer/ Response. In unimpacted sites, THg concentrations show positive relationships with %LOI over the

	5442
	entire temporal record, with significant positive relationships observed during the earliest time periods examined

	5443
	(1500–1850; ρ = 0.49–0.55 or moderate, p < 0.05, n= 8-15) and between 1950–2010 (ρ = 0.26–0.57 or weak to

	5444
	moderate, p < 0.05) (Figure 6, Supplemental Figure 2). In impacted sites, the relationship between THg and %LOI

	5445
	is weak, negative, and not significant throughout most of the record (for 1500–2000, ρ = –0.26 to 0.07, p > 0.05,

	5446
	n= 7–31), likely reflecting the role of nearby anthropogenic sources of varying size and nature (i.e., atmospheric

	5447
	emissions versus releases to water) in controlling Hg levels in lake sediments(Figure 6, Supplemental Figure 2).

	5448
	Of the seven impacted cores with data prior to 1800, two are from Peru nearby the Santa Bárbara cinnabar mine

	5449
	that operated from ~800 BCE to ~1975 CE (Cooke et al. 2009). Excluding these two cores and leaving only the

	5450
	five impacted cores from the Yellowknife region in Canada’s Northwest Territories, the correlation between THg

	5451
	and %LOI over the 1500–1850 period shifts to a positive but statistically variable trend (ρ = 0.27–0.44, p = 0.008–

	5452
	0.2, n= 5). The positive correlations between THg concentration and %LOI over all time periods in unimpacted

	5453
	cores, and in some early periods in impacted cores demonstrates the well-established co-transport of Hg and

	5454
	organic matter in aquatic ecosystems, and ultimately, lake sediment (Sanei and Goodarzi, 2006). Unlike Hg

	5455
	concentrations, Hg fluxes in unimpacted cores show significant and weak to moderate strength negative

	5456
	correlations to %LOI during all post-industrial (after ~1850) periods examined (ρ = -0.3 to -0.5, p < 0.05, n= 26-

	5457
	36)), with similar patterns observed in impacted sites (Supplemental Figure 3). These results demonstrate the

	5458
	dominant role of sedimentation rate in controlling Hg deposition rates to lake sediments.
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For Al, the relationship between THg and Al concentrations is weak and insignificant over most of the time periods examined in both unimpacted and impacted sites, which isn’t surprising given that Hg and Al are not co-transported within aquatic ecosystems (Supplemental Figure 2). In contrast, in unimpacted sites, THg fluxes show strong positive correlations with Al concentrations in all periods examined (ρ = 0.43–0.76, p < 0.05, n= 3-77) reflecting the dominant role of sedimentation rates, particularly through erosion and the delivery of mineral rich catchment material, in controlling sediment derived Hg depositional fluxes (Figure 6, Supplemental Figure 2). In impacted sites, strong, significant positive correlations between Hg flux and Al concentration were also observed in pre-anthropogenic (1500–1760) and most recent (2000–2020) time periods (ρ =0.45-0.58, p < 0.05, n= 14–35), suggesting that recent increases in Hg delivery to sediments is tied to land disturbance, runoff, or enhanced erosion (Figure 6). Overall, the results suggest that mineral sediment inputs strongly influence depositional Hg flux rates over long time scales across diverse environmental conditions, including both disturbed and undisturbed systems.

Consistency of Answer with Existing Literature. The strong and positive correlations between THg concentration and organic carbon concentration are consistent with existing literature, including findings in China (Wu et al. 2013), Africa (Campbell et al. 2003). Canada (Stern et al. 2009; Sanei et al. 2014; Ethier et al. 2010), Oceania (Schneider et al 2024), Europe (Jian et al. 2011, Rutkowski et al. 2021) and South America (Biester et al. 2017). As noted by Sanei and Goodarzi (2006), strong Hg-organic matter correlations typically arise from specific organic fractions, such as thermally labile, algal-derived material, which affect chemical reactivity and binding. The observed positive relationship between Hg flux and Al in both unimpacted and impacted lake sediments is consistent with previous research identifying mineral lithogenic inputs as key drivers of Hg delivery to lakebeds. Studies such as Rydberg et al. (2012) and Muir et al. (2009) demonstrated that Al and mineral-associated matter explain a substantial portion of Hg accumulation, highlighting the role of lithogenic inputs in delivering Hg to lake sediments.
Evaluation of Confidence. The patterns identified are consistent with key observations from existing literature. However, confidence is limited by the relatively small number of references (9–12 references, ~60 cores) supporting the dataset, especially in comparison to other questions in this report that draw on larger compilations (>200 cores).
Information and Capacity Needs. There are limited sediment cores from a limited number of world regions with concurrent measurements of Hg and %LOI (i.e., n=13-15 from North America, 29-32 from Europe, 22 from Central America, 15 from South America, and 1-2 from Africa and no data for Oceania or Asia for THg and %LOI). While there is a slightly greatly availability of THg and Al sediment data, most is still clustered in North America, Europe, and Central and South America. Additionally, standard %LOI and %OM metrics do not distinguish between organic fractions that influence Hg binding potential, such as particle surface area or chemical reactivity (Sanei and Goodarzi, 2006). Improved organic matter characterization would provide information on how organic matter quality—rather than quantity—affects Hg accumulation in lake sediments.
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2.8.5 
How do THg and MMHg levels (and other species/fractions if applicable) co-vary temporally in sediment cores?
This question cannot be addressed. MMHg is not faithfully preserved and archived in lake sediments as it is continually produced and decomposed by microbial organisms present in sediments. Therefore, MMHg concentrations in lake sediment cores do not provide an indication of temporal trends and we cannot evaluate whether THg and MMHg co-vary temporally in lake sediments.

2.8.6 How do local THg and MMHg levels (and other species/fractions if applicable) found in sediment cores differ by world regions?
Information used. Sediment core derived THg concentration, flux and EF data were compiled for 31 Intergovernmental Panel on Climate Change (IPCC) regions (Iturbide et al. 2020) across all continents with the EF dataset covering 26 of these regions (Figures 1 and 2, Supplemental Figure 1). Regional core counts are summarized in Figure 7 and Supplemental Figures 4-5 with greatest data coverage in North and South America and Europe . Regions with only one core were excluded from regional trend figures (East-Central Asia, Russian-Arctic, Mediterranean, North Central America, South Australia, West Antarctica, and West/Central Europe). See Question 2 for further details on data sources.


Methodology. Hg concentrations and fluxes were log-transformed for analysis. Cores were grouped by impact status, continent, and/or IPCC region. Enrichment factors (EFs) were calculated from Hg fluxes following the methodology described under Question 2. Sample size (n), median (M), and mean (μ) log values were calculated for different time periods spanning the modern 1990–2020 period (Supplemental Figure 4 for Hg concentration and Figure 5 for Hg flux). Statistical significance of differences between regions was assessed using Wilcoxon rank-sum tests. To evaluate regional differences within a given time bin or period, Kruskal-Wallis tests were used to detect overall variation among IPCC regions, followed by Dunn’s test with Benjamini-Hochberg correction to identify specific pairwise differences in Hg flux and their statistical significance (adjusted p-value (padj)).


Answer/ Response
Unimpacted Sites: In unimpacted sites, current (1990–2020) THg concentrations are generally highest in Northern Hemisphere regions, ranging from 0.09 μg g⁻¹ in N.W. North America to 0.27 μg g⁻¹ in N. Europe. The Tropics have lower values (0.04 μg g⁻¹ in the Caribbean to 0.09 μg g⁻¹ in S. Central America), as does the Southern Hemisphere (~0.07 μg g⁻¹ in S. South America and S. Australia). Median THg concentrations ranked as follows:
N. Europe > E. North America > N.E. North America > C. North America > W. North America > S. Central America > N.W. North America > S.E. Asia > Arctic Ocean > S. Australia > S. South America > S.E. South America > Mediterranean > Caribbean > Tibetan Plateau. Concentrations in E. North America, N.E. North America, C. North America, N. Europe, and the 2010–2020 period in W. North America were statistically similar and significantly higher than other regions (padj < 0.05).
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In contrast to THg concentrations, current median THg fluxes are highest in tropical regions, particularly in S.E. South America (502 μg m⁻² yr⁻¹, range 80 – 1830 μg m⁻² yr⁻¹, n= 2), S. Central America (208 μg m⁻² yr⁻¹, range 0.02 – 1734 μg m⁻² yr⁻¹, n= 11), and S.E. Asia (113 μg m⁻² yr⁻¹, range 38 – 658 μg m⁻² yr⁻¹, n= 3) while the lowest fluxes are in E. Asia (0.011 μg m⁻² yr⁻¹, range 0.008 – 16.5 μg m⁻² yr⁻¹, n= 3), E.C. Asia (0.021 μg m⁻² yr⁻¹, range 0.005 – 0.03 μg m⁻² yr⁻¹, n=2), and S. Eastern Africa (0.026 μg m⁻² yr⁻¹, range 0.01–0.09 μg m⁻² yr⁻¹, n= 4). Differences in global trends among concentrations and fluxes reflects the important role of sedimentation rates in governing Hg deposition rates to lake sediments. Median THg fluxes across all IPCC regions ranked as follows:
S.E. South America > S. Central America > N. Europe > S.E. Asia > Caribbean > Arctic Ocean > Mediterranean >
W. North America > E. North America > New Zealand > S. Eastern Africa > E.C. Asia > N. E. Noerth America > Tibetan-Plateau > C. North America > S. W. South America > N.W. North America > E. Asia > Greenland/Iceland > S. South America.
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Impacted Sites: In impacted sites, current median Hg concentrations are highest in N.E. North America (~1.8 μg g⁻¹; range 0.007 – 19 μg g⁻¹, n= 13) and N.W. South America (0.56 μg g⁻¹; 0.09 – 6.8 μg g⁻¹, n= 4), and lowest in
E. Siberia (0.03 μg g⁻¹; 0.03 – 0.05 μg g⁻¹, n= 3) and S. Central America (0.05 μg g⁻¹; 0.02 – 0.9 μg g⁻¹, n= 14). Median Hg fluxes exceed 500 μg m⁻² yr⁻¹ in several regions, with extreme values in N.W. South America (2907 μg m⁻² yr⁻¹; 45 – 15,109 μg m⁻² yr⁻¹, n= 4), the Caribbean (1620 μg m⁻² yr⁻¹; 211 – 9600 μg m⁻² yr⁻¹, n= 5), S.E. South America (763 μg m⁻² yr⁻¹; 130 – 51,744 μg m⁻² yr⁻¹, n= 2), and N.E. North America (512 μg m⁻² yr⁻¹; 0.7


	5547
	– 4883 μg m⁻² yr⁻¹, n= 13). The lowest fluxes occurred in C. North America (11.4 μg m⁻² yr⁻¹; 0.1 – 27 μg m⁻²

	5548
	yr⁻¹, n= 6), and N.W. North America (13.3 μg m⁻² yr⁻¹; 2 – 92 μg m⁻² yr⁻¹, n=21).

	5549
	Across impacted and unimpacted cores, some regions exhibit consistent Hg rankings that may reflect natural

	5550
	patterns, with high fluxes in S.E. South America and N. Europe, high concentrations in N.E. and E. North America

	5551
	and low fluxes in E. Asia, S. Eastern Africa and N.W. North America. By contrast, certain regions rank

	5552
	consistently across concentration and flux (e.g., N.E. North America, N. Europe), whereas others display

	5553
	discrepancies (e.g., N.W. South America, C. North America, Caribbean), which may reflect regional differences

	5554
	in sedimentation rates, sampling density, or Hg sources.

	5555
	Consistency with Existing Literature. Hg flux values reported in this study align with Chen et al. (2024)

	5556
	primarily in polar and high-altitude regions, where both datasets show low fluxes: Chen et al. report mean fluxes

	5557
	of ~7 μg m⁻² yr⁻¹ in the Arctic and ~20 μg m⁻² yr⁻¹ in high-altitude Central Asia, while this study finds median

	5558
	fluxes of 9 μg m⁻² yr⁻¹ in Greenland/Iceland, 9 μg m⁻² yr⁻¹ on the Tibetan Plateau, and 14 μg m⁻² yr⁻¹ in N.W.

	5559
	North America. Both studies also identify elevated fluxes in tropical regions such as Latin America, though this

	5560
	study reports higher 1990–2020 median fluxes (~500 μg m⁻² yr⁻¹ in S.E. South America and ~170 μg m⁻² yr⁻¹ in

	5561
	S. Central America) compared to Chen et al.’s predicted mean of ~34 μg m⁻² yr⁻¹.

	5562
	Discrepancies arise because Chen et al. values are predicted using a generalized additive model (GAM) with fewer

	5563
	cores (159 vs. 354), report mean fluxes instead of medians, interpolate missing years, and apply different regional

	5564
	definitions and temporal averaging. In East Asia, Chen et al. report a high mean flux (~414 μg m⁻² yr⁻¹, n= 5),

	5565
	while this study finds low median fluxes in E. Asia (10.7 μg m⁻² yr⁻¹, n=3) and E.C. Asia (20.6 μg m⁻² yr⁻¹, n=2)

	5566
	but elevated fluxes in S.E. Asia (113 μg m⁻² yr⁻¹, n=3); note that sample sizes are small in both studies. Arctic

	5567
	Ocean (61 μg m⁻² yr⁻¹, n=2) and N. Europe (~127 μg m⁻² yr⁻¹, n=34) median fluxes exceed Chen et al.’s mean

	5568
	values (~7 μg m⁻² yr⁻¹ and ~39 μg m⁻² yr⁻¹, respectively). In North America, this study finds lower median fluxes

	5569
	in C. North America (19 μg m⁻² yr⁻¹, n=23) than E. North America (36 μg m⁻² yr⁻¹) and W. North America (39

	5570
	μg m⁻² yr⁻¹), which contrasts with Chen et al.’s sub-regional pattern, although enrichment factors in C. North

	5571
	America were significantly greater than elsewhere.

	5572
	Global trends in Hg concentrations and fluxes, for impacted sites could not be evaluated due to the lack of

	5573
	published literature reporting these metrics across different world regions.

	5574
	

	5575
	Evaluation of Confidence. Confidence in the reported Hg metrics is highest in regions where findings align

	5576
	closely with published literature and where sample numbers are substantial. For example, elevated Hg fluxes in

	5577
	tropical regions such as Latin America and lower fluxes in polar and high-altitude areas show strong agreement

	5578
	with existing global datasets, supporting the reliability of these results. Similarly, regions with larger sample sizes,

	5579
	including N. Europe and parts of North America, provide more robust median values.

	5580
	Information and Capacity Needs. As discussed under the Information and Capacity Needs section of Questions

	5581
	1 and 2, greater spatial representation from regions outside of North America is needed to assess spatial trends in

	5582
	Hg concentrations and fluxes across world regions. Also as discussed in Question 2, to enable cross-region

	5583
	comparisons of Hg fluxes, there is a need for spatially resolved and region-specific estimates of lead(Pb)-210

	5584
	atmospheric fallout for the calculation of lake-specific sediment focusing factors. Developing and making publicly

	5585
	available global map layers of estimated Pb-210 fluxes would enable more consistent application of focusing

	5586
	factor corrections across study sites, which in turn would facilitate the comparison of flux values across lakes/sites.

	5587
	2.8.7	How do local temporal trends in THg and MMHg (and other species/fractions if

	5588
	applicable) found in {media} differ by world regions?

	5589
	Information used. Flux-calculated enrichment factors (EFs) were compiled for 26 Intergovernmental Panel on

	5590
	Climate Change (IPCC) regions at 8 time periods relative to pre-industrial (1760 – 1850) Hg fluxes, as described

	5591
	in the methodology section of Question 2. Regional core counts of EF data are summarized in Figure 6 with the

	5592
	greatest data coverage in North America and South America. Regions with only one core are excluded from the

	5593
	regional trend figure and discussion including unimpacted cores from: Caribbean, E. Asia, E.C. Asia, EquitorialEquatorial-

	5594
	Pacific-Ocean, Mediterranean, N.W. South America, S. Australia, South-American-Monsoon, W. Antarctica,

	5595
	West/ Central Europe; and impacted cores from: E. Siberia, N. Central America, N.E. North America, N. Europe,

	5596
	West/Central Europe.

	5597
	EF data was available for 248 cores (203 unimpacted, 45 impacted). N.W. North America had the greatest number

	5598
	of cores (63 unimpacted, 15 impacted) while many regions had fewer than 5 cores (i.e.,N.Europe, S.Eastern Africa
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	5599
	S.W. South America, Greenland/Iceland, Tibetan Plateau, S.Central America , S.South America, Arctic Ocean,

	5600
	New Zealand, Caribbean, E. Asia, N.W. South America, South-American-Monsoon.

	5601
	Comparisons of intra-region impacted vs. unimpacted EFs was possible for 5 regions: N.W. North America, W.

	5602
	North America, E. North America, C. North America, S. Eastern Africa. See Question 2 for further details on data

	5603
	sources.

	5604
	Methodology. To assess spatio-temporal differences in Hg levels between IPCC regions, enrichment factors (EFs)

	5605
	were calculated following the methodology described in Question 2. The focus on EFs stems from the lack of

	5606
	reliable sediment focusing corrections for Hg fluxes in regions outside North America, which restricts direct

	5607
	comparison across waterbodies. EFs normalize Hg levels relative to pre-industrial baselines, accounting for spatial

	5608
	variability not addressed by raw concentration or flux data. While some Central American, South American, and

	5609
	European regions may exhibit elevated Hg fluxes before the industrial period, this was assessed by calculating the

	5610
	flux ratio of pre-anthropogenic (pre-1500) to pre-industrial (1760–1850) fluxes, with the pre-industrial flux chosen

	5611
	as the baseline to maximize data retention. Sample size (n), median (M), and mean (μ) EF values were calculated

	5612
	for different time periods spanning the periods 0–1500 (pre-anthropogenic) and 1900–2020 (Figure 6). Statistical

	5613
	significance of differences between time periods and IPCC regions was assessed using Wilcoxon rank-sum tests.

	5614
	To evaluate regional differences within a given time bin or period, Kruskal-Wallis tests were used to detect overall

	5615
	variation among IPCC regions, followed by Dunn’s test with Benjamini-Hochberg correction to identify specific

	5616
	pairwise differences in Hg flux.

	5617
	

	5618
	Answer/ Response

	5619
	Unimpacted Sites: In unimpacted sites, early EFs (calculated by comparing pre-anthropogenic (0–1500):pre-

	5620
	industrial (1760–1850) Hg fluxes) were below 1 in most regions, indicating that Hg fluxes were lower in earlier

	5621
	time periods, as expected. In the 1850–1900 period, median EFs remain below 1.2 in 8 of the 15 IPCC regions,

	5622
	with lowest values in S.W. South America (~0.9, range 0.6 – 1.5, n= 3), S. Eastern Africa (~1.00, 0.8 – 1.2, n= 2),

	5623
	and S. South America (~1.05, range 1.0 – 1.1, n= 3). The regions with highest EFs in the 1850–1900 period were

	5624
	N.Europe (~3.3, range 1.8 – 3.5, n= 3), S. Central America (~1.8, range 1.3 – 5.3, n= 3), and the Tibetan-Plateau

	5625
	(median 1.6, range 0.8 – 3.5, n=4). However, there are no significant differences in EFs across regions over these

	5626
	early (0–1500 and 1850–1900) periods (padj > 0.05).

	5627
	Over the 20th century, EFs gradually increased over time in most world regions with distinct peaks observed only

	5628
	in the Arctic Ocean and N. Europe IPCC in the 1970s (~8.5, range 4.9 – 23.7, n= 3), and 1950s (~20.5, range 8.6

	5629
	– 32.4, n= 2), respectively (Figure 6); however, the values in the peak period were statistically similar to the

	5630
	preceding and following decades in both regions (p < 0.05). Over the 20th century, EFs continue to be lowest in

	5631
	S.W. South America (period 1900–1990 median EF range: 0.5 – 0.9, n= 2-4), S.South America (range 1.1 – 1.5,

	5632
	n= 1-3), followed by Greenland/Iceland (range 1.1 – 2.2, n= 1-4). EFs in New-Zealand increased at a greater rate

	5633
	than the South America regions, with median Hg fluxes ranging from ~1.6 in 1900–1950 (range 1.3–2.1, n= 3) to

	5634
	~2.9 in 1990–2000 (range 2.5 – 6.9, n= 3). Over the 20th century, median EFs continued to be highest in N. Europe

	5635
	(median range 4.2 – 20.5, n= 2-4), the Tibetan Plateau (range 4.0 – 12.0, n= 4), and S. Central America (range 6.4

	5636
	– 17.6, n= 3). The Arctic Ocean IPCC region also experienced fast increase in EFs during the 20th century, growing

	5637
	at a rate of ~1.16-fold per decade from a median of ~2.8 in 1900–1950 (range 2.7 – 5.5, n= 3), to a peak of ~8.5

	5638
	in 1970–1980, and then increasing once again to ~9.7 in 1990–2000 (range 5.8 – 13.5, n= 2). Intermediate EFs

	5639
	were observed in all North American IPCC regions as well as in S. Eastern Africa as follows: W. North-America

	5640
	(range 2.1–15.1, n= 2-37) > E. North America (range 2.1–5.2, n= 14-32) ≈ C. North America (range 2.3–5.7, n=

	5641
5642
5643
	10-12) > N.E. North America (range 1.4–3.2, n= 6-17) ≈ N.W. North America (range 1.4–2.6, n= 15-63) ≈ S.
Eastern Africa (range 1.2–2.4, n= 2). In the 21st century, two regions experienced notable but statistically insignificant increases in EFs between 2010 and 2020: the Tibetan Plateau where EFs were ~10.5, range 1.5 –

	5644
	21.0, n= 4 in 2000-2010 and ~20.4, range 17.1 – 23.8, n= 2, p = 0.7 in 2010-2020, and W. North America where

	5645
	EFs were ~4.5, range 0.5 – 35.4, n= 32 in 2000-2010 and ~15.1, range 12.7 – 17.6, n= 2, p = 0.09 in 2010-2020.

	5646
	Impacted Sites: In impacted sites, EFs in the pre-anthropogenic (0–1500) period were below 1, demonstrating that

	5647
	fluxes were lower in this period relative to the pre-industrial period (1760-1850), and statistically similar across

	5648
	all regions. In increasing order of median EF: ~0.28 in N.W. South America > ~0.34 in N.W. North America and >

	5649
	~0.81 in E. North America. By the 1850–1900 period, median EFs were highest in C. North America (~15.4,

	5650
	range 5.5 – 25.0, n= 2), the Caribbean (~2.6, range 1.9 – 3.4, n= 2), and W. North America (~1.5 range 1.4 – 3.0,

	5651
	n= 5), and lowest in S. Eastern Africa (~0.9, range 0.6 – 1.2, n= 2), and the South-American-Monsoon (~1.2,

	5652
	range 0.9 – 1.4, n= 2). Post-1900 EFs with values > 10 were observed at all time periods in the Caribbean (1900–

	5653
	2010 median range 12.6 – 63.0, n= 2) and C. North America (1900–2020 median range 40.0 – 94.0, n= 2), and
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5658

in W. North America over the 1970–2000 (median range 9.6 – 10.9, n= 7-8). EFs remained low over the 20th century in S. Eastern Africa (median range 1.8 – 4.4, n= 2), the South-American Monsoon (range 1.8 – 4.4, n=2),
N.W. North America (range 2.8 – 4.3, n= 9-15), N.W. South America (median range 1.0 – 2.0, n= 2) and E. North America (range 1.9 – 4.8, n= 2-4).
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Consistency with Existing Literature. The trends in unimpacted cores observed in this study generally align with other global compilations of lake sediment cores, including continental Hg flux trends reported by Chen et al. (2024) and the hemispheric differences reported in Li et al. (2020). In Europe, we observe mid-20th century peaks in Hg enrichment, which align with findings of Chen et al. (2024) —who note that Europe is the only continental region where Hg fluxes have declined since the mid-20th century— and Streets et al. (2019), who reported peak European emissions during 1960–1980. For New Zealand/Oceania, our results agree with Chen et al. (2024), who reported slow, steady Hg flux increases since the 1750s. However, in New Zealand/Oceania cores, neither us nor Chen et al. (2024) observe a pronounced peak during the Gold Rush (1860–1920) as is observed for Hg emissions by Streets et al. (2019). For South America, our unimpacted cores in South America and Southwest South America show relatively low and stable EFs over the 20th century, which is in agreement with Chen et al. (2024), who reported mostly stable fluxes since 1850 with a small peak in ~1980. In Africa, our data show increased Hg enrichment over time which is consistent with Chen et al. (2024), who found steady Hg flux increases from 1850–2010, and the Streets et al. (2019) emissions inventory. Our results differ from Chen et al. (2024) for North America, who reported peak Hg fluxes in ~1970 (n=91 cores) while we observed a constant rise in Hg enrichment over the 20th century in the different IPCC regions of North America (n=166 cores).
Compared to the flux-based EFs reported by Li et al. (2020), our analysis finds similar or slightly higher EFs in unimpacted sites of the Northern Hemisphere (range: 2.7–23.2; n= 187) compared to their reported ~5-fold enrichment (n = 4). In the Southern Hemisphere, unimpacted cores in Oceania, South America, and Africa show lower modern EFs (ranging from ~1.6 to 2.6; n= 17) relative to Li et al.’s estimate of ~3.5-fold enrichment (n = 8) compared to pre-industrial levels; however, both this report and Li et al. are consistent in finding that EFs are higher in the Northern Hemisphere relative to the Southern Hemisphere.


Evaluation of Confidence. Confidence in regional and continental Hg flux trends from unimpacted sediment cores varies with data density, temporal coverage, and geographic representation. Confidence is highest for Europe, where observed trends align with other sediment core compilations and independent emissions inventories (e.g., Chen et al. 2024; Streets et al. 2019) and in North America, where datasets include well-dated cores spanning pre-industrial and modern time periods. Confidence is moderate for Asia, where core coverage is more limited but trends are consistent across IPCC regions and match reported emissions (Streets et al. 2019). Confidence is lower for Oceania, Africa, South America, and Central America due to fewer available cores, incomplete temporal records, and reliance on individual sites. EF estimates are more robust where multiple cores support consistent trends, but uncertainty increases in regions with high inter-core variability or where only one or two cores are available (e.g., Central North America, parts of Africa).


Information and Capacity Needs. For details on the Information and Capacity Needs in evaluating regional spatiotemporal Hg trends, see the Information and Capacity Needs section of Questions 2 and 5.


	5695
	2.8.8	How do local THg and MMHg levels (and other species/fractions if applicable)

	5696
	found in sediment cores differ by watershed land cover or land use?

	5697
	Information used. To assess differences in Hg levels across lakes with varying watershed land cover, sediment

	5698
	derived enrichment factors (EF) were compared across lakes with varying catchment-to-lake area ratios (CA:LA)

	5699
	including: small, closed-basin systems (CA:LA <1.5), small lakes with predominantly atmospheric Hg inputs

	5700
	(CA:LA = 1.5–5), lakes with a mix of atmospheric and catchment sources (CA:LA = 5–20), primarily catchment-

	5701
	dominated systems (CA:LA = 20–50), and large-lake systems with extensive catchments where Hg delivery is

	5702
	largely influenced by terrestrial processes (CA:LA > 50). Catchment-to-lake area ratios have been found to be

	5703
	strong predictors for Hg fluxes in the Chen et al. 2024 global dataset (159 cores) and in the Swain et al. 1992

	5704
	dataset of 7 lake sediment cores from northeastern Minnesota, but not in the Muir et al. 2009 dataset of 50 North

	5705
	American lakes or the Engstrom et al. 2007 dataset of 55 Minnesota lakes. Available sediment core data was

	5706
	distributed across CA:LA categories as follows: 46 in the <1.5 group, 227 in the 1.5–5 group, 506 in the 5–20

	5707
	group, 215 in the 20–50 group, and 207 in the >50 group. The 2000–2010 period was the most recent time interval

	5708
	evaluated, as no cores in the <1.5 CA:LA category included data for 2010–2020.

	5709
	To evaluate Hg levels in lake sediment cores with varying watershed land use, coring sites were classified

	5710
	following the “degree of development” framework adapted from Drevnick et al. (2016). This classification scheme

	5711
	excludes cores from impacted sites and includes four categories: 0 (pristine; no evident development), 1

	5712
	(minimally disturbed; e.g., presence of roads or campgrounds), 2 (moderately developed; e.g., limited residential

	5713
	or agricultural activity), and 3 (heavily developed; e.g., extensive agriculture or dense residential use). Cores

	5714
	influenced by known point sources of Hg (category 4) were excluded due to variability in source type, timing, and

	5715
	intensity.

	5716
	Sediment Hg concentration (μg g⁻¹) and flux (µg m⁻² yr⁻¹) data, respectively, was available from 319 and 370

	5717
	lake sediment cores from 82 and 92 studies including 222 and 271 cores from North America, 41 and 42 from

	5718
	Europe, 25 and 4 from Oceania, 12 and 16 from South America, 8 and 11 from Central America, 8 and 21 from

	5719
	Asia, 2 and 4 from Africa, and 1 from Antarctica. For Hg concentration and flux, respectively,140 and 164 cores

	5720
	were classified as category 0, 58 and 94 as category 1, 54 and 53 as category 2, and 67 and 59 as category 3. EF

	5721
	data was available from 203 sediment cores from 62 studies, with a similar geographic and development category
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5723

distribution	to	the	concentration	and	flux	dataset.


	5724
	Methodology. THg concentrations and fluxes were log-transformed prior to statistical analysis. EFs were

	5725
	calculated from THg flux values as described above for Question 2. Cores were grouped according to development

	5726
	category and/or CA:LA classification and sample size (n), median (M), and mean (μ) log-transformed values were

	5727
	calculated for different time periods spanning the period 1500-2020 (Figures 8-9 and Supplemental Figure 6).

	5728
	Lake categories were delineated based on visual interpretation of land use and shoreline characteristics using

	5729
	Google Earth imagery from May to July 2024.The Wilcoxon rank-sum test was applied to assess the statistical

	5730
	significance of differences in THg concentrations, fluxes, and EFs between temporal groups. Kruskal-Wallis tests



5731
5732

were	conducted	to	evaluate	differences	across	multiple	CA:LA	categories.


	5733
	Answer/ Response. Examination of Hg enrichment in watersheds with no known Hg source and with varying

	5734
	catchment:lake area ratios showed that median EFs did not differ significantly among CA:LA categories over any

	5735
	time period examined (Kruskal-Wallis tests, p > 0.05). Although the lowest CA:LA group (<1.5) often showed

	5736
	higher median EFs (i.e., 2.1 in 1900–1950 (range 1.3 – 3.9, n= 7) and 3.3 in 2000–2010 (range 1.5 – 8.3, n =5),

	5737
	values overlapped with those from larger catchments, such as the >50 group (e.g., 1.2 in 1900–1950 (range 0.5 –

	5738
	8.5, n= 38) and 3.0 in 2000-2010 (range 0.4 – 26.5, n= 25)). Overall, CA:LA ratio does not appear to be a strong

	5739
	predictor of EF magnitude at the global scale; however, the analysis was limited by the size of the dataset.

	5740
	Examining Hg levels across different watershed development categories showed that during the pre-industrial

	5741
	(1760 – 1850) period, Hg concentrations and fluxes are statistically similar (p > 0.05) across all development

	5742
	categories. In pristine watersheds, THg concentrations and fluxes rose modestly from pre-industrial values of

	5743
	~0.06 µg g⁻¹ and 6.1 µg m⁻² yr⁻¹, respectively (n = 85 and 102)), with peak Hg concentrations over the 1980–2000

	5744
	period (~0.103µg g⁻¹, 0.02 – 0.58 µg g⁻¹, n= 113) and peak fluxes in the most recent 2010–2020 period (~32.6

	5745
	µg m⁻² yr⁻¹, 2.1 – 250 µg m⁻² yr⁻¹, n=22). Similarly, in minimally developed watersheds, concentrations and fluxes

	5746
	peaked in 1990–2000 at ~0.15 µg g⁻¹ and 28.7 µg m⁻² yr⁻¹, respectively (n= 50 - 86) but then significantly

	5747
	decreased to ~0.09 µg g⁻¹ and 15.2 µg m⁻² yr⁻¹ (n= 12 and 20) over the most recent decade measured.  In

	5748
	moderately and heavily developed watersheds, concentrations and fluxes exhibited a steady rise after

	5749
	industrialization, peaking in the most recent decade measured (2010–2020: ~0.26 and 0.13 µg g⁻¹, n= 8 and 19,

	5750
	and ~135.9 and 91.2 µg m⁻² yr⁻¹, n= 8 and 18). The differing trends over the most recent decade may reflect recent



5751
5752
5753
5754

changes in Hg inputs across the different landscape development categories examined; for example, the most distrurbed watersheds are showing later peaks in Hg levels due to on-going development. However, the differences may also reflect decreased sample sizes for this time period as has extensively been discussed in earlier sections.
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Enrichment factors (EFs), calculated relative to pre-industrial Hg fluxes, more clearly illustrate the influence of watershed development on the magnitude of Hg enrichment over time. In pristine watersheds, median EFs remained low throughout the record, increasing gradually from ~1.5 (range 0.07 – 18.7, n= 99) in 1900–1950 to
~2.5 (range 0.7 – 19.6, n= 13) in 2010–2020, with median values <3 across all periods. Minimally developed sites showed a similar pattern over time but with higher enrichment observed after the 1950s (i.e., EFs rose from ~1.9 in 1900–1950 (range: 0.8 – 15.6, n= 52) to ~5.6 in 2010–2020 (range 1.1 – 23.8, n= 10)). Moderately and heavily developed sites exhibited similar enrichment to each other across all time periods (p > 0.05) but showed higher enrichment than the lakes in the minimally developed category (i.e., median EFs increased from ~2.0-2.4 in 1900-1950 (range 1.0 – 17.3, n= 19-32) to ~7.2-8.9 in 2000-2010 (range 0.7–36.1, n= 10-19). EFs were also highly elevated in both of these distrurbancedisturbance categories in the most recent decade measured; however, the sample size was very small (n= 2). Taken together, the results suggest that even minimal catchment development can produce a small but measurable enhancement of sediment derived Hg depositional fluxes and that minimal and major catchment disturbance result inyield a more pronounced and sustained Hg enrichment.
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The observed trends between higher watershed development and Hg enrichment are largely driven by North American lake sediment core data where EF magnitude also varies across IPCC region (Table 1). Heavily developed watersheds in Western and Eastern North America show particularly high median EFs (>10), while lower EFs (~2–4) are observed in Northwest and Northeast North America with less variation by development level. In contrast, data from other continents display more variable patterns, often lacking a clear relationship between development intensity and enrichment (Table 1). For example, in Asia and Central America, sites within minimally and moderately developed watersheds have high Hg enrichment, while those within watersheds with heavy development are not consistently elevated. These discrepancies may reflect smaller sample sizes or regional differences in land use, industrial history, or Hg sources.




Table 1. Summary of Hg flux Enrichment Factors (EFs) across watersheds with varying levels of development in different IPCC regions. Enrichment Factors were calculated as the ratio of Hg fluxes from 1990–2020 to pre-industrial Hg fluxes in unimpacted sites with no known Hg source. Degree of development was classified as no development; minimal development (e.g., road, campground); minor development (e.g., small city or agricultural field); and major development (e.g., large city or agricultural hub).


	Region
	Degree	of Development
	#	Unique Cores
	Median EF
	Mean EF
	Interquartile range
	Standard error

	North America
	None
	78
	2.54
	3.27
	1.60
	0.04

	
	Minimal
	40
	3.93
	4.73
	3.15
	0.12

	
	Moderate
	28
	5.04
	6.47
	5.79
	0.18

	
	Heavy
	13
	9.61
	12.31
	10.57
	1.03

	Western North America
	None
	20
	3.27
	3.99
	2.62
	0.16

	
	Minimal
	4
	4.23
	7.07
	1.84
	2.63

	
	Moderate
	9
	8.82
	9.21
	8.26
	0.62

	
	Heavy
	4
	12.74
	17.03
	4.50
	3.65

	
	None
	38
	2.25
	2.96
	1.02
	0.09




	Northwestern North America
	Minimal
	8
	3.35
	3.18
	1.77
	0.17

	
	Moderate
	5
	1.09
	1.07
	0.23
	0.04

	
	Heavy
	8
	2.31
	3.85
	1.92
	0.40

	Eastern	North America
	None
	4
	2.95
	2.94
	0.68
	0.13

	
	Minimal
	20
	4.64
	5.27
	3.64
	0.21

	
	Moderate
	7
	6.32
	6.89
	2.96
	0.64

	
	Heavy
	1
	33.40
	33.40
	0
	NA

	Northeastern North America
	None
	13
	2.72
	3.44
	1.63
	0.17

	
	Minimal
	2
	4.43
	4.02
	1.56
	0.80

	
	Moderate
	1
	2.49
	2.49
	0
	NA

	Europe
	None
	5
	3.20
	5.52
	6.31
	0.94

	
	Minimal
	2
	7.36
	8.25
	5.45
	2.61

	
	Moderate
	1
	0.66
	0.66
	0
	NA

	
	Heavy
	1
	4.31
	4.31
	0
	NA

	Asia
	Minimal
	4
	16.77
	13.79
	17.11
	2.43

	
	Moderate
	1
	4.06
	4.065
	0
	NA

	
	Heavy
	1
	2.17
	2.17
	0
	NA

	Central America
	Moderate
	2
	19.41
	20.27
	1.62
	1.33

	
	Heavy
	1
	7.40
	7.40
	0
	NA

	South America
	None
	5
	1.69
	1.59
	0.76
	0.10

	
	Minimal
	5
	1.55
	1.48
	0.64
	0.11

	Africa
	None
	1
	2.62
	2.62
	0
	NA

	
	Minimal
	1
	2.25
	2.25
	0
	NA



	5784
	

	5785
	Consistency of Answer with Existing Literature. Our findings showing a lack of relation between CA:LA and

	5786
	Hg enrichment (measured as Hg flux based EFs) are generally consistent with Drevnick et al. 2012, who found

	5787
	variable regional relationships between CA:LA and Hg flux ratios, with significant relations in some subregions

	5788
	but not universally across their study area (the Laurentian Great Lakes Region). Chen et al. 2024, however,

	5789
	recently reported a strong concave relationship between CA:LA and Hg fluxes for 159 globally distributed lake

	5790
	sediment cores with fluxes peaking at intermediate CA:LA values and declining at larger ratios (> 75). We did

	5791
	not observe any relationship between CA:LA with Hg concentration, flux, or EF. Differences among study

	5792
	findings may reflect variations in dataset composition and geographic coverage.

	5793
	We did observe higher Hg enrichment in lakes with higher watershed development which is in accordance with

	5794
	results for Western North America, where Drevnick et al. 2016 found that lakes in heavily disturbed watersheds
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	5795
	(category 3) had Hg accumulation rates that were quite high, resulting in EFs of ~5 by the 1960s, and significantly

	5796
	greater than those with no or minimal disturbance.

	5797
	Evaluation of Confidence. CA:LA values were not available for all lake sediment cores resulting in small sample

	5798
	sizes for each CA:LA category and making assessment at a global-scale challenging. To assess the impact of

	5799
	watershed land-use of Hg levels, watershed development classifications were assigned using recent satellite

	5800
	imagery, providing a globally consistent but qualitative assessment. This method captures broad spatial patterns

	5801
	but lacks the precision and reproducibility of metrics based on quantified land use data (e.g., percent watershed

	5802
	development as was used in Drevnick et al. 2016). Results generally align with published literature and show

	5803
	consistent trends across time periods, continents, and core types, particularly in North America where data

	5804
	coverage is highest. Confidence is lower in regions with limited representation, including Africa, South America,

	5805
	and parts of Asia.

	5806
	Information and Capacity Needs. To improve future global assessments, expanded lake sediment Hg

	5807
	measurements that include ancillary data, such as CA:LA, in underrepresented regions, particularly Africa, South

	5808
	America, and Asia isare needed. Harmonization and updating of land use, land cover, and watershed disturbance data

	5809
	over time would also support more precise evaluations of development impacts on Hg enrichment.

	5810
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2.8.9 
How do THg and MMHg levels (and other species/fractions if applicable) co-vary spatially in sediment cores?
This question cannot be addressed as there was no lake sediment core datasets which reported both THg and MMHg levels. But this question may be able to be addressed using monitoring datasets which include THg and MMHg concentrations in surficial lake sediment, however these types of data are not the focus of this particular report.

2.8.10 How do spatial trends of Hg levels observed in sediment cores compare to or co-vary with variations and trends of related pollutants or environmental variables over the available record? (TOC, SOM, DOC, TSS)?
Information used. To assess spatial trends in how lake sediment THg levels co-vary with other environmental variables, relationships between THg concentrations and fluxes, %LOI and Al concentration were assessed (as described for Question 3) across different IPCC regions as delineated in Iturbide et al. (2020) and for Questions 5-6. For both unimpacted and impacted sites, sediment cores with %LOI or Al data are available for 7-8 of the IPCC regions with most data from parts of North America, Northern Europe, Central and South America and the Caribbean (Figures 10-11). To supplement lacking %LOI data, percent total organic carbon (%TOC) was used as an additional metric for organic matter content and filled in data gaps in for the IPCC regions of North, Central and South America (Figure 10).

Methodology. The regions that sediment cores were collected from were classified as unimpacted or impacted as described under the methodology for Question 1. Spearman correlations were used to assess the relationship between THg concentration or flux and organic matter concentration (as %LOI or %TOC) or alumnimumaluminum concentration (Al, μg/g), for time periods spanning from 1500–2010 as described under the methodology for Question 3. For each region and time period, Spearman’s ρ, 95% confidence intervals, and associated p-values were calculated. Correlation strength was classified as very weak (|ρ| < 0.2), weak (0.2–0.4), moderate (0.4–0.6), or strong (|ρ| ≥ 0.6), and further grouped by direction (positive or negative) and significance (p < 0.05).

Answer/ Response. Globally, at unimpacted sites, sediment Hg concentrations generally exhibit positive correlations with %LOI, as described in Question 3. Regionally, these trends show greater variability but still generally support the well-established co-transport of Hg and organic matter to lake sediments (Figure 10). In unimpacted sites of N. Europe, N.W. North America and S. Central America, where %LOI data is available, relationships between THg and %LOI are generally positive, with significant correlations in approximately a third of the correlations carried out (p < 0.05 for 9 of 24 correlations across 5-11 time periods and 3 IPCC regions) (Figure 10). Similar to %LOI, relationships between sediment THg concentration and %TOC, available for 5 IPCC regions in North America, are generally positive and frequently significant (p < 0.05 for 25 of 49 correlations across 11 time periods and 5 IPCC regions).
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As with the global dataset, at impacted sites, the strength and direction of the relationships between Hg concentration and organic carbon are more heterogeneous over time and across regions than in unimpacted sites, likely reflecting the role of nearby anthropogenic sources of varying size and nature (i.e., atmospheric emissions versus releases to water) in controlling Hg levels in lake sediments. In the Caribbean, N.W. North America, N.W South America, South-American-Monsoon and W. North America, relationships between THg concentration and %LOI are generally positive with just less than half of the correlations significant (p < 0.05 for 23 of 54 correlations across 5-11 time periods and 7 IPCC regions).
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In contrast, at impacted sites of N. and S. Central America, relationships between sediment THg and %LOI are generally significantly negative (p<0.05 for 9 of 13 correlations across 4-11 time periods and 2 IPCC regions), likely reflecting the importance of oil refining and waste incineration or the shared coastal Mexico location among coring sites driving this pattern (14 of 17 cores); however, since Caribbean cores (also coastal but influenced by mining and metallurgical activities) exhibit positive correlations in 5 of 8 periods, this suggests that source type, rather than coastal setting, drives the observed differences. Relationships between sediment THg concentration and %TOC, available for 2 IPCC regions of North America and 2 for South America, are generally positive in E. North America, S.E. South America and South-American-Monsoon, although most of these correlations are not significant (p < 0.05 for 5 of 18 positive correlations across 4-11 time periods and 3 IPPC regions). In contrast, in impacted sites of N.W. North America, relationships between sediment THg and %TOC are predominantly significantly negative (p < 0.05 for 5 of 11 time periods). This is in contrast to %LOI for cores from this same IPCC region (N.W. North America), which show strong, significantly positive relationships with THg over most


	5865
	of the record. These contrasting results for the same IPCC region highlight the role of local factors, such as Hg

	5866
	sources and local landscape characteristics, which can over-rideoverride the influence of organic matter in driving Hg

	5867
	concentration in sediments.

	5868
	Similar to the global dataset (see Question 3), in the 3-6 IPCC regions where data is available, Hg fluxes in both

	5869
	unimpacted and impacted sites often show negative correlations with %LOI, although the correlations are not as

	5870
	frequently significant as for the global dataset (p < 0.05 for 24 of 68 correlations across 4-11 time periods and 3-

	5871
	6 IPCC regions) (Figure 10). Relationships between THg flux and %TOC are also generally negative but vary in

	5872
	both strength and direction across IPCC regions and time periods (Figure 10). For example, positive correlations

	5873
	are observed in earlier parts of the record (before 1960) for unimpacted sites of E. North America and N.W. North

	5874
	America suggesting strong links between Hg and OC transport in these areas.

	5875
	Similar to the global dataset, in both unimpacted and impacted sites, THg and Al concentrations were generally

	5876
	weakly and sometimes negatively correlated across the 6-8 IPCC regions where data is available (Figure 11).

	5877
	Exceptions include positive, significant THg:Al relationships over much of the temporal record in unimpacted

	5878
	sites of E. North America and N. Europe (p < 0.05 for 11 of 20 correlations) and impacted sites of South American

	5879
	Monsoon (p < 0.05 for 6 of 7 correlations). In the global dataset, we observed significant, positive relationships

	5880
	between THg flux and Al concentrations in unimpacted and, to a lesser degree, impacted, regions (see Question

	5881
	3 and Figure 6). Regionally, correlations between Hg flux and Al concentration are weaker and more variable

	5882
	with strongest positive relationships observed in unimpacted sites of N.W. North America, S. Central America,

	5883
	and W. North America (p<0.05 for 13 of 25 correlations) and impacted sites of N.W. North America (p<0.05 for

	5884
	6 of 11 time periods) suggesting that mineral lithogenic inputs, and by extension sedimentation rate, is the

	5885
	dominant driver of sediment Hg accumulation rates in these regions (Figure 11).

	5886
	Consistency of Answer with Existing Literature. To our knowledge, this is the first-time relationships between

	5887
	sediment THg concentrations and fluxes, %LOI, %TOC and Al concentration have been assessed across global

	5888
	IPCC regions. See Question 3 for a discussion of how relationships between THg, organic carbon and Al and

	5889
	observed in this dataset compare to findings from individual studies.

	5890
	Evaluation of Confidence. Confidence is limited by uneven data availability across geographic regions. Core

	5891
	distribution is heavily skewed toward North America, Central America, and Northern Europe with many regions,

	5892
	such as Africa, Asia, and Oceania, absent. Additionally, variability in the temporal resolution of datasets, small

	5893
	sample sizes in some regions (e.g., n = 2–4), and limited availability of co-located THg, %LOI, %TOC, and Al

	5894
	concentration data constrain the robustness of correlation analyses at the regional level. Confidence is higher in

	5895
	regions with more extensive records (e.g., N.W. North America, N. Europe, E. North America), where patterns

	5896
	are supported by larger sample sizes and greater temporal coverage.

	5897
	Information and Capacity Needs. Expanding sediment core collections in regions with limited geographic

	5898
	coverage, especially Africa, Southeast Asia, Oceania, and parts of South America would improve the

	5899
	understanding how spatial trends in sediment Hg co-varies with other environmental variables globally. Second,

	5900
	although many studies measure co-located variables such as %LOI or Al concentration alongside Hg

	5901
	concentrations, these ancillary data are often excluded from published supplementary materials or archived

	5902
	datasets. Addressing this gap requires improvements in data reporting practices and repository standards to ensure

	5903
	that key contextual variables are made publicly accessible alongside Hg measurements.

	5904
	2.8.11 Key Findings

	5905
	Global lake sediment records show that Hg concentrations and fluxes were low and comparable between

	5906
	unimpacted and impacted sites during the pre-industrial period, but diverged thereafter, with unimpacted/remote

	5907
	sites showing steady increases to 2010–2020 while impacted sites collectively peaked around 1990–2000 and

	5908
	declined thereafter, particularly in the IPCC regions of Northern Europe, Eastern North America, Northeast

	5909
	North America, South-Central America, and Northwest-South America.

	5910
	Flux based enrichment factors (EFs) were used to assess the magnitude of Hg enrichment over various time

	5911
	periods and showed that, as expected and consistent with prior literature, modern (2010-2020) EFs are

	5912
	significantly higher in impacted regions (~5.7) than in unimpacted regions (~3.6). In unimpacted regions,

	5913
	highest modern EFs are observed in Northern Europe, the Tibetan Plateau, and the Arctic while the lowest EFs

	5914
	are observed in South and Southwest-South America.

	5915
	In unimpacted regions and during some early periods in impacted regions, Hg concentrations were positively

	5916
	correlated with organic matter indicative of the well-established co-transport of Hg and organic matter to lake

	5917
	sediments.
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In both impacted and unimpacted regions, Hg fluxes were strongly correlated with aluminum, reflecting the dominant role of sedimentation rates, particularly the delivery of mineral rich catchment material, in controlling sediment derived Hg depositional fluxes.
While catchment-to-:lake area ratios were not a strong predictor of enrichment across the global dataset, watershed development showed a clear influence, with pristine catchments maintaining low EFs (<3) over the entire temporal record and minimally to heavily developed catchments exhibiting progressively higher and more sustained Hg enrichment (median EFs ~ 7–9 by 2000–2010).
OESG Scientific Report, 10 April 2026, Page 205 of 282


205


	5927
	References:

	5928
	Biester et al. Solar irradiance and primary productivity controlled mercury accumulation in sediments of a remote

	5929
	lake in the Southern Hemisphere during the past 4000 years. Limnol. Oceanogr. 63, 540 – 549. (2017)

	5930
	https://doi.org/10.1002/lno.10647

	5931
	Biester. H., et al. Modeling the past atmospheric deposition of mercury using natural archives. Environ. Sci.

	5932
	Technol. 41, 14, 4851 – 4860 (2007). https://doi.org/10.1021/es0704232

	5933
	Campbell, L., Hecky, R., Muggide, R., et al. Variation and distribution of total mercury in water, sediment and

	5934
5935
	soil	from	northern	Lake	Victoria,	East	Africa. Biogeochemistry 65,	195–211	(2003). https://doi.org/10.1023/A:1026058417584

	5936
	Chen, Q. et al. Mercury records from natural archives reveal ecosystem responses to changing atmospheric

	5937
	deposition. J. Nat. Sci. Rev. 11, 12, nwae417 (2024). https://doi.org/10.1093/nsr/nwae417

	5938
	Cooke, C. A. et al. Caribbean Lead and Mercury Pollution Archived in a Crater Lake. Environ. Sci. Technol. 56,

	5939
	3, 1736 – 1742 (2022). https://doi.org/10.1021/acs.est.1c06791

	5940
	Cooke, C. A. et al. Spatial and temporal patterns in trace element deposition to lakes in the Athabasca oil sands

	5941
	region (Alberta, Canada). Environ. Res. Lett. 12, 12, 124001 (2017). https://doi.org/10.1088/1748-9326/aa9505

	5942
	Dastoor, A., et al. The Multi-Compartment Hg Modeling and Analysis Project (MCHgMAP): mercury modeling

	5943
	to	support	international	environmental	policy.	Geosci.	Model	Dev.	18,	2747–2860.	(2025)

	5944
	https://doi.org/10.5194/gmd-18-2747-2025

	5945
	Drevnick, P. E. et al. Spatiotemporal patterns of mercury accumulation in lake sediments of western North

	5946
	America. Sci. Tot. Environ. 15, 568, 1157 – 1170 (2016). https://doi.org/10.1016/j.scitotenv.2016.03.167

	5947
	Engstrom, D.R. Atmospheric Hg emissions from preindustrial gold and silver extraction in the Americas: A

	5948
	reevaluation	from	lake-sediment	archives.	Environ.	Sci.	Technol.	48,	12,	6533–6543	(2014)

	5949
	https://doi.org/10.1021/es405558e

	5950
	Ethier, A.L.M., et al. Mercury empirical relationships in sediments from three Ontario lakes. Sci. Tot. Environ.

	5951
	408, 2087 – 2095 (2010). https://doi.org/10.1016/j.scitotenv.2009.12.037

	5952
	Iturbide, M. et al. An update of IPCC climate reference regions for subcontinental analysis of 604 climate model

	5953
	data: definition and aggregated datasets. Earth Syst. Sci. Data 12, 2959–2970 (2020).

	5954
	Jiang, S., Liu, X., Chen, Q. Distribution of total mercury and methylmercury in lake sediments in Arctic Ny-

	5955
	Ålesund. Chemosphere. 83, 1108 – 1116 (2011). https://doi.org/10.1016/j.chemosphere.2011.01.031

	5956
	Li, C. et al. Unequal Anthropogenic Enrichment of Mercury in Earth’s Northern and Southern Hemispheres. ACS

	5957
	Earth Space Chem. 4, 11, 2073–2081 (2020). https://doi.org/10.1021/acsearthspacechem.0c00220

	5958
	Muir, D.C.G. et al. Spatial Trends and Historical Deposition of Mercury in Eastern and Northern Canada Inferred

	5959
	from Lake Sediment Cores. Environ. Sci. Technol. 43, 13, 4802–4809 (2009). https://doi.org/10.1021/es8035412

	5960
	Roberts, S. L. et al. Quantification of spatial and temporal trends in atmospheric mercury deposition across Canada

	5961
	over	the	past	30	years.	Environ.	Sci.	Technol.	55,	23,	15766	–	15775	(2021).

	5962
	https://doi.org/10.1021/acs.est.1c04034

	5963
	Roberts, S., Kirk, J.L., Wiklund, J.A., et al. Mercury and metal(loid) deposition to remote Nova Scotia lakes from

	5964
	both	local	and	distant	sources.’	Sci.	Tot.	Environ.	675,	192-202	(2019).

	5965
	https://doi.org/10.1016/j.scitotenv.2019.04.167

	5966
	Rutkowski, C. et al. Mercury in Sediment Core Samples From Deep Siberian Ice-Rich Permafrost. Front. Earth

	5967
	Sci. 9: 718153 (2021) https://doi.org/10.3389/feart.2021.718153

	5968
	Rydberg, J. et al. Assessment of the spatial distributions of total- and methyl-mercury and their relationship to

	5969
	sediment	geochemistry	from	a	whole-lake	perspective.	J.	Geophys. Res.117,	G04005	(2021)

	5970
	https://doi.org/10.1029/2012JG001992

	5971
	Sanei, H. and Goodarzi, F. Relationship between organic matter and mercury in recent lake sediment: The

	5972
5973
	physical–geochemical	aspects.	Appl. Geochem.	21,	11,	1900	–	1912	(2006). https://doi.org/10.1016/j.apgeochem.2006.08.015

	5974
	Sanei, H. et al. Classification of mercury–labile organic matter relationships in lake sediments. Chem. Geol. 373,

	5975
	87-92 (2014). https://doi.org/10.1016/j.chemgeo.2014.02.029


OESG Scientific Report, 10 April 2026, Page 206 of 282


206

5976
5977

Schneider, M. A., et al. Long-term mercury accumulation and climate reconstruction of an Australian alpine lake during	the	late	Quaternary.	Glob.	Planet.	Change.	240:	104539	(2024).
OESG Scientific Report, 10 April 2026, Page 207 of 282


207

	5978
	https://doi.org/10.1016/j.gloplacha.2024.104539

	5979
	Stern et al. Historical Interrelated Variations of Mercury and Aquatic Organic Matter in Lake Sediment Cores

	5980
	from a Subarctic Lake in Yukon, Canada: Further Evidence toward the Algal-Mercury Scavenging Hypothesis.

	5981
	Environ. Sci. Technol. 43, 20, 7684–7690 (2009). https://doi.org/10.1021/es902186s

	5982
	Streets, D. G., et al. Five hundred years of anthropogenic mercury: spatial and temporal release profiles.

	5983
	Environ. Res. Lett. 14, 8, 084004 (2019). https://doi.org/10.1088/1748-9326/ab281f

	5984
	Swain. E. B. et al. Increasing Rates of Atmospheric Mercury Deposition in Midcontinental North America.

	5985
	Science. 257 (5071) 748 – 787 (1992). https:// doi.org/10.1126/science.257.5071.784

	5986
	Wiklund, J.A., Kirk, J.L., Muir, D.C.G., et al. Anthropogenic mercury deposition in Flin Flon Manitoba and the

	5987
	Experimental Lakes Area Ontario (Canada): A multi-lake sediment core reconstruction. Sci. Tot. Environ. 586,

	5988
	685-695 (2017). https://doi.org/10.1016/j.scitotenv.2017.02.046

	5989
	Wu, F., Xu, L., Liao, H. et al. Relationship between mercury and organic carbon in sediment cores from Lakes

	5990
	Qinghai and Chenghai, China. J. Soils Sediments. 13, 1084 – 1092 (2013). https://doi.org/10.1007/s11368-013-

	5991
	0694-2

	5992
	



[image: ]
	5993
	2.9 Fresh Waters (rivers, lakes, and coastal estuaries)

	5994
	2.9.1	What data are available?

	5995
	Seven (7) submissions for surface water measurements were received from four (4) continents – Australia,

	5996
	Europe, North America, and South America (Figure 1). They represent a mixture of inland and estuary sites. All

	5997
	submissions have data for total Hg but not for methyl Hg. Ancillary data (pH, dissolved oxygen, conductivity) is

	5998
	only available for the datasets from Belgium and Bulgaria.

	5999
	Most of the submissions were from the Northern Hemisphere, primarily Canada (24%), Europe (34%) and USA

	6000
	(59%). Southern Hemisphere is represented by Ecuador (4%) and Australia (4%). Submissions do not provide

	6001
	good spatial coverage because majority of the data is from a single site (Australia, Belgium) or local monitoring

	6002
	(Canada, USA).
























	6003
	

	6004
	Figure 1. A map showing the distribution of the available freshwater data.

	6005
	The only data received from South America (Ecuador) is from a national monitoring program of effluents of

	6006
	treatment plants. This data was included in the total count and is presented on the map (Figure 1) but cannot be

	6007
	used for assessment of freshwater because the data collection did not occur in the receiving waterbody.

	6008
	Two additional inland monitoring programs for individual waterbodies were identified in the United States

	6009
	which are awaiting data authorization and submission.

	6010
	Data usability. The quality and usability of the data vary considerably across countries. Australia's, Bulgaria’s,

	6011
	and Ecuador’s data have very high detection limit for natural water (0.05 µg/L; 0.01-0.02 µg/L, and 0.2 µg/L,

	6012
	respectively), resulting in reported values at or below detection limit. Belgium's data appears acceptable but

	6013
	limited in scope and duration, with unclear proximity to pollution sources. Canada's data shows inconsistency in

	6014
	units and detection limits; Hg species are unspecified, possibly using different analytical methods over the years.

	6015
	The USA provides usable aggregated data but lacks detection limits and has missing location details. While not

	6016
	explicitly stated, the long historical records from Canada and USA- dating back from 1970s – suggest that

	6017
	different analytical methods were likely used over the years.

	6018
	2.9.2	What are current levels of THg and MMHg (and other species/fractions if

	6019
	applicable) observed in freshwater that are remote from or near anthropogenic

	6020
	sources?

	6021
	Information used. There is currently insufficient data in the OESG dataset to address this question. Limitations

	6022
	of the available data due to analytical uncertainty and methodology are discussed above. With the exception of

	6023
	the Australian data, which was from a single contaminated site, the proximity of contaminated sites were not
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	6024
	provided by the data owners. There is also inadequate spatial coverage of THg and MMHg concentrations in

	6025
	freshwater to assess regional patterns.

	6026
	Methodology. N/A

	6027
	Answer/Response. N/A

	6028
	Consistency of Answer with Existing Literature. There is limited information in the scientific literature to

	6029
	broadly assess the effect of anthropogenic point sources on Hg levels in natural waters. Research studies on Hg

	6030
	drivers in water are largely limited to North America and Europe. A review of the influence of contaminated

	6031
	sites on streams found catchments containing a point source of contamination can discharge >10 times the flux

	6032
	of Hg associated with undisturbed watersheds (Domagalski et al., 2016; Eckley et al., 2020). Because Hg

	6033
	concentrations in stream are usually correlated with discharge and TSS, due to erosion and mobilization of Hg-

	6034
	laden particles at high flow, river export of Hg can be highly variable (Eckley et al., 2020). Several studies of

	6035
	river water downstream of anthropogenic Hg releases have reported an increase in Hg concentrations relative to

	6036
	upstream sources – including the Sudbury River, U.S.A. downstream of the Nyanza Superfund site (Waldron et

	6037
	al., 2000), the Hackensack River, U.S.A downstream of the Berry’s Creek Superfund site (Cardona-Marek et al.,

	6038
	2007), whereas particulate Hg but not dissolved Hg concentrations were elevated in the Penobscot River,

	6039
	U.S.A., a tidal river downstream of historic chemical plant (Turner et al., 2018). In the English-Wabigoon River

	6040
	in Canada, a site of a former-chlor alkali factory which has heavily contaminated downstream fish population

	6041
	with Hg, the water THg concentrations dowstreamdownstream of the point source are elevated, exceeding upstream levels

	6042
	by more than 10-fold (Rudd et al., 2021). The impacts of point sources of contamination on MeHg

	6043
	concentrations in the rivers are less clear. The percentage of Hg present as MeHg in natural waters are low (5-

	6044
	20%), and are often lower in contaminated sites where Hg concentrations are elevated, due to the MeHg

	6045
	concentrations being controlled by methylation potential, rather than Hg concentration (Eckley et al., 2020). It is

	6046
	also noted that concentrations of MeHg can be elevated where Hg concentrations are high, despite a low

	6047
	percentage of Hg present as MeHg. Elevated MeHg concentrations can be a concern at distances further

	6048
	downstream from point sources (Eckley et al., 2020), particularly if streams pass through wetlands in lower

	6049
	reaches (Gilmour et al., 2018; Waldron et al., 2000).

	6050
	There is less research studying the impact of point sources of contamination on Hg concentrations in lakes. The

	6051
	current understanding remains limited to a few systems, each with its own contamination timeline and

	6052
	monitoring intensity; therefore, the effects are difficult to discern on a broad, global scale. Concentrations of Hg

	6053
	in the water column of pristine lakes are regulated by water quality parameters, particularly DOC concentration

	6054
	and phytoplankton density (Driscoll et al., 1994; Lescord et al., 2018; Ogorek et al., 2021), making general

	6055
	conclusion about the influence of point sources across different freshwater environments difficult to discern.

	6056
	MeHg concentrations in lakes are driven by internal cycling, development of hypolimnetic hypoxia linked to

	6057
	expression of sulfate-reducing conditions and methylation of Hg (Todorova et al. 2009; McCord et al. 2016;

	6058
	Millard et al. 2023), and watershed inputs. Some landscapes (eg. Florida Everglades, U.S., Kejimkujik National

	6059
	Park, Canada) are susceptible to efficient conversion of Hg to MeHg, resulting in high water column

	6060
	concentrations of MeHg. Point sources of Hg contamination to these “hotspot” landscapes can be particularly

	6061
	susceptible to methylation leading to elevated concentrations of MeHg in the water column (Gilmour et al.,

	6062
	2018).

	6063
	Evaluation of Confidence. N/A

	6064
	Information and Capacity Needs. To assess the impact of point sources of contamination on ТHg and MeHg

	6065
	in the water column requires more Hg data in freshwater ecosystems, along with information on the proximity

	6066
	of point sources to the water bodies being studied, flow regime for rivers, and stratification conditions for lakes.

	6067
	There is particularly a need for data in South America and Africa, where (artisanal) gold mining is thought to be

	6068
	a major source of Hg release in rivers.

	6069
	2.9.3	How have levels of THg and MMHg (and other species/fractions if applicable)

	6070
	observed in freshwater changed over the available record?

	6071
	Information Used (including applicable indigeousindigenous and traditional knowledge. The data record spans different

	6072
	time periods (Figure 2), beginning as early as 1970 for a dataset from Northeastern USA and 1978 for Northeastern

	6073
	Canada.
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	6075
	Figure 2. Years with available observations for freshwater.

	6076
	Methodology. USA dataset was examined for potential use in trend analysis. The MeHg data was determined

	6077
	unusable due to low temporal coverage with fewer thatthan four years per site.

	6078
	The THg data was clustered by location with ~10 m precision. In total, 786 sites/clusters were identified for 9,295

	6079
	samples. Decreasing the precision to regroup more sites did not change the clustering significantly. Out of 786

	6080
	sites, only 66 of them have at least 6 different years of data. Even after narrowing further to 22 sites with at least

	6081
	10 years of data, which is considered as a minimum to detect long-term environmental trends, the time spread

	6082
	across the sampling period was not sufficient. Moreover, the available data period for many of the sites started in

	6083
	the 1970s and stopped before or around 1992. It limits any analysis to historical trends: it will not inform us about

	6084
	current or ongoing changes in freshwater data.

	6085
	Due to the analytical limitations in 1970-1990 period, when instrumentation and detection limits were less

	6086
	sensitive, many of the recorded values for these sites fall below detection limits, with some years consisting

	6087
	entirely of non-detects (Figure 3).

	6088
	Although 22 candidate sites were identified to have longer time series, their short temporal spread (ending in 1992)

	6089
	and the high proportion of values below detection limit make them problematic for performing trend analysis: any

	6090
	detected trend on this data would be very uncertain and not suitable for drawing broader conclusions.
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[image: ]Figure 31: Time map of yearly average values of the 22 US sites that have at least 10 years of records. The coloulor code refers to concentrations in ng/L. Years that have only values under the detection limits are coloured in grey.


Answer/Response. N/A


Consistency of Answer with Existing Literature. There is a limited number of multidecadal studies examining the long-term trends in THg and MMHg concentrations in lotic and lentic aquatic systems away from point sources. This lack of data limits our ability to quantitatively assess the timing and magnitude of changes in the Hg concentrations over time. A recently published study using mercury monitoring data collected between 2000 and 2020 under the national Swedish program on water chemistry found variable trends in THg concentrations (Eklöf et al., 2024; All data can be accessed from the database Miljödata MVM18 at SLU the Swedish University of Agricultural Sciences)19. Data from monthly sampling in >20 rivers and streams showed decreasing trends in about 15% of the waterbodies. The decrease was more pronounced between 2000 and 2005. However, in the last five years of the studied period (2015–2020), more waterbodies showed significantly increasing Hg trends.



















[bookmark: _bookmark17]18 https://miljodata.slu.se/MVM/
[bookmark: _bookmark18]19 https://www.slu.se/en/environment/statistics-and-environmental-data/environmental-data-catalogue/river-mouths/
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[image: ]Figure 4. Long-term trends in total Hg concentrations in Ljusnan River.
Evaluation of Confidence. N/A


Information and Capacity Needs. There is a substantial data gap in long-term monitoring in lotic and lentic aquatic systems. Most existing studies connecting Hg depositions to biota and humans rely on indirect inferences about concentrations of different Hg species in water. Therefore, there is a critical need for sustained and harmonized long-term monitoring efforts across diverse geographic regions. Instead of establishing a global monitoring network, strategically selected river basins and lakes from different regions could serve as representative sites.


	6118
	2.9.4	How do temporal trends of Hg levels observed in freshwater compare to or co-

	6119
	vary with variations and trends of related pollutants or environmental variables

	6120
	over the available record? (TOC, SOM, DOC, TSS)?

	6121
	Information Used. To address this question, we are limited to the data that was submitted by the Partied to the

	6122
	OESG. As mentioned above – there were a small number of datasets submitted, and for several of these, the Hg

	6123
	data has analytical and methodological limitations. Only the Everglades dataset has Hg data with adequate

	6124
	detection limits as well as DOC data; however, the ancillary parameters (including DOC concentration) have not

	6125
	been included in the official submission. In a publication summarizing the Everglades dataset, atmospheric Hg

	6126
	delivery had not changed over the study time period (2008-2018), and DOC delivery varied spatially but not

	6127
	temporally. There were no temporal trends in Hg or MeHg in the water column, so no temporal relationship

	6128
	between Hg and other parameters were observed (Janssen et al., 2022).

	6129
	Methodology. N/A

	6130
	Answer/Response. N/A

	6131
	Consistency of Answer with Existing Literature. The mobility and transport of Hg is widely intertwined with

	6132
	that of DOC. Hg is readily mobilized to subsurface and surface waters along with DOM by hydrologic forcing

	6133
	(Demers et al., 2010; Dittman et al., 2010, 2009; Jiskra et al., 2017; Riscassi and Scanlon, 2011). In streams, both

	6134
	Hg and DOC concentrations increase with discharge. In headwater streams, DOC, as well as the absorbance of

	6135
	ultraviolet (UV) light at a wavelength of 254 nanometers (UV254), which is a common parameter used to assess

	6136
	the concentration of terrestrial DOC, has been strongly correlated with Hg within streams and can be used as a

	6137
	proxy for Hg concentrations over time (Dittman et al., 2010, 2009; Shanley et al., 2022). The temporal relationship

	6138
	of MeHg to DOC in rivers is less clear – MeHg concentrations have been found to increase or decrease with

	6139
	discharge, and MeHg production follows temperature which drives microbial activity. In streams with a large area

	6140
	(>10%) of wetlands and saturated soils in their catchment, MeHg concentrations often increase along with DOC

	6141
	during periods of high discharge, when hydrologic connectivity with the watershed increases (Riscassi and

	6142
	Scanlon, 2011; Schelker et al., 2011; Vidon et al., 2010). In streams where MeHg is predominantly formed within

	6143
	the stream channel, MeHg concentrations can be higher at baseflow, and decrease with dilution during high

	6144
	discharge events, which is the opposing pattern of DOC (Riscassi and Scanlon, 2011).

	6145
	In lakes, DOC also plays a role in Hg stabilization in the water column, but temporal relationships between Hg

	6146
	and DOC are difficult to assess as variability of both parameters tends to be low over time. The temporal

	6147
	relationship between Hg species and DOC has been found to vary with lake watersheds. In lakes with a large area

	6148
	of riparian wetland, MeHg and Hg may enter the lake water column along with DOC during periods of high runoff.

	6149
	In lakes with minimal watershed, where precipitation is the major source of Hg, temporal relationships with DOC

	6150
	are less clear. In a long-term study of northern lakes in Wisconsin, a record of Hg and MeHg in lake water

	6151
	spanning three decades, found a strong decadal relationship between Hg and oscillation in water levels. One such like that features A lake

	6152
	within this study having a large riparian wetland had a strong temporal relationship between Hg, MeHg and DOC,

	6153
	explained by periodic exposure and reflooding of littoral sediments, which promotes the release of Hg and DOC,

	6154
	and the conversion of Hg to MeHg by anaerobic bacteria under reducing conditions (Watras et al., 2020). The

	6155
	relationship with DOC was less clear in a lake where Hg delivery was predominantly through deposition (Watras

	6156
	et al., 2020).

	6157
	Evaluation of Confidence. N/A

	6158
	Information and Capacity Needs. Hg and MeHg in lakes and rivers are strongly tied to DOM; long term

	6159
	monitoring of water column Hg and MeHg, along with DOM, particularly in lakes, is needed to better understand

	6160
	the complex role of DOM in the internal cycling driving Hg and MeHg concentrations.

	6161
	2.9.5	How do THg and MMHg levels (and other species/fractions if applicable) co-

	6162
	vary temporally in freshwater?

	6163
	Information Used. The datasets submitted by the Parties lack information about MMHg concentrations.

	6164
	Therefore, assessing temporal variability among Hg species is not possible.

	6165
	Methodology: N/A

	6166
	Answer/Response: N/A

	6167
	Consistency of Answer with Existing Literature: Temporal variability of THg and MMHg is influenced by the

	6168
	type of freshwater systems. In lotic systems, which are characterized by continouscontinuous movement, like rivers, Hg

	6169
	species a typically associated with suspended particles larger than 1 µm (Guimarães et al. 2000; Åkerblom et al.
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2022). As a result, their temporal variability is driven by the flowrate and the transport of particulater matter. Conversely, in lentic systems—such as lakes, reservoirs, and wetlands— mercury tends to accumulate in fine sediments and organic matter at the bottom, with MMHg formation often being more pronounced within the system due to anoxic conditions and internal cycling. Temporal variability in lentic systems is therefore driven more by seasonal stratification, redox changes, and biogeochemical cycling.
Evaluation of Confidence: N/A
Information and Capacity Needs: To enhance analysis and support more comprehensive effectiveness evaluation, the inclusion of MMHg measurements in future monitoring programs is essential. MMHg provides critical insight into Hg transformation processes and would facilitate more accurate assessment of health risks.

2.9.6 How do local THg and MMHg levels (and other species/fractions if applicable) found in freshwater differ by world regions?
Information Used. The dataset on surface freshwater concentrations does not have sufficient spatial coverage to identify differences in THg and MMHg levels between world regions. Currently, the database contains samples from two European nations (Belgium and Bulgaria), two North American nations (the United States and Canada), a South American nation (Ecuador) and Australia. Within the available national datasets, only the data from Belgium and the United States have Hg concentrations consistently above relevant reporting limits for natural waters (e.g., reporting limits of <0.5 ng/L for THg and <0.05 ng/L for MMHg). It is important to note that there is no reliable information to dermine whether reported concentrations are influenced by proximate point sources. The data from Belgium and the United States are also limited to a small number of sites within each country.


The information used to assess differences in THg and MMHg levels between world regions is based on the current data submitted by the Parties to the OESG group. The inability to determine global-scale spatial differences in surface freshwater THg and MMHg levels is consistent with the existing scientific literature, which lacks studies that have attempted to synthesize freshwater datasets on a global scale.
Methodology. N/A
Answer/Response. While there have been many studies where surface freshwater THg and MMHg concentrations have been measured throughout the globe, the vast majority of this data has not been incorporated in the database and therefore can be utilized to determine global-scale spatial differences. Furthermore, much of this data is based on hypothesis driven research questions and was collected by different methods, over short and varying time scales, and does not lend itself to synthesis needed to identify broad-scale trends.
Consistency of Answer with Existing Literature. Low-level Hg water sampling can be easily impacted by the sample collection, preservation, storage, and analytical methods utilized (Creswell et al., 2015). This is particularly important for water samples because the concentrations in lakes and rivers is usually in a similar range as blanks and analytical reporting limits. Due to the impact that stream/river discharge has on THg and MMHg concentrations in flowing water (Domagalski et al., 2016), using stream/river data is not conducive to detecting spatial or temporal changes unless sufficient data is collected to establish concentrations/discharge relationships across sites. Lakes often have less variable surface water concentrations and are better candidates for long-term monitoring programs than rivers. However, in stratified lakes there can be large seasonal differences in Hg (especially MMHg) with lake depth. These variables (analytical/hydrological/depth) all contribute to the inability to determine differences in THg and MMHg between global regions.
Evaluation of Confidence. The information needed to identify differences in THg and MMHg between global regions would require surface freshwater data that has been collected using appropriate trace-metal sampling methodologies and analyzed using instrumentation that has a reporting limit that is able to capture the range of ambient concentrations. Furthermore, ancillary information on proximity to point-source/contaminated sites, hydrological conditions during sampling, and sample depth are necessary to determine spatial trends with confidence.


Information and Capacity Needs.
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2.9.7 
How do local temporal trends in THg and MMHg (and other species/fractions if applicable) found in freshwater differ by world regions?
Information Used. The dataset on surface freshwater concentrations does not have sufficient temporal coverage to identify differences in THg and MMHg levels between world regions. Currently, the database contains samples from two European nations (Belgium and Bulgaria), two North American nations (the United States and Canada), a South American nation (Ecuador) and Australia. However, within these national datasets only the data from Belgium and the United States have data that are consistently above relevant reporting limits for ambient concentrations in natural waters (e.g., reporting limits of <0.5 ng/L for THg and <0.05 ng/L for MMHg). The dataset from Belgium spans from 2020 to 2023 and does not provide a long enough record of measurements from which to identify temporal trends. The period of measurements in the United States is much longer, spanning from 1970 to 2019, with the Adirondacks region of New York state having the longer period of measurements (46 years—though samples not collected each year and many of years early in the record are all below reporting limits that are well above ambient concentrations in natural waters). The other region in the United States is the Everglades National Park in the state of Florida which has a long temporal record of measurements (11 years—between 2008 and 2019) and were analyzed with appropriately low analytical reporting limits (e.g. <0.5 ng/L for THg and <0.05 ng/L for MeHg). While the data from this region in the United States can be used to assess temporal trends within this one region, there is insufficient temporal data from other to draw conclusion about temporal trends between world regions.


Methodology. Answer/Response. N/A
Consistency of Answer with Existing Literature. While there have been some studies where surface freshwater THg and MMHg concentrations have been monitored consistently throughout the globe, the vast majority of this data has not been incorporated in the current database (data submitted by the Parties) and therefore can be utilized to determine global-scale temporal differences.
Low-level Hg water sampling can be easily impacted by the sample collection, preservation, storage, and analytical methods utilized (Creswell et al., 2015). This is particularly important for water samples because the concentrations in lakes and rivers are usually in a similar range as the blanks and analytical reporting limits. To assess temporal trends within a dataset, there needs to be consistent sample collection, preservation, storage, and analytical methods utilized over time—especially because the magnitude of change over time is usually relatively small in ambient natural waters. Furthermore, due to the impact that stream/river discharge has on THg and MMHg concentrations in flowing water (Domagalski et al., 2016), using stream/river data is not conducive to detecting spatial or temporal changes unless sufficient data is collected to establish concentrations/discharge relationships across sites.
Evaluation of Confidence. N/A
Information and Capacity Needs. The information needed to identify differences in THg and MMHg between global regions would require surface freshwater data that has been collected and analyzed using appropriate trace-metal sampling methodologies and analyzed using instrumentation that has a reporting limit that is able to capture the range of ambient concentrations. Furthermore, ancillary information on proximity to point-source/contaminated sites, hydrological conditions during sampling, and sample depth are necessary to determine spatial trends with confidence.
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	6260
	2.9.8	How do local THg and MMHg levels (and other species/fractions if applicable)

	6261
	found in freshwater differ by watershed land cover or land use?

	6262
	Information Used. The dataset on surface freshwater concentrations does not have sufficient spatial coverage to

	6263
	identify differences in THg and MMHg levels because of land cover or land use. Currently, the database contains

	6264
	samples from two European nations (Belgium and Bulgaria), two North American nations (the United States and

	6265
	Canada), a South American nation (Ecuador) and Australia. However, within these national datasets only the data

	6266
	from Belgium and the United States have data that are consistently above relevant reporting limits for ambient

	6267
	concentrations in natural waters (e.g., reporting limits of <0.5 ng/L for THg and <0.05 ng/L for MMHg). The

	6268
	datasets from Belgium and the United States include samples from watersheds with different land covers and land

	6269
	uses. For example, the data from Belgium mostly originates from the Scheldt Estuary which receives water from

	6270
	a large watershed containing multiple anthropogenic land uses (urban, industry, agriculture). Data from the United

	6271
	States consists of two distinct watershed land cover/use types. The data from the Adirondacks region of New

	6272
	York Sstate is predominantly a mountainous deciduous forest with minimal anthropogenic activities and the data

	6273
	from the Everglades National Park in the state of Florida consists of mostly upstream agricultural land use. While

	6274
	the available data were collected from watersheds with distinct land covers/use; there is insufficient replication

	6275
	and variability in influential ancillary parameters to draw broad conclusions based on differences in land cover/use.

	6276
	Three case studies presented below from watersheds in the United States highlight the long-term trends in three

	6277
	different systems.

	6278
	Introduction: Freshwater plays a critical role in the global Hg cycle, linking Hg transfer from the atmosphere

	6279
	and terrestrial environment to aquatic biota. Water is not widely included in long-term Hg monitoring and poses

	6280
	analytical and sampling challenges but presents an important gap in global Hg modeling and interpretation.

	6281
	Overview of data: Long-term monitoring datasets for water are scarce. Here we review three case studies from

	6282
	U.S. lakes: Florida Everglades (2008 - 2018 (Janssen et al. 2022)), Wisconsin lakes (1988 to 2017 (Watras et al.

	6283
	2019)), Voyageurs National Park, Minnesota (1998 - 2018 (Brigham et al. 2021)). All three studies include

	6284
	ancillary measures of water chemistry, and paired monitoring of Hg deposition and Hg concentrations in aquatic

	6285
	biota.

	6286
	Observed trends: Florida Everglades ( Janssen et al. 2022): An 11-year, 76-site monitoring record in this large,

	6287
	coastal wetland ecosystem found no long-term trends in Hg concentrations in water, precipitation or fish. However,

	6288
	spatial and annual fluctuations in aqueous Hg and MeHg concentrations inform the drivers of Hg bioaccumulation

	6289
	in this hot spot ecosystem ( Rumbold et al. 2008). The Everglades receive precipitation with Hg concentrations

	6290
	2-3 times higher than the national U.S. average (5) and are heavily impacted by upland water drainage, agricultural

	6291
	runoff and urban land use. A lack of change in Hg deposition from 1997-2018 (Janssen et al. 2022, Weiss-Penzias

	6292
	et al. 2016) is in contrast with the nationwide trend of declining Hg deposition, and attributed to frequent

	6293
	thunderstorms in the region, which have been found to efficiently scavenge Hg in the upper atmosphere (Guentzel

	6294
	et al. 2001,Holmes et al. 2010), accessing Hg from global as well as regional sources. Annual fluctuation of Hg

	6295
	concentrations in water was weakly correlated with Hg deposition, supporting the notion that atmospheric delivery

	6296
	of Hg is the primary source to the Everglades water column, though the influence of water management practices

	6297
	was also evident. The ecosystem supports efficient microbial methylation of Hg, with filtered water Hg

	6298
	concentrations being the strongest driver of MeHg concentrations across sites. The high susceptibility of Hg to

	6299
	methylation in this ecosystem is attributed to inputs of SO4 and DOC from agricultural sources, coupled with

	6300
	redox and climate conditions (Benoit et al. 1999, Gilmour et al. 1998). Across the Park, there were strong regional

	6301
	patterns of Hg in mosquitofish and jewelfish, which were elevated in the coastal region and inland slough,

	6302
	following patterns of filtered MeHg, Hg, DOC and SO4.

	6303
	Northern Wisconsin (Watras et al. 2019): This study tracked Hg and MeHg concentrations in two contrasting

	6304
	lakes in Northern Wisconsin over three decades. Delivery of Hg to clear, mesotrophic, Little Rock Lake is

	6305
	predominantly atmospheric whereas surrounding wetlands are likely the major source of Hg to the dark water

	6306
	Trout Bog. Over the course of the record, there was a decline in Hg concentrations in water and atmospheric

	6307
	deposition, but trends in MeHg and Hg concentrations in lake water as well as Hg in fish from 176 lakes

	6308
	throughout the region were most strongly associated with regional oscillations in lake water level. In Little Rock

	6309
	Lake, aqueous Hg concentrations declined over the study period and were weakly correlated with wet deposition

	6310
	of Hg. However, aqueous MeHg concentration did not correlate with wet deposition, but was strongly associated

	6311
	with a regional, decadal oscillation in lake water level. In Trout Bog, concentrations of Hg and MeHg were 4-10

	6312
	times higher than in Little Rock Lake; here, Hg, as well as SO4 and DOC, tracked with lake water level, though

	6313
	MeHg did not. The influence of lake level on Hg and MeHg concentrations is linked to the wetting and drying of

	6314
	the terrestrial littoral zone, which drives mobilization of Hg, SO4 and DOC, as well as causing shifts in pH and

	6315
	redox. This “reservoir effect” is attributed to an increase in MeHg production (St. Louis et al. 2004), and is

	6316
	suggested to drive temporal patterns in Hg bioaccumulation in the region.
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	6317
	Voyageurs, MN (Brigham et al. 2021): This study examined Hg concentrations in water and biota from four

	6318
	neutral-pH lakes in northern Minnesota, with minimally disturbed, flat, watersheds underlain by shallow soils and

	6319
	bedrock, and dominated by boreal forests. Three lakes receive inflow from a large upstream lake, and the fourth

	6320
	solely from headwater streams. Across the four lakes, epilimnetic MeHg and Hg declined on average by 44% and

	6321
	27%, respectively from 1998 to 2018. This partly reflected wet deposition of Hg monitored at two nearby NADP

	6322
	sites, which declined 22% between 1998 and 2009, then stabilized through 2018. The decline in surface-water Hg

	6323
	extended beyond 2010, suggesting a watershed lag in Hg delivery to lake water. The large decrease in MeHg

	6324
	decrease reflects reductions in both Hg and SO₄, a driver of Hg methylation. Fish Hg concentrations tracked

	6325
	aqueous MeHg, though significant declines were observed in only one lake. A similar pattern to the Wisconsin

	6326
	study, where aqueous MeHg concentrations peaked during high water levels, was evident in one lake. However,

	6327
	the trend was absent in the other lakes, suggesting that elevated MeHg was not driven by rewetting of watershed

	6328
	soils after low lake levels, but rather from increased inflow from an upstream lake. The contrasting landscapes

	6329
	between regions likely explains this difference: Voyageurs lakes are surrounded by shallow soils over bedrock,

	6330
	whereas northern Wisconsin lakes are underlain by deep, permeable outwash sands, which better favor conditions

	6331
	that enhance microbial methylation during wetting.
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Relevance to effectiveness evaluation: Across these three case studies, monitoring aqueous Hg concentrations and water chemistry parameters informed the drivers of Hg methylation and biotic Hg concentrations. Spatial and temporal patterns of Hg and MeHg in water can identify landscape and hydrologic drivers, which can cause a lag or opposing trend to atmospheric deposition.
Data gaps and limitations: These studies are all within the U.S. and cover a limited scope of landscape and hydrologic characteristics, and proximity to point sources of pollution.
Opportunities and recommendations: Together, these studies highlight the role of water monitoring in deciphering regional and site-specific controls on temporal Hg and MeHg sources and bioaccumulation. Inclusion of aqueous Hg and MeHg, as well as water chemistry (DOC, SO4) in long-term study sites is recommended to improve interpretation and modeling capabilities.
Consistency of Answer with Existing Literature. However, the influence of watershed land cover/use have been assessed for specific types of regions in multiple published studies and it is clear that watershed characteristics can have a large influence of Hg and MMHg concentrations in freshwater ecosystems (Balogh et al., 2005; Brigham et al., 2009; Domagalski et al., 2016; Hsu-Kim et al., 2018; Hurley et al., 1995; Shanley et al., 2008; Stoken et al., 2016). In addition, forestry operations can have a large influence on Hg and MeHg releases from soils to surface waters with differences in response related to the specific watershed characteristics and the harvest practices (Eklöf et al. 2025).
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Evaluation of Confidence. The inability to determine global-scale trends between watershed with different land use/covers for THg and MMHg levels is consistent with the existing scientific literature.
Information and Capacity Needs. The information needed to identify the influence of watershed variables such as land use and cover on THg and MMHg dynamics on a global scale exists within the scientific literature for specific regions of the world, but consistent monitoring techniques across multiple global regions is needed to expand the understanding of these dynamics on a global scale.




2.9.9 How do THg and MMHg levels (and other species/fractions if applicable) co-vary spatially in freshwater?
This question cannot be addressed as there not enough datasets which reported both THg and MMHg concentrations.

2.9.10 How do spatial trends of Hg levels observed in freshwater compare to or co-vary with variations and trends of related pollutants or environmental variables over the available record? (TOC, SOM, DOC, TSS)?
Information Used. As discussed above, there was insufficient data as well as limitations in the data submitted by the Parties that prevented analyaisanalysis of this question. In the Florida Everglades dataset, DOC was strongly correlated with Hg concentrations, and DOC and sulfate were strongly correlated with dissolved MeHg in the water column, and they were drivers of Hg methylation (Janssen et al., 2022; Benoit et al., 1999; Gilmour et al., 1998).
Methodology. N/A
Answer/Response. N/A
Consistency of Answer with Existing Literature. Mercury cycling is closely tied to DOC; Hg and DOC are co-mobilized from watershed soils by erosion and hydroligichydrologic forcing (Demers et al., 2013; Shanley et al., 2022), and DOC from both autochthonous and terrestrial sources stabilize Hg in the water column (Janssen et al., 2022; Lescord et al., 2018). A global meta-analysis of Hg and DOC found both THg and MeHg levels in lakes and streams increase with DOC concentration, but the slope of the relationship changes across systems (Lavoie et al., 2019). Across all studies, the relationship between DOC and Hg was stronger than with MeHg, and aromatic fraction of DOC was more strongly coupled with Hg than bulk DOC (Lavoie et al., 2019).
Evaluation of Confidence: N/A
Information and Capacity Needs: The relationship between DOC and Hg is well established, and on local scales DOC is a major driver of Hg variability. Future monitoring of Hg in water is strongly recommended to include DOC as an ancillary parameter, as this variable is a major driver of Hg variability across sites.

2.9.11 Key Findings
Freshwater data has limited spatial coverage, mostly from the Northern Hemisphere. Most data are site-specific or local. Inadequate spatial coverage makes it difficult to assess regional and global patterns.
All submissions include total Hg, none report methyl Hg.
Data usability for trend analysis is limited due to analytical uncertainties and inconsistent methodologies. Many datasets with higher analytical detection limits and data censored at the reporting limit.
Few multidecadal scientific monitoring studies exist on total Hg and methyl Hg in freshwater systems away from point sources, restricting quantitative assessments of change over time.
A national study in rivers in the Northen Hemisphere highlighted shifting trends in Hg concentrations with most recent increases.
In rivers (lotic systems), Hg variability is driven by flow and particle transport, and its mobility is closely linked to dissolved organic carbon (DOC), especially during high discharge.
In lakes (lentic systems), Hg and methyl Hg are influenced by sediment interactions, seasonal redox conditions, lake water level oscillations, or upstream inflow, with DOC playing a stabilizing role.
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	6464
	2.10 Ocean Water

	6465
	2.10.1 What data are available?

	6466
	The ocean links atmospheric concentrations with those of marine food webs. Currently, there is no systematic

	6467
	monitoring of marine Hg water concentrations, but an increasing number of research cruise data is being

	6468
	published. For this work, a total of 60 datasets containing information on total mercury (THg) and

	6469
	methylmercury (MeHg = MMHg+DMHg) measurements in the marine water column were compiled (Figure 1).

	6470
	The observations cover 20 years spanning the period 2005-2024. Most of the datasets were downloaded from

	6471
	public repositories (22; with the GEOTRACES data hosted at the British Oceanographic Data Centre

	6472
	contributing data from 11 campaigns). Another 23 datasets have been obtained from tables and supporting

	6473
	information presented in published scientific publications, and 15 datasets have been provided directly by

	6474
	authors. All datasets were from scientific work and none from monitoring programs. The datasets cover

	6475
	campaigns that a) move in space and time along a cruise track, b) cover a time period at a specific location or c)

	6476
	represent one or a few measurements/profiles in time and space.
























	6477
	

	6478
	Figure 1. Location of surface observations or profiles (multiple observations with depth). Observations are

	6479
	divided into open ocean and coastal ocean observations based on the IPCC regions (Iturbide et al., 2020). Datasets

	6480
	included: Adams et al. (2024; 2025), Agather et al (2019), Bergamaschi et al. (2012), Bowman et al (2015, 2016),

	6481
	Bratkic et al. (2016), Capo and Cayian et al. (2022), Carrasco et al. 2024, Chakraborty et al. (2019), Chen et al.

	6482
	(2024), Ci et al. (2016), Coale et al. (2018), Cossa et al. (2011: 2018), do Nascimento et al. (2025), Eom et al.

	6483
	(2025), Fu et al. (2010), GEOTRACES Intermediate Data Product Group (2023), Gosnell et al. (2017; 2023),

	6484
	Hammerschmidt and Bowman (2012), Hammerschmidt et al. (2013), Jonsson et al. (2022), Kim et al. (2017;

	6485
	2020), Kirk et al. (2008), Kohler et al. (2022), Lehnherr et al. (2011), Lindeman et al. (2023), Malcolm et al.

	6486
	(2010), Mastromonaco et al. (2017a; 2017b), Munson et al. (2015), Perrot et al. (2023), Schlitzer and Mieruch-

	6487
	Schnülle (2024), Sharif et al. (2014), Soerensen et al. (2013; 2016; 2018), Starr et al. (2025), Sunderland et al.

	6488
	(2009), Tate et al. (2025), Torres-Rodriguez et al. (2023), Umhau et al. (2024), Wang et al. (2009; 2016; 2018;

	6489
	2020), Yang et al. (2017, 2023), Yue et al. (2023).

	6490
	It is not possible to go through the various methodologies used for the 60 studies. Generally acknowledged

	6491
	approaches for low level detection of Hg in marine environments can be found in for example Bowman et al.

	6492
	(2020).

	6493
	Information on level of detection or level of quantification (here both are referred to as LOD for simplicity) was

	6494
	included in the data compilation when available as part of the original dataset, otherwise an attempt was made to

	6495
	extract the information from the scientific publication presenting the dataset. For each data analysis it is

	6496
	indicated if the analysis excluded observations below LOD or included them by setting them to LOD/√2. When

	6497
	available, additional information on salinity, temperature and oxygen were included in the data compilation.
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	6498
	Recent work has shown loss of DMHg during filtering of water samples using some filters (no loss for glass,

	6499
	40% loss for NucleporeTM and >95% loss for PES syringe filters (West et al., 2023)). This not only biases

	6500
	DMHg observations, but also MeHg (MMHg+DMHG) and total Hg (inorganic Hg+MeHg). The fractional

	6501
	importance of this uncertainty is smaller for the surface ocean (where DMHg in general contributes a lower

	6502
	fraction due to air-sea exchange and DMHg demethylation (Adams et al., 2024; Soerensen et al., 2016a) and

	6503
	smaller for THg than MeHg (possible fractional loss: DMHg > MeHg > THg). Twenty-five percent of the

	6504
	cruises in the data compilation reports only filtered Hg observations. In the analysis, we excluded filtered

	6505
	observations of DMHg and MeHg but kept filtered observations of THg following the methodology of a recent

	6506
	meta-analysis for Hg in the Arctic ocean (Eom et al., 2025). Filtered THg was only included when no unfiltered

	6507
	samples existed and both filtered and unfiltered THg observations are jointly referred to as THg in the analysis.

	6508
	Unfiltered MMHg and DMHg observations were combined to provide data on MeHg in cases where MeHg was

	6509
	not reported.

	6510
	For the data analysis, the observations are divided into IPCC regions (Iturbide et al., 2020). There are 55 regions

	6511
	that contain ocean surfaces. These are categorized as land, ocean or land-ocean by Iturbide et al. (2020). For our

	6512
	purpose, land and land-ocean were joined to the category “coastal ocean”, which should reflect the coastal and

	6513
	shelf waters likely to be most heavily affected by human activity. This resulted in 12 open ocean regions and 33

	6514
	coastal ocean regions. An initial analysis indicated that the regions are generally giving a useful representation

	6515
	of the coastal-oceanic split in observations even though the regions were not constructed with a focus on

	6516
	representing the coastal ocean. However, corrections were done for the coastal observations from do

	6517
	Nascimento et al. (2025), which were moved from the Equatorial Atlantic Ocean region (open ocean) to the

	6518
	North-East South-America region (coastal ocean), and the observations from Sharif et al. (2014) from the

	6519
	European west coast which were moved from the Mediterranean region to the West and Central European

	6520
	region. Further, samples collected west of the Strait of Gibraltar categorized were moved from the

	6521
	Mediterranean region to the North Atlantic Ocean. Of the 55 IPCC regions, the Hg data compilation covered 36

	6522
	regions, 34 regions for THg (62% of all ocean regions) and 23 regions for MeHg (42% of all ocean regions;

	6523
	Figure 2). The open ocean regions are represented with observations in 83% of the 12 regions and the coastal

	6524
	ocean regions are represented with observations in 60% of the 33 regions.

	6525
	Focus in the analysis was on THg and MeHg observations as most information was available for these species

	6526
	but similar analysis could be conducted for other Hg species (also included in the data compilation) like Hg0,

	6527
	dissolved gaseous Hg (DGM), MMHg, DMHg. In the future, also Hg isotopes could be included in the data

	6528
	compilation and used for analysis.

	6529
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	6530
	

	6531
	Figure 2. Number of THg observations A) in the upper 54 m of the water column (global average mixed layer

	6532
	depth (de Boyer Montégut et al., 2004)]) and B) across all depths. Pink circles indicate the sampling locations.

	6533
	2.10.2 How do THg and MeHg levels found in the ocean differ by IPCC region?

	6534
	The distribution of Hg in the surface ocean is primarily influenced by deposition and rivers, settling and

	6535
	sediment resuspension, upwelling and ocean transport (Soerensen et al., 2010). In the intermediate and deep

	6536
	ocean, settling and ocean circulation are most important for the spatial distribution but hydrothermal vent inputs

	6537
	can also play a role near the ocean bottom (Bowman et al., 2015; Torres-Rodriguez et al., 2024). The influence
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	6538
	of changes in the source load is highest in the surface ocean (turnover time less than a year for surface waters

	6539
	(Soerensen et al., 2010) but centuries in the deeper parts of the global ocean (Amos et al., 2013; Geyman et al.,

	6540
	2025)).

	6541
	Methodology. Average THg and MeHg concentrations per IPCC region were calculated for the surface ocean

	6542
	(upper 54 m). Observations below LOD were included as LOD/√2 for the calculation of averages. Depth

	6543
	profiles were calculated by applying a gam smoother to observations from the open ocean regions.

	6544
	Answer. Figure 3 shows the distribution of regional average Hg concentrations in the surface ocean. IPCC

	6545
	region THg averages range from 0.2±0.2 pM (n=176) to 106 pM (n=1) in the surface ocean. Region MeHg

	6546
	averages range from <LOD to 880±550 fM (n=361) in the surface ocean. Highest THg concentrations in the

	6547
	open ocean were found at high latitudes (Southern Ocean: 1.8±1.1 pM; Arctic Ocean: 1.2±0.7 pM), then

	6548
	followed the South Atlantic and North Pacific oceans (0.8-0.9 pM). The Equatorial, North Atlantic and South

	6549
	Indian oceans are all in the 0.5-0.6 pM range and the South Pacific Ocean has the lowest concentrations

	6550
	(0.2±0.2 pM, n=176). For MeHg, the latitudinal distribution is similar with highest concentrations at high

	6551
	latitudes (Arctic 125±94 fM; Southern Ocean 84±97 fM), similar concentration range for the North and South

	6552
	Atlantic and North Pacific oceans (41-49 fM) and lowest concentrations in the South Pacific Ocean (10±13,

	6553
	n=5).

	6554
	Figure 4 presents the average depth profiles for the open ocean IPCC regions. Except for a few regions, the

	6555
	expected nutrient-like profile is seen for THg in the open ocean regions around 500 m depth (Bowman et al.,

	6556
	2020). For the Arctic Ocean, concentrations at the surface are elevated as expected due to high input loads to the

	6557
	surface and stratification of the water column (Dastoor et al., 2022; Eom et al., 2025). For the South Atlantic

	6558
	Ocean the lack of a ~500m peak is related to large differences in concentrations between the two cruises

	6559
	providing observations for the region (~0.5 pM versus ~1.5 pM averages (Bratkič et al., 2016; Schlitzer and

	6560
	Mieruch-Schnülle, 2024)), and we therefore ascribe the profile to analytical inconsistencies. Below 1000 m’s

	6561
	depth (where the thermocline waters are depleted of oxygen during microbial respiration) the Arctic and

	6562
	Atlantic open oceans show lower concentrations than the three Pacific oceans. The Southern Ocean has the

	6563
	highest concentrations across all depths. For MeHg, a nutrient-like profile with a peak at depths similar to THg

	6564
	is seen (Figure 4B). Kim et al. (2017) suggested that elevated MeHg at 500 m depth in the Equatorial Pacific

	6565
	Ocean (>750 fM) was caused by upwelling and active organic carbon mineralization in the convergence-

	6566
	divergence zone. For the Arctic, the peak is found at a shallower depth (few hundred meters) than seen for other

	6567
	oceans as previously reported (Heimbürger, 2015; Wang et al., 2018). A smaller number of observations are

	6568
	available at depths below 2000 m but like THg, the Atlantic and Arctic oceans MeHg concentrations are similar

	6569
	and even the Antarctic Ocean falls in this interval, with the North Pacific Ocean having a minimum not seen for

	6570
	the other regions around 2000 m’s depth. Low concentrations of MeHg in the South Atlantic Ocean compared to

	6571
	other regions are suggested by the authors collecting the samples to be a bias related to long storage and

	6572
	analytical methods (Bratkič et al., 2016).

	6573
	Existing Literature. The regional distribution of Hg in the ocean has not been systematically examined based

	6574
	on a data compilation of available observations in previous Hg assessment reports (AMAP, 2021; AMAP/UN

	6575
	Environment, 2019) but Bowman et al. (2020) conducted a comprehensive meta-analysis on published open

	6576
	ocean Hg profiles (see discussion above).

	6577
	Confidence. There are a few IPCC regions where enough observations have been collected over the last two

	6578
	decades, to build high confidence in the representativeness of average Hg concentrations, spatial and seasonal

	6579
	patterns and their drivers. The Arctic Ocean is the open ocean region with the highest confidence (~1500 and

	6580
	~700 open and coastal ocean THg observations) and process oriented meta-studies (e.g Eom et al. (2025)).

	6581
	Additional regions with high confidence are the two North American west coast regions (~900 THg

	6582
	observations), where campaigns include unfiltered THg, MeHg and DMHg conducted by several research

	6583
	groups (Adams et al., 2024; Coale et al., 2018) and monthly variability of THg has been observed across

	6584
	multiple years (Adams et al., 2025), and the coastal East Asia where data from 10 campaigns with a good spatial

	6585
	coverage including unfiltered THg, MeHg and Hg0 have been conducted (~570 THg observations; for example

	6586
	Chen et al. (2024a); Wang et al. (2020); Yang et al. (2017)). For other regions zero or very limited data is

	6587
	available (Figure 2). For MeHg, the choice of removing filtered MeHg water samples in the analysis has

	6588
	resulted in a limited number of samples despite a lot of samples having been collected.

	6589
	Capacity Needs. Observations are lacking for many coastal ocean regions and the spatial coverage is sporadic

	6590
	for most open ocean regions. Generating new observational data is important to close this gap, both through

	6591
	water sampling and analysis but other methods, like the use of passive samplers (Blondet et al., 2025), should

	6592
	also be explored. Further, addition of existing data from coastal research or monitoring work, not currently

	6593
	included in the data compilation, can also improve the coverage. Uncertainty in the confidence of filtered
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	6594
	samples should be clarified by incorporating information on specific filtering methodologies into the data

	6595
	compilation. MMHg could also be analyzed to include some information lost by the exclusion of filtered MeHg.

	6596
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6597

Figure 3. Spatial averages of THg and MeHg in the upper 54 m by IPCC region. Grey area indicates that no observations are available for the region. The number of THg observations per region is indicated in Figure 2A. Pink circles indicate sampling locations.

Figure 4. THg (n=7000) and MeHg (n=2200) profiles for nine open ocean IPCC regions. A gam smoother was applied to observations. Number of observations per region is shown in Figure 2B. Punctuated line indicates 500 m depth.


	6598
	2.10.3 What are current levels of THg and MeHg observed in the ocean that are remote

	6599
	from or near anthropogenic sources?

	6600
	Anthropogenic point sources have a large impact on marine Hg levels but the effect declines with distance to

	6601
	sources. Hg from anthropogenic point sources can be released directly to coastal water from industry or waste

	6602
	water discharge or through atmospheric deposition due to high industrial emissions close to the coast

	6603
	(Bernardello et al., 2006; Fitzgerald et al., 2018; Gascon Diez et al., 2014). The anthropogenic impact becomes

	6604
	more diffuse when the sources are located further inland and are transported to the ocean by rivers and/or

	6605
	regional atmospheric transport (Jaffe and Strode, 2008; Liu et al., 2021a).

	6606
	Method. All surface ocean regions are to some extent impacted by historic Hg emissions and long-range

	6607
	transport. However, due to the nature of anthropogenic sources being primarily associated with land, coastal

	6608
	regions are likely to be more closely associated with anthropogenic primary releases than the open ocean. While

	6609
	this does not mean that all coastal areas are highly affected by anthropogenic primary releases, a coastal

	6610
	oOcean-to-:open ocean comparison between IPCC regions was used to explore the impact of anthropogenic sources

	6611
	on nearby and remote areas. We divided the global ocean into five latitudinal bands based on the primary

	6612
	location of IPCC regions (see Figure 5). The difference between coastal and open ocean observations were

	6613
	calculated based on mean and median concentrations for the upper 54 m within the latitudes. Focus is on the

	6614
	surface ocean, which has a fast response time to changes in source loads (Soerensen et al., 2010).

	6615
	Answer. IPCC region average THg range from 0.2±0.2 pM (n=176) to 1.8±1.1 pM (n=65) in open surface

	6616
	ocean regions and 0.4±0.1 pM (n=4) to 106 pM (n=1) in coastal surface ocean regions (Figure 3). Region

	6617
	average MeHg ranged from <LOD to 125±94 fM (n=197) in open surface ocean regions and <LOD to 880±550

	6618
	fM (n=361) in coastal surface ocean regions. There is thus a factor 100 difference between the highest

	6619
	concentrations found in coastal regions compared to open regions for THg but less than a factor 10 for MeHg.

	6620
	Figure 5 presents the difference between THg and MeHg for coastal and open ocean as a function of latitude.

	6621
	For the Polar oceans, there is a relatively small difference between average and median THg from coastal and

	6622
	open ocean (93-144%) while MeHg is slightly higher in coastal regions (40-90%). For the Southern

	6623
	midlatitudes, Equatorial ocean and Northern midlatitudes, the coastal ocean has 400-1500% and 250-600%

	6624
	higher mean and median concentration, respectively, for THg and 400-900% and 350-450%, respectively, for

	6625
	MeHg. Overall, these results highlight a large variability in exposure of coastal ocean waters. Results from the

	6626
	Polar regions reflect that these areas are not directly impacted by anthropogenic sources but mainly affected by

	6627
	long-range transport (by direct deposition or by transport through drainage basins (Dastoor et al., 2022)). For the

	6628
	midlatitudes and the equatorial ocean, direct anthropogenic inputs affect many coastal observations. For the

	6629
	Southern midlatitudes, the enrichment of THg and MeHg is similar (400-570%), while THg shows a higher

	6630
	enrichment (1500%) for the Northern midlatitudes than MeHg (900%) but similar lower medians (250-350%).

	6631
	This reflects that MeHg from areas with high anthropogenic impact (examples: (Wang et al., 2009) (measured

	6632
	15 pM MMHg), (Ci et al., 2016; do Nascimento et al., 2025; Perrot et al., 2023)) were not included in

	6633
	measurements from most of the Northern midlatitude (and Equatorial ocean) studies and that few very high

	6634
	observations of both THg and MeHg (not found in the Southern midlatitude dataset) dominate the average (for

	6635
	example from sampling close to harbour and industrial areas (Wang et al., 2009)), while there is a fast dilution

	6636
	of concentrations away from point sources.

	6637
	Existing Literature. The differences in concentrations between sites near point sources and remote areas has

	6638
	not been systematically examined at a larger scale based on data compilations of available observations in

	6639
	previous Hg assessment reports (AMAP, 2021; AMAP/UN Environment, 2019) or meta-studies. Some relevant

	6640
	literature is discussed in the section above.

	6641
	Confidence. The choice of using coastal regions as a proxy for anthropogenically polluted areas rather than

	6642
	gathering information on proximity of Hg sources lowers the confidence of the results. However, the fact thatbecause

	6643
	tThere are not many anthropogenic point sources in the open ocean presence of anthropogenic point sources in the open ocean are low, the definitions of remote and “possibly

	6644
	impacted” regions hashave a high confidence. Therefore, as long as the variability in proximity of point sources in

	6645
	coastal areas are kept in mind during the interpretation, there is high confidence in the results. A small number

	6646
	of surface ocean MeHg observations in the Equatorial ocean, Southern midlatitudes and Southern ocean (<200)

	6647
	results in a lower confidence for these regions.

	6648
	Capacity Needs. Observations are missing for many coastal regions. Further, regions are often defined by one

	6649
	or a few studies focused either on an anthropogenic impacted hotspot or river, the South Asia coast is an

	6650
	example of this (Chakraborty et al., 2019). This can result in concentrations being biased high for the region

	6651
	compared to studies with observations from costal to open ocean transects or studies in coastal areas away from

	6652
	point sources and rivers. An indication for each observation on its status as being near anthropogenic sources

	6653
	would improve our understanding of the direct anthropogenic influence and the impact of point sources versus

	6654
	diffuse sources. Alternatively, as release inventories to the coastal ocean continues to improve (Liu et al., 2020,
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	6655
	2021a) detailed, geospatially distributed global inventories for atmospheric and land baseland-basedd sources (Kocman et

	6656
	al., 2017) could be joined with information on coastal Hg concentrations, to identify the type and level of

	6657
	regional/local anthropogenic influence of coastal areas across the global coastal ocean.

	6658
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[image: ]Figure 5. Mean and median differences (%) between coastal and open ocean (0-54 m depth). The five latitudinal categories were created based on the primary location of the IPCC regions (approximate latitudes: Southern ocean > 35-55°S, Southern midlatitudes 35-55°S-10°S, Equatorial ocean 10°S-8°N, Northern midlatitudes
8°N-65°N, Arctic ocean >65°N). The punctuated line indicates no difference between open and coastal ocean
concentrations. Observations <LOD were included as LOD/ √ 2. Numbers above bars indicate how many observations were used to calculate the distribution.


	6667
	2.10.4 How do THg and MeHg levels co-vary spatially in the ocean?

	6668
	It is well established that Hg methylation takes place both in marine sediments and the water column (Gilmour

	6669
	and Riedel, 1995; Lehnherr et al., 2011; Schartup et al., 2025). In coastal regions Hg, in its various forms

	6670
	including MeHg, is also introduced by rivers or other landbased sources (Liu et al., 2021a). Hg methylation and

	6671
	demethylation, and thereby the percentage of THg found as MeHg, are controlled by environmental and

	6672
	ecological factors (e.g., temperature, light intensity, pH, redox condition, organic carbon and nutrient

	6673
	concentrations; (Bouchet et al., 2023; Heimbürger et al., 2010; Soerensen et al., 2017)). A thorough description

	6674
	of these mechanisms and the supporting literature are presented in previous assessments (AMAP, 2021;

	6675
	AMAP/UN Environment, 2019) and will be discussed in the next section on environmental co-variables.

	6676
	Method. The percent MeHg (%MeHg: MeHg/THg) was used to examine how THg and MeHg co-vary spatially

	6677
	in the surface ocean and intermediate water (150-1000 m), which include the subsurface chlorophyll

	6678
	maximum. %MeHg was calculated for individual water samples where both MeHg and THg were above LOD

	6679
	(to avoid a positive bias of the results as MeHg more often than THg is below LOD). The %MeHg was then

	6680
	averaged per IPCC region (Table 1).

	6681
	Answer. Regional average %MeHg varied between 2 and 15% for the surface ocean with a similar range found

	6682
	in the open ocean and coastal ocean (Table 1). The latitudinal distribution indicateindicates a lower %MeHg in the

	6683
	southern hemisphere (including the Southern Ocean, ~2-5% for the open ocean and 4-10% for the coastal ocean)

	6684
	than the northern hemisphere (including the Arctic, ~6-12% for open ocean and 4-15% for the coastal ocean).

	6685
	For the intermediate ocean (150-1000 m) the range of %MeHg is also similar between open (15-36%) and

	6686
	coastal (7-42%) ocean. For the open ocean, the intermediate waters also seem to have lower %MeHg in the

	6687
	Southern Hemisphere (15%) than the Northern hemisphere (28-36%) while the coastal oceans have a more

	6688
	uniform distribution range (20-39% and 7-42%, respectively). A few coastal regions in the northern hemisphere

	6689
	(Northern Europe, West and Central Europe and East Asia) show lower %MeHg (3-5%) than the other regions

	6690
	in the surface ocean (9-15%) but not in intermediate water.

	6691
	Table 1. %MeHg in the upper 54 m and 150-1000 m by IPCC region. Colors indicate latitudinal distribution:

	6692
	Arctic (blue), Northern hemisphere (green), Southern hemisphere (orange) and Antarctic (purple).



	

Type
	

IPCC region
	

Months (n)
	Cruises (n)
	MeHg<54 (%)
	

Samples (n)
	MeHg150-1000 (%)
	Samples (n)

	Ocean
	Arctic-Ocean
	4
	5
	12.0±9.5
	135
	33.8±23.1
	253

	
	N.Atlantic-Ocean
	3
	2
	10.6±5.4
	62
	35.7±19.2
	121

	
	N.Pacific-Ocean
	4
	4
	6.5±6.2
	69
	27.6±14.2
	118

	
	S.Pacific-Ocean
	1
	1
	4.5
	1
	14.9±10.1
	11

	
	Southern-Ocean
	4
	2
	2.2±1.3
	42
	15.1±19.2
	59

	Coast
	Greenland/Iceland
	4
	6
	15.1±7.0
	58
	36.3±21.2
	70

	
	Russian-Arctic
	1
	1
	9.0±4.2
	25
	
	

	
	N.W.North-America
	3
	3
	12.6±10.0
	12
	33.5±10.3
	11

	
	N.E.North-America
	5
	5
	12.3±10.7
	75
	31.1±28.9
	75

	
	N.Europe
	3
	3
	3.5±3.5
	44
	31.3±37.9
	21

	
	West&Central-Europe
	

2
	2
	

5.0±1.5
	

11
	

7.3±6.3
	

2
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	Mediterranean
	2
	2
	9.9±13.9
	48
	41.9±19.3
	64

	
	W.North-America
	3
	2
	10.1±8.2
	271
	25.6±12.5
	85

	
	E.Asia
	3
	3
	4.4±4.0
	293
	34.9±22.6
	10

	
	S.E.Asia
	1
	1
	10.0±3.7
	20
	20.3±17.2
	3

	
	S.Australia
	1
	1
	8.4±7.7
	4
	39.1±8.9
	3

	
	E.Antarctica
	2
	2
	3.9±2.7
	9
	21.5±17.2
	14


6693
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6699
6700
6701
6702
6703
6704
6705
6706
6707
6708
6709
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6711
6712
6713
6714
6715
6716
6717
6718
6719
6720
6721
6722
6723
6724
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6726
6727
6728
6729
6730
6731

Existing Literature. Bowman et al. (2020) present %MeHg for a range of open ocean cruises divided by latitude (<150 m and 150-1000 m), which range from 4-22% and 7-26%, respectively. Except for a few cruises, these fractions are higher for the surface ocean than found for the IPCC regions (<54 m). As MeHg is often depleted at the surface the inclusion of observations down to 150 m in their analysis could possibly explain this. Furthermore, it is also unclear how <LOD values were treated in the analysis. If these were included, it could result in a positive bias of the %MeHg. For the intermediate water (150-1000 m) Bowman et al. (2020)
found %MeHg lower than our results. This could be due to the inclusion of filtered MeHg samples in the analysis, which is likely to impact the subsurface waters more than the surface ocean as DMHg often constitute >30 % of MeHg in subsurface waters but <20 % in surface water (Adams et al., 2024; Jonsson et al.,
2022; Schartup et al., 2025) due to gaseous evasion and photodegradation (Soerensen et al., 2016a). Bowman et al. (2020) did not see a similar latitudinal gradient in the %MeHg for the open ocean found in our analysis. We have no suggestion for the drivers of such a latitudinal pattern.
The Northern European region (including the Baltic Sea) and the East Asia region (including the Yellow Sea and East Chinese Sea) are both relatively closed seas highly impacted by anthropogenic sources (Liu et al., 2021b; Soerensen et al., 2016b) were the system efficiency of MeHg production has previously been shown to be low (Chen et al., 2024b; Soerensen et al., 2018). Important drivers of low %MeHg in these systems were found to be input of terrestrial DOM (high inputs decreasing inorganic Hg availability and increasing MeHg photodemethylation rates), and the methylation potential in the system (Bouchet et al., 2023; Chen et al., 2024b; Soerensen et al., 2017).
Confidence. The number of samples for which it was possible to calculate %MeHg is low compared to the information we have for the individual observations of THg and MeHg. Especially the low number of %MeHg observations and cruise campaigns (which will incorporate an averaging effect from laboratory uncertainty of individual research groups) for the southern hemisphere is low (<80 observations for the surface ocean and <100 for the deeper ocean). This lowers the confidence in the calculated %MeHg in the southern hemisphere and the interhemispheric differences observed.
Capacity Needs. While MeHg (as well as MMHg and DMHg) can be analyzed with a low uncertainty and LOD for research groups dedicated to aquatic Hg work, often doing extensive work in the open ocean (Adams et al., 2024; Kohler et al., 2022; Starr et al., 2025), many laboratories working on a more regional/national scale, often with a focus on the coastal ocean, does not have the capabilities to analyse water samples for MeHg or have high LOD on their analysis. This hampers our understanding of the co-variability and the factors controlling the THg:MeHg relationship in marine systems. Chen et al. (2024b) collected information on estuarine and coastal systems averages from around the world, showing that a simple analysis is possible. However, they identified no southern hemisphere studies, showing the current bias in Hg studies towards the northern hemisphere.
Expanding the collaboration between research groups working on a national scale with some of the well establishedwell-established Hg laboratories could help bridge this gap. The use of passive samplers could facilitate such collaboration, as sampling can be administered on site without Hg experts present and the membranes later analyzed in laboratories with well establishedwell-established protocols (Blondet et al., 2025).


	6732
	2.10.5 How do spatial trends of THg and MeHg levels observed in the ocean co-vary

	6733
	with environmental variables?

	6734
	Hg can co-vary with environmental variables through common sources like rivers (DOM, POM, nutrients),

	6735
	through co transportation and adsorption in the ocean and through the impact on speciation of environmental

	6736
	variables (Bravo et al., 2018; Lamborg et al., 2016). MeHg can further co-vary with variables impacting the

	6737
	methylation and demethylation processes (Bravo and Cosio, 2020).

	6738
	Method. When available, salinity, temperature and oxygen waswere included in the data compilation (for 55%, 45%

	6739
	and 20% datasets, respectively). We focus on the spatial distribution of correlations between Hg and salinity in

	6740
	the surface water (<54 m) and oxygen for intermediate water (150-1000 m (Bowman et al., 2016; Munson et al.,

	6741
	2015)). Salinity is used as a proxy for distance to freshwater sources (and therefore a measure of the effect of

	6742
	anthropogenic influence that can supplement the open-coastal ocean comparison presented in Figure 5). Oxygen

	6743
	level is suggested to be an indicator for organic matter remineralization fueling MeHg production (Cossa et al.,

	6744
	2011; Heimbürger et al., 2010; Kim et al., 2017). In order toTo capture coast to open ocean surface salinity

	6745
	gradients, open ocean regions were combined with nearby coastal regions to “basins”. This also meant that

	6746
	observations from coastal regions containing deeper profiles were included in the Hg-oxygen analysis. Basins

	6747
	with less than 30 observations were not included.

	6748
	Answer. For the THg-salinity correlation, we find significant correlations for non-Polar ocean basins (R2: 0.1-

	6749
	0.4) except the South Atlantic and Mediterranean while salinity did not explain the variability in Polar waters

	6750
	(R2: ~0; Figure 6). While salinity only explained a smaller part of the variability in THg, the result supports the

	6751
	findings from the regional comparison of differences in THg levels between coast and open ocean (little

	6752
	difference in Polar areas and large differences elsewhere). For MeHg, there is no latitudinal pattern, and R2 is

	6753
	low (<0.2). This suggests that while MeHg concentrations are elevated in coastal oceans (Figure 5), they are not

	6754
	necessarily from river inputs but could be the effect of elevated in situ production in coastal regions (Soerensen

	6755
	et al., 2017). For several basins (North Atlantic and North Pacific) the THg concentration is variable and does

	6756
	not follow the trendline for observations below ~10 psu (Figure 6B). This highlights how concentrations

	6757
	measured close to freshwater sources are very affected by presence/absence of point sources while dilution and

	6758
	mixing results in a more predictable salinity-Hg relationship further from the coast. For the THg-oxygen

	6759
	correlation, significant correlations with R2 > 0.2 were only found for the North Atlantic and South and

	6760
	Equatorial Pacific. For MeHg, there is data from a limited number of basins but these suggest that oxygen

	6761
	utilization could be driving the MeHg variability in some northern midlatitude systems (R2: 0.05-0.3).

	6762
	Existing Literature. The data compilation used for the analysis only contained three environmental variables

	6763
	that have been found to co-vary with THg and MeHg, of which we used only two. Salinity is often used as a

	6764
	proxy to source regions for coastal studies (for example do Nascimento et al. (2025), Carrasco et al. (2024)) or

	6765
	for determination of water masses (for example Starr et al. (2025), Kim et al. (2020)). However, we are not

	6766
	aware it has been used at the basin scale before. While most work has been done on the MeHg-oxygen

	6767
	relationship, a relationship between THg and AOU (which can approximate our THg-oxygen correlation) has

	6768
	also been reported (Kim et al., 2017; Yang et al., 2017). Bowman et al. (2020) have summarized studies

	6769
	exploring links between MeHg and oxygen (in the form of organic carbon remineralization (OCRR) and

	6770
	apparent oxygen utilization rate (AOUR)). They concluded that not all open ocean regions showed a correlation

	6771
	and that other factors are needed to predict the MeHg concentration. The lack of correlation for the Arctic Ocean

	6772
	has also previously been noted (Agather et al., 2019). This supports our findings that the oxygen level is not a

	6773
	good predictor for MeHg concentrations at the basin scale but this should be reevaluated with a larger dataset.

	6774
	The AMAP/UN Environment (2019) and AMAP (2021) reports have more extensive descriptions of additional

	6775
	variables and mechanisms not available in the data compilation (although no meta-analysis were conducted).

	6776
	Environmental variables that can be expected to co-vary with THg and MeHg, either through co-transport or

	6777
	direct influence on rates of MeHg production and degradation, air temperature, light intensity, pH, redox

	6778
	condition, organic carbon/organic matter (and associated thiol groups) and nutrient concentrations (Bouchet et

	6779
	al., 2023; Bravo and Cosio, 2020; Lamborg et al., 2016; Seelen et al., 2023).
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[image: ]Figure 6. A) Pearson’s correlation coefficient (R2) between Hg and salinity [psu] (excluding salinities below 8) in the surface ocean (<54 m) and oxygen [µumol kg-1] in the intermediate water (150-1000 m; open ocean region combined with nearby coastal regions). Only R2 for significant correlations (p<0.05) are given, B) Correlations between THg and salinity in the surface ocean (<54 m). The Mediterranean Sea is included even if it is not an open ocean and the South and Equatorial Pacific has been combined.
Confidence. Salinity observations are available for more than 50% of the datasets, resulting in ameaning there is relatively good representation across of geographic regions. We further see an agreement between the main result from this analysis and the analysis of coastal to open ocean Hg concentration differences presented in a previous section. For oxygen, the number is smaller with data missing for several of the large regions and the uncertainty of the results areis therefore higher.
Capacity Needs. More data on environmental variables connected to the datasets are likely available but did not get included in the data compilation. Additional work should therefore be put into identifying important environmental variables and complementing the existing data compilation where these observations are available. Variables most likely to be available isare TOC, TSS, DOC, chlorophyll fluorescence and nutrients (N and P) as well as complement with information on OCRR and AOU, which requires information on oxygen, salinity and temperature.


	6798
	2.10.6 How do THg and MeHg levels found in the ocean differ by watershed land cover

	6799
	or land use?

	6800
	The impact of land cover and land use is most likely to affect THg and MeHg concentrations significantly in

	6801
	coastal areas, small coastal seas (like the Baltic Sea) and the small Arctic Ocean basin (Schartup et al., 2022;

	6802
	Soerensen et al., 2017). Except for cases where there are direct anthropogenic inputs to land or the natural

	6803
	background in soil is high, the differences in releases of THg and MeHg are controlled by the ability of a given

	6804
	land cover at a given time to withhold the Hg received from atmospheric deposition and the conditions for Hg

	6805
	methylation in the system.

	6806
	Answer. With the information contained in the current ocean water column Hg data compilation it is not

	6807
	possible to investigate this question quantitatively.

	6808
	Existing Literature. Diffuse sources from managed land (not including anthropogenic point sources like

	6809
	mining activities, industry, waste waterwastewater treatment plants etc) or remobilization of Hg during human-ly induced

	6810
	changes in land cover can result in an increase in Hg and/or MeHg releases to freshwater and coastal systems

	6811
	(Kocman et al., 2017). An example of this is forestry logging activities or conversion of forest to agricultural

	6812
	land (Eklöf et al., 2016; Gamby et al., 2015). Hg can also be remobilized during land cover changes as an

	6813
	indirect anthropogenic effect of climate changing temperature, precipitation and humiditye. An example of this is thawing permafrost, which can remobilize

	6814
	Hg that has been accumulating for centuries (Campeau et al., 2022; Lim et al., 2019). AMAP (2021) concluded

	6815
	that it is currently not possible to quantify how much permafrost thaw contributes to Arctic watershed export.

	6816
	Wetland areas with their oxygen-depleted conditions and often high dissolved organic matter (DOM) content

	6817
	have been linked to high MeHg production (Zhang et al., 2023). Bravo et al. (2018) found that for rivers across

	6818
	Europe, soil derived DOM inputs controlled the THg concentration, while the autochthonous DOM was

	6819
	important for the MeHg percentage. Watershed land cover and land use affects in different ways THg and

	6820
	MeHg concentrations and availability in freshwater systems. However, it is currently unclear to what degree this

	6821
	might be important on the regional and global scale for Hg in marine systems.

	6822
	Capacity Needs. In the data compilation on ocean water column Hg concentrations, no information of

	6823
	watershed land cover or land use of nearby areas is included and combining detailed information on land cover

	6824
	and land use from other sources is outside the scope of what is possible in this analysis. For future Effectiveness

	6825
	Evaluations, a specific analysis linking coastal ocean Hg concentration with information on watershed land

	6826
	cover and land use, as for example presented in Potapov et al. (2022) (or one of many other options), and

	6827
	resulting releases (Kocman et al., 2017) could be attempted. Such an analysis would need to identify areas

	6828
	without point sources, which would likely dominate over the variability associated with land cover and land use.

	6829
	The analysis could focus on variability within regions, closely connected areas or areas with similar land cover

	6830
	types. An analysis focused on Hg in river discharge rather than the coastal ocean might be preferable in order to

	6831
	better link the watershed land cover and land use to the Hg concentrations.

	6832
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	6833
	2.10.7 How have levels of THg and MeHg observed in the ocean changed over the

	6834
	available record and how do their temporal trends co-vary with each other,

	6835
	other pollutants or environmental variables and between world regions?

	6836
	The major limitation of ocean Hg observations is linked to the estimation of temporal trends, which is currently

	6837
	not feasible, forneither long term (pre-2005) or more recentnor for (the past decades) time periods. The lack of long-term stations measuring Hg

	6838
	in the ocean means that we must rely on sporadic cruises (different time of year, different ship tracks).

	6839
	Furthermore, for deeper offshore water the ocean response time can be decades to centuries (Amos et al., 2013),

	6840
	while the variability in Hg observations for coastal and surface water areis likely to be higher than

	6841
	anthropogenically driven decadal trends. There is also uncertainty related withto observations performed prior to

	6842
	the introduction of clean measurements techniques, which were established in the 1980s but not uniformly used

	6843
	until later (Gill and Fitzgerald, 1987). This makes it difficult to know if/how to include older observations (that

	6844
	could otherwise help explore multi-decadal temporal trends). This conclusion is in line with previous global and

	6845
	Arctic assessments that have not included time trend analysis on oceanic Hg observations (AMAP, 2021;

	6846
	AMAP/UN Environment, 2019).

	6847
	Answer. With the information contained in the current ocean water column Hg data compilation it is not

	6848
	possible to investigate this question quantitatively.

	6849
	Existing Literature. A few research publications have discussed temporal trends based on the limited material

	6850
	available. These studies suggested an increase in the Pacific Ocean (total Hg, ~95% increase, 1987-2006

	6851
	(Sunderland et al., 2009)) and a decrease in the subsurface Atlantic Ocean (total Hg, ~80% decline, 1979-2008

	6852
	(Soerensen et al., 2012)) and Labrador Sea Water (Arctic, total Hg, ~25% decline, 1993-2015 (Bowman et al.,

	6853
	2020)). However, these studies are few and the uncertainty high due to the sporadic nature of a limited number

	6854
	of observations (time and season) and the late introduction of clean measurement techniques (Gill and

	6855
	Fitzgerald, 1987). Recently, the GEOTRACES GP15 cruise in the Pacific (Starr et al., 2025) compared their

	6856
	THg profiles (collected 2018) with the nearest profiles collected in 2006 (CLIVAR P16N (Sunderland et al.,

	6857
	2009)), 2009 (SaFe station (Hammerschmidt and Bowman, 2012)), 2011 (Metzyme cruise (Munson et al.,

	6858
	2015)), and 2013 (GEOTRACES GP16 (Bowman et al., 2016)) and concluded that THg concentrations broadly

	6859
	agreed across the cruises. Lower THg concentrations in subsurface water (200-800 m) in 2018 filtered samples

	6860
	compared to 2006 unfiltered samples (Starr et al., 2025; Sunderland et al., 2009) could indicate a decline in

	6861
	concentrations but could also be related to the difference in methodology (filtered versus unfiltered samples).

	6862
	For MeHg, Starr et al. (2025) found large discrepancies between the five datasets and concluded that, while

	6863
	they did not understand what caused the problem, the quantitative differences in concentrations were unlikely to

	6864
	be real. These case studies, indicate the current problems to establish temporal trends of oceanic THg and

	6865
	MeHg.

	6866
	Capacity Needs. The increase in number of cruises in recent years, resulting in cross-over of stations or even

	6867
	cruise tracks (Starr et al., 2025) and conduction of intercalibration studies to lower measurements uncertainty

	6868
	(Lamborg et al., 2012; Živković et al., 2025) are important for securing the observational record that will allow

	6869
	us to evaluate trends for some ocean basins in the coming decades. Longer- term, systematic monitoring at

	6870
	coastal locations, like it has been done at the North American West coast (Adams et al., 2025), can also over

	6871
	time inform on decadal temporal trends. In addition, developing and improving existing ocean biogeochemical

	6872
	models and simpler box models for the whole atmsophereatmosphere-ocean-soil system has been, and will continue to be,

	6873
	important to fill the gaps in our knowledge on Hg spatio-temporal trends in the ocean (Dastoor et al., 2025). See

	6874
	chapter XXX for results on ocean spatiotemporal trends from model simulation.

	6875
	2.10.8 Key Findings: Ocean Water Columns

	6876
	Ocean THg and MeHg water column data was available in 62% and 42% of the 55 IPCC open ocean and coastal

	6877
	regions, respectively.

	6878
	No water column Hg monitoring data was available and data from the scientific literature is not sufficient to

	6879
	conduct an evaluation of temporal trends.

	6880
	For both THg and MeHg, highest concentrations in the surface ocean were found in Polar regions and lowest

	6881
	concentrations in the South Pacific Ocean.

	6882
	For both THg and MeHg, the largest difference between coastal and open ocean concentrations were found in

	6883
	midlatitudes and equatorial regions, while little difference was seen for the Polar regions.
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	6884
	%MeHg varied between 2 and 15% for the surface ocean with a similar range found in the open ocean and

	6885
	coastal ocean but with an indication of lower %MeHg in the southern hemisphere open ocean.

	6886
	THg correlated with salinity outside of the Polar regions while no correlation was found between MeHg and

	6887
	salinity. Low salinity (coastal) Hg concentrations varied by several orders of magnitude.

	6888
	Better data coverage including more coastal regions, sampling method development and more

	6889
	laboratory/method intercomparison studies, better collaboration and use of passive samplers, and an official

	6890
	database extending the current data compilation and including more ancillary data are needed.
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	7138
	2.11 Other Natural Archives

	7139
	2.11.1 What data are available?

	7140
	2.11.1.1 Peat Cores

	7141
	A total of 18 cores across six (6) datasets are available for analysis (Figure 23 and Appendix II). Measurements

	7142
	include total Hg concentrations (n = 6 datasets), total mercury fluxes (n = 4), inorganic mercury flux (n = 1) and

	7143
	mercury stable isotopes (n = 2) representing ten (10) remote sites and eight (8) impacted sites. Peat records

	7144
	cover the period 4650 BC to 2018 AD, and cores have been retrieved from the following countries: France (2),

	7145
	Falkland Islands (1; the only core in the Southern Hemisphere), China (1), Canada (2), and Sweden (1). All

	7146
	compiled data are publicly available.


[image: ]

	7147
	

	7148
	Figure 23. A map showing the distribution of the available data for peat cores, ice cores and tree

	7149
	ring. Tree rings cores depicted with circles. Ice cores depicted with triangles, and peat cores depicted

	7150
	with stars.

	7151
	Forty-five (45) additional datasets have been identified but are in the possession of private data holders and have

	7152
	not been obtained and/or are awaiting Data Use Authorization. These datasets represent a total of 98 cores. 85

	7153
	cores are in the Northern Hemisphere in 14 different countries, covering the period 16240 BC to 2019 AD

	7154
	(Figure 8). Nearly 70% (n = 58) of these cores are in five countries: Spain (16), Canada (13), China (10),

	7155
	Sweden (10), Czech Republic (9). Thirteen (13) cores are located in the Southern Hemisphere: Chile (6), South

	7156
	Africa (3), Bolivia (2), Brazil (1), and Lesotho (1), spanning the period 69050 BC to 2018 AD (Figure 21 and

	7157
	Figure 22).

	7158
	2.11.1.2 Ice Cores

	7159
	A total of 10 records (unique cores or snow pits) across 8 datasets are available for analysis (Figure 23).

	7160
	Measurements include total Hg concentrations (n = 9 datasets), inorganic mercury concentrations (n = 3),

	7161
	methyl Hg concentrations (n = 4), and total mercury flux (n = 4) in ice/firn cores (6) and snowpits (4), in 10

	7162
	remote sites (Appendix II). Ice records cover the period 670050 BC to 2017 AD (Figure 10). Ice records are

	7163
	found primarily in the Northern Hemisphere, including Canada (3), Greenland (1), and France (1). Three records

	7164
	in the Southern Hemisphere are found solely in Antarctica. Compiled ice data are publicly available (n = 7) or

	7165
	have been shared by private data holders (n = 1).

	7166
	Fifteen (15) additional datasets have been identified but are in the possession of private data holders and have

	7167
	not been obtained and/or are awaiting Data Use Authorization. These datasets include total mercury

	7168
	measurements in 18 ice/firn cores and 18 snowpits, as well as a single dataset of Hg stable isotopes, together
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spanning the period 13636 BC to 2012 AD. These privately held datasets originate from the following locations: Antarctica (4 datasets), Greenland (5), China (3), Canada (2), and one each in Russia and United States. In addition, two of these datasets include measurements of gaseous elemental mercury measured in the pores of two ice cores retrieved from Greenland and represent unique archives of historic trends in atmospheric mercury.
2.11.1.3 Tree Rings
A total of 62 records (records identified as Hg time series of a unique tree species and unique site) across 16 datasets are available for analysis (Figure 23). Measurements include total Hg concentrations (n = 16 datasets) and stable isotopes (n = 1) in tree rings, representing 30 remote sites and 32 impacted sites with point source(s) of mercury identified by authors in published literature (Appendix II). Tree ring records cover the period 1550 to 2020. All records are in the Northern Hemisphere, excluding one, and include the following countries: Italy (1), Germany (1), Canada (4), United States (2), China (1), Czech Republic (5), Switzerland (1), and Tasmania (1; only South Hemisphere record) (Figure 21 and Figure 22). Compiled tree ring data are publicly available (n
= 11) or have been shared by private data holders (n = 5).
Seventeen (17) additional datasets have been identified but are in the possession of private data holders and have not been obtained and/or are awaiting Data Use Authorization. These private datasets include at least 21 records representing remote locations and 37 records reflecting one or more point sources, spanning the period 1790 to 2022 AD. Private datasets originate primarily from the Northern Hemisphere, and include data in the following countries: China (3), France (2), Italy (2), Republic of Korea (2), United States (2), and one each in Austria, Canada, Russia, Serbia, and Turkey. A single dataset in Peru represents the only privately held dataset in the Southern Hemisphere and is awaiting publication.
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	7192
	Previous chapters have addressed our understanding of the current levels of Hg emissions and releases; the

	7193
	current levels of Hg in air, biota, humans, and other environmental media; and how those levels have changed

	7194
	over time. This chapter focuses on the difficult question of how much of those observed changes discussed in

	7195
	previous chapters may be attributable to implementation of the Minamata Convention and how much of the

	7196
	observed change may be due to other anthropogenic or natural processes.

	7197
	To address this attribution challenge, the OESG data analysis plan identified four sets of questions:

	7198
	· Cross Media Comparisons of Observed Trends and Patterns: Are the trends and patterns observed in

	7199
	emissions, releases, air, biota, humans, and other media consistent?

	7200
	· Process Understanding and Model Evaluation: How well do current process-based models represent the

	7201
	observed trends and patterns?

	7202
	· Process and Source Attribution for Air and Oceans: What changes in Hg levels in the global atmosphere

	7203
	and oceans may be attributed to implementation of the Minamata Convention versus other processes? How

	7204
	are Hg levels in the global atmosphere and oceans expected to change in the future due to the Convention or

	7205
	other processes?

	7206
	· Process and Source Attribution for Biota, Humans, and Other Media: What changes in Hg levels in the

	7207
	biota and humans may be attributed to implementation of the Minamata Convention versus other processes?

	7208
	How are Hg levels in biota and humans expected to change in the future due to the Convention or other

	7209
	processes?

	7210
	3.1	What data are available?

	7211
	Although comparing observed trends and patterns across environmental media—following the causal chain

	7212
	from emissions and releases through air, water, soils, and sediments to biota and human exposures—seemed to

	7213
	be a good systematic first step a priori, a cross-media comparison across the available data collected by the

	7214
	OESG is not very informative for several reasons. First, there is a lack of Hg observational data for all media in

	7215
	many regions of the world, especially in areas where emissions and releases are estimated to be increasing.

	7216
	Second, with a few exceptions, where there is Hg data available for multiple media, there are inconsistencies in

	7217
	when, where, and how the data was collected and how it is reported that make comparisons difficult. Third,

	7218
	where there are Hg time series data available, there are multiple reasons why the estimated temporal trends in

	7219
	emissions and releases may not be observable contemporaneously in environmental media, including the

	7220
	magnitude of the overall change in emissions and releases, the time required for Hg to move through the

	7221
	environment and impact food chains, and myriad competing processes influencing environmental concentrations

	7222
	and exposures. This does not mean that changes in anthropogenic Hg emissions and releases are not having

	7223
	impacts on the environment. It does mean that monitoring over longer periods of time and collecting

	7224
	information on other environmental processes may be necessary to quantify those impacts.

	7225
	The magnitude of the changes in emissions and releases is an important factor in whether consistent trends are

	7226
	observable in environmental media and exposures further down the causal chain. Globally, current primary

	7227
	anthropogenic Hg emissions represent only 25% of the total annual Hg emissions to the atmosphere; the

	7228
	remaining 75% is due to natural biogenic and geogenic sources, emissions from biomass burning, evasion from

	7229
	the ocean, and other secondary (or re-emissions) of past anthropogenic Hg that may have longer time to change.

	7230
	As discussed in Section 2, about 85% of global primary anthropogenic Hg emissions are from source categories

	7231
	addressed by provisions of the Minamata Convention. From 2010 to 2021, annual global emissions from these

	7232
	Convention-related categories are estimated to have increased 10%. Thus, the change in total annual Hg

	7233
	emissions to the global atmosphere that can be attributed to implementation of the Convention may be on the

	7234
	order of 2% over short time scales (i.e. in several years). Although this small change in the global average may

	7235
	be difficult to detect amidst other sources of variability, it is comprised of larger emissions increases and

	7236
	decreases at regional and local scales that may produce signals that are observable in other environmental media

	7237
	and exposures at those scales.

	7238
	Figure X presents the results of simulations using a global multi-media box model to illustrate how a pulse of

	7239
	Hg released into different media apportions to other abiotic media over time, moving from air to soils to waters

	7240
	to sediments (Amos et al. 2014). This theoretical modeling suggests the prolonged time for Hg to move from

	7241
	one environmental media to another on a global scale. Similarly, some time is required for a fraction of the

	7242
	inorganic Hg emitted or released to the environment to methylate and then enter and accumulate up the food

	7243
	chain. Thus, there is likely to be a time lag between when changes in emissions and releases are observed and

	7244
	when those changes should be expected to appear in other environmental media or exposed populations. The

	7245
	time lag will vary depending on the Hg transport, transformation, and exposure pathway and local



7246
[image: ]7247

environmental conditions. Available monitoring data may not cover the time windows that may be necessary to observe the resulting trend with such a prolonged time lag.
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	7248
	

	7249
	Figure X. Retention fraction (0 to 100%) of a Hg emission or release pulse over time (days to centuries) in

	7250
	various compartments of the atmosphere, landscape (e.g., soils), and waterscape (e.g., ocean waters and

	7251
	sediments) (Amos et al. 2014, Environmental Science & Technology 48:9514-9522). This figure also appeared

	7252
	in the Convention’s monitoring guidance (COP.4-INF12).

	7253
	In addition to this inherent time lag, there are other anthropogenic and natural processes that are influencing Hg

	7254
	levels in the different environmental media and exposed populations. For example, the observed MeHg

	7255
	exposure to humans would be impacted by selection of fish species, fish foraging behavior, and social factors

	7256
	such as food habitat or supply chain, leading to the difficulties to argue the exposure levels in relation to the

	7257
	impact of the Minamata Convention. As you move along the causal chain from emissions and releases to human

	7258
	and biota exposures, the number of influencing processes unrelated to the Convention grows, making it more

	7259
	challenging to find a signal attributable to the Convention, as illustrated in Figure Y.
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	7261
	Figure Y. Illustration of attribution across media for hypothetical contributions of selected drivers at a

	7262
	hypothetical location. The coloured bars represent the fractional contributions of different drivers to observed

	7263
	mercury trends/variability in each medium. The drivers of variability/change in a given medium can in turn be

	7264
	attributable to drivers in other media (C. Thackray, MC-COP.4-INF12).

	7265
	Because the connections between environmental media are not direct and instantaneous and depend on a

	7266
	complex mix of physical, chemical, and biological processes and human behaviours, simple statistical models

	7267
	that mathematically describe the relationship between empirically observed variables should not work well, in

	7268
	general, and are not sufficient to attribute the observed trends to underlying drivers. It is necessary to also use

	7269
	mechanistic models, which mathematically represent the drivers and outcomes of each of the relevant

	7270
	underlying processes and behaviors, to interpret the observed connections and to separate the contributions of

	7271
	underlying processes and drivers.

	7272
	Thus, to inform answers to the planned data analysis questions and the fundamental questions of the

	7273
	Effectiveness Evaluation, the OESG has 1) collected a set of local or regional case studies that illustrate through

	7274
	historical examples the challenges and opportunities for future efforts to trace the impact of the Convention

	7275
	through multiple environmental media and 2) conducted a state-of-the-art multi-media, multi-model study of Hg

	7276
	trends at the global scale. These local or regional case studies and the global modeling study are described in the

	7277
	sections below.

	7278
	3.1.1	Multi-Media Case Studies

	7279
	To illustrate the challenges and opportunities for cross-media analysis, experts of the OESG submitted a series

	7280
	of regional, national, or local case studies focused on cross-media temporal trends and geographical patterns and

	7281
	understandings of process and/or attributions from sources to the media, based on observations, modeling and

	7282
	other information. Each of these case studies is summarized briefly below and presented in full in Annex 3.

	7283
	Case Study FFL: Impacts of reductions in mercury emissions on the Flin Flon ecosystem

	7284
	The copper-zinc smelter at Flin Flon, Manitoba, began operation in 1930 and was the single largest Hg emitter

	7285
	in North America until improvements were made in the operation of its Zn processing facility in 1982. In 1990,

	7286
	it represented 57% of total Canadian Hg emissions and was a major emitter of SO2, Pb, Zn and other heavy

	7287
	metals. Canada passed regulations that required a >96% decrease of Hg emissions by 2008 and an 84% decrease

	7288
	in SO2 emissions by 2015 compared to emissions during the 1975-1997 period. Challenges were encountered in

	7289
	meeting target SO2 emissions and the Cu smelter closed in 2010, although the zinc refinery continued to operate

	7290
	through the early 2020s. Hg emissions began to decline after 1980 from ca. 20,000 kg to ca. 4,200 kg in 1995

	7291
	with further declines through to 2010; the 2008 target was not met with Hg emissions decreasing below this

	7292
	target with the 2010 closure of the Cu smelter.
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	7293
	Hg and other heavy metals were measured in the upper layers of lake sediments in a series of lakes at increasing

	7294
	distance from the smelters first in the early 1980s and again in 2008-2009. A classic spatial pattern of decreasing

	7295
	Hg levels with increasing distance from the smelter was observed in both periods. However, there was little

	7296
	decline in the levels of Hg and other metals over the 40 years separating the two studies despite substantial

	7297
	improvements in the operation of the smelter during that period.

	7298
	Measurements in the early 1980s showed that Hg levels in fish were extremely low even in lakes whose

	7299
	sediments were highly contaminated with Hg and other metals, and there was no difference in fish health in

	7300
	lakes closer to the smelter compared to more distant lakes. Counterintuitively, measurements taken in 2009-

	7301
	2016, since emissions have been decreased, have shown increasing Hg levels in fish in lakes 5-8 km from the

	7302
	smelter. It has been proposed that the originally low levels of Hg in fish were due to high concentrations of Se

	7303
	that decreased Hg uptake and/or Cu, Cd, and Zn toxicity that decreased Hg methylation rates. As emissions of

	7304
	these other metals have decreased, the impairment of Hg uptake and methylation has decreased leading to the

	7305
	more recent observed increase in Hg levels in fish.

	7306
	This case illustrates 1) Little decline in the levels of Hg in lake sediment over 40 years while Hg emission

	7307
	substantially decreased. 2) Hg levels in fish were extremely low even in lakes whose sediments were highly

	7308
	contaminated. 3) Co-pollutants, Cu, Cd and Zn influence the Hg levels in biota.

	7309
	Case Study ECS: Oceanic mercury monitoring in the East China Sea

	7310
	On the northwestern edge of the Pacific Ocean, there are three marginal seas connected by warm currents

	7311
	branching off from the Kuroshio Current; the East China Sea, the East/Japan Sea, and the Sea of Okhotsk. These

	7312
	seas are important components of the marine system in the northwestern Pacific Ocean, influencing regional

	7313
	weather patterns and supporting diverse marine ecosystems. The East China Sea is one of the world's richest

	7314
	fishing grounds because its primary production is supported by nutrient supply from various processes,

	7315
	including atmospheric deposition, ocean currents, upwelling, eddies, river and groundwater inflows, and human

	7316
	activities. This case study focuses on Hg levels in seawater and plankton in the Kuroshio Current region of the

	7317
	East China Sea, which is downwind of major Hg emission sources on the Asian continent particularly in the

	7318
	cold season and a receptor of Hg releases to Asian coastal waters.

	7319
	In the Kuroshio Current region of the East China Sea, observations of THg and MeHg in seawater were higher

	7320
	in deeper waters than in surface waters. Measurements of THg and MeHg levels in plankton were higher in the

	7321
	Kuroshio current region of the East China Sea than in the continental shelf region. These results suggest that Hg

	7322
	may be transported into the region by deep currents flowing from the eastern Pacific Ocean and equatorial

	7323
	regions.

	7324
	Annual observations of Hg concentrations in surface seawater in the East China Sea show a decreasing trend

	7325
	from 2014 to 2022. Concurrently, a decreasing trend in atmospheric gaseous elemental Hg (GEM) at Cape

	7326
	Hedo, Okinawa was observed from 2008 to 2023. In addition, a stronger decreasing trend of GEM was observed

	7327
	in the warm season compared with that in the cold season, during which air masses including some air pollutants

	7328
	from the Asian continent are transported to the monitoring site by westerlies and northwestern monsoons.

	7329
	This case study illustrates 1) the potential for decreasing Hg levels observed in surface seawater coinciding

	7330
	with the decreasing trend in gaseous elemental Hg (GEM) at a close observation site, and 2)Hg may be

	7331
	transported into the region by deep currents flowing from eastern Pacific Ocean.

	7332
	Case Study MEDT: Mercury in the Mediterranean Region

	7333
	The Mediterranean is a region where the environment and everyday life are deeply connected. With more than

	7334
	20 countries bordering its shores and nearly half a billion people living in its catchment, it is a place where

	7335
	seafood is not only a key source of food and income but also a cornerstone of culture. Yet this same connection

	7336
	to the sea brings challenges: mercury (Hg) contamination has long been a concern.

	7337
	Part of the reason lies in the sea’s semi-enclosed nature — water circulates slowly, so pollutants tend to remain

	7338
	and build up over time. Another factor is the region’s complex mix of natural and human-related mercury

	7339
	sources. Volcanic activity and hydrothermal vents release mercury naturally, while centuries of mining,

	7340
	industrial development, and energy production have added further pressures.

	7341
	The comprehensive case study includes information on regional intergovernmental agreements supporting Hg

	7342
	monitoring and control in the region; available Hg data from monitoring in air, seawater, sediments, biota and

	7343
	humans; and multi-model ensemble simulations of Hg fate and transport. The study summarizes reviews of the

	7344
	spatial and temporal trends in the region, factors affecting mercury levels and fate, and mass-balance within and

	7345
	to/from outside regions.
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	7346
	Across several studies, three robust characteristics emerge; 1) the Mediterranean Sea is currently a net source of

	7347
	Hg to the atmosphere, 2) the Mediterranean is a net exporter of MeHg to the North Atlantic, and 3) the mass

	7348
	budget is nearly balanced, implying a slow long-term decline in the basin Hg pool.

	7349
	Mercury levels in fish show pronounced spatial heterogeneity, with hotspots often aligning with known sources

	7350
	of anthropogenic contaminationscontamination. Modest reductions in median THg concentrations in recent decade suggest

	7351
	that regulatory and emission control measures may have contributed to gradual declines in Hg content.

	7352
	However, certain high values (outliers) indicate that localized contamination sources and site-specific factors

	7353
	continue to govern Hg content in fish.

	7354
	A 10-fold decrease in THg levels in zooplankton has been observed in the Adriatic between 1976 and 2004 due

	7355
	to decreasing natural and anthropogenic sources. However, the proportion of THg occurring as MeHg is higher

	7356
	in zooplankton in the Adriatic than in the Mediterranean or other basins. Thus, despite reductions in sources of

	7357
	Hg, MeHg continues to enter the food web leading to frequent exceedances of health thresholds in several top

	7358
	predator fish species. Seafood consumption patterns vary across the region creating the potential for mitigating

	7359
	human exposures through targeted species- and portion-specific dietary advice.

	7360
	This case study demonstrates the heterogeneity of sources and environmental conditions that affect spatial

	7361
	patterns and temporal trends across a region and possible complexities of the mechanisms of how Hg levels

	7362
	impact biota and humans.

	7363
	Case Study ASGMP: Mercury Pollution from Artisanal Gold Mining in the southern Peruvian Amazon

	7364
	Over the last 20 years, ASGM has deforested and degraded nearly 100,000 ha of high-biodiversity rainforest

	7365
	landscapes in the department of Madre de Dios, located in the southern Peruvian Amazon (Caballero Espejo et

	7366
	al., 2018), and created highly degraded landscapes that are pockmarked by thousands of hectares of mining

	7367
	ponds (Gerson et al., 2020). A 2018 study estimated that 181 tons of mercury are released to the region's

	7368
	waterways, soils, and air every year. As of this writing, Madre de Dios is considered the largest hotspot of

	7369
	ASGM activity and ASGM-related mercury pollution in Latin America (Cardo & Vargas, 2017).

	7370
	Between 2017 and 2019, the Centro de Innovacion Cientifica Amazonica (CINCIA), a Peruvian non-profit

	7371
	scientific research centre, developed a framework to characterize the linkage between mercury emissions from

	7372
	artisanal and small-scale gold mining (ASGM) activities—including amalgam burning in gold shops and

	7373
	mercury releases to soils and waters at mining sites—and elevated mercury levels in air, aquatic ecosystems,

	7374
	and terrestrial biodiversity, with implications for both biodiversity and human exposure.

	7375
	ASGM and control sites were identified based on proximity to mining activities. Sediment and fish were

	7376
	collected from abandoned mining ponds and natural ox bow lakes (which served as controls). Birds and bats

	7377
	were collected around mining ponds. Passive air samplers were used to measure GEM and Hg isotope

	7378
	concentrations across the region and near mining and gold shop activity. The suite of measurements provide

	7379
	strong evidence of cross-media contamination, where mercury emissions from ASGM are simultaneously

	7380
	detectable in air, aquatic food webs, and terrestrial wildlife. The isotopic signatures reinforce that local ASGM

	7381
	is the dominant source, linking emissions directly to observed bioaccumulation.

	7382
	This case study demonstrates the elevated concentrations in air and biota in an ASGM area showing linkages

	7383
	of local Hg emissions to environmental media.

	7384
	Case Study SWED: Integrated Analysis of Mercury in Sweden

	7385
	Widespread mercury contamination in the biota of Fennoscandia was recognized already in the 1960s, during

	7386
	the same decade as the cause of the Minamata disease was becoming apparent in Japan. The first reports on

	7387
	mercury contamination were from birds (Berg, Johnels, Sjöstrand, and Westermark, 1966, Westermark, Odsjö

	7388
	and Johnels, 1975) and fish (Berglund, 1971). Local contamination from industry as well as the use of mercury

	7389
	in agriculture were the original concerns, and the first bans on the use of mercury in agriculture came in the

	7390
	latter half of the 1960s. The discovery of unsafe mercury levels in birds and fish hundreds of kilometres from

	7391
	any local source raised concerns about long-range atmospheric transport of Hg to remote areas. Studies

	7392
	conducted in Sweden in the 1960s revealed that mercury in fish was predominantly present as methylmercury

	7393
	(often exceeding 90% of total mercury, Westöö, 1966) and that this compound could form in the environment

	7394
	through biological methylation of inorganic mercury (Jensen and Jernelöv, 1969). These discoveries spurred

	7395
	further studies on mercury’s biogeochemical and bioaccumulation processes, research that remains highly active

	7396
	and critically important today. The Swedish concerns about mercury also led to comprehensive monitoring

	7397
	programs for mercury in the environment, and research focused on to determine both the causes of

	7398
	contamination and the effectiveness of countermeasures (Ammar et al. 2024). The first Iinternational Cconference

	7399
	on Mmercury as a Gglobal Ppollutant was held in 19901 in Gävle, Sweden (Lindquist et al., 1991).
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	7400
	This integrated case study centers around the Swedish monitoring program for contaminants in freshwater and

	7401
	marine (Baltic Sea) biota comprising 62 fish Hg time series with the longest time series starting in the late

	7402
	1960s. By complementing this with long-term records of national mercury emissions, air concentrations, wet

	7403
	deposition, longer term proxies of environmental mercury (tree rings, peat, lake sediments) and mercury in

	7404
	birds, this study addresses a central question: Can reductions in the release of Hg to the environment reduce Hg

	7405
	in the biota?

	7406
	Long term trends of three historic environmental archives – tree rings, lake sediments, and bird feathers -- from

	7407
	Sweden or the nearby Baltic Sea present a uniform picture of the anthropogenic influence in Sweden since

	7408
	industrialization. While there are minor differences, all three matrices show low concentrations until the early

	7409
	1900s when concentrations begin to increase and peak within a short period between 1960-1975. After the peak,

	7410
	Hg concentrations start to decline and only the tree ring record shows a potential levelling off in the last years of

	7411
	the time series.

	7412
	Shorter-term records for air, water, and biota available since the 1990s do not present a picture as uniform as the

	7413
	long-term environmental archives. Air concentrations, wet deposition, releases from wastewater treatment plants

	7414
	and concentrations in Swedish streams and rivers are all decreasing ~40-60% during the period but with

	7415
	different consistency and variability. Similar decreases are reflected in a time series of Hg levels guillemot

	7416
	(bird) eggs; however, Hg levels in Swedish freshwater perch show only a limited decline (<20%, 1995-2023)

	7417
	and Hg levels in Baltic Sea herring show no significant uniform declines over the recent period.

	7418
	Observations from Sweden and the Baltic Sea region demonstrate that decreases in Hg emissions and releases

	7419
	are directly associated with decreased Hg burdens in biota. In certain cases—such as the prohibition of Hg use

	7420
	in agriculture (where the link between the Hg source and exposure to biota was direct and short)—measurable

	7421
	effects have been observed within a decade. However, the response can take much longer and be highly variable

	7422
	in the case of fish higher in the food web where the link between the Hg source and biota exposure is indirect

	7423
	and modulated by multiple processes. The legacy Hg pool in soils and sediments, combined with climate-driven

	7424
	shifts in DOC and hydrology, poses challenges for achieving further reductions in aquatic MeHg exposure.

	7425
	This case study demonstrates that 1) long term trends in historic environmental archives show the

	7426
	anthropogenic influence with a short period of peak around 1960-1975, which suggest general linkages between

	7427
	emission change and the environmental levels, 2) some of shorter-term records for air, water and biota show

	7428
	decreasing trends however with substantial inconsistency and variability, 3)response to decreasing Hg

	7429
	emissions may take longer time than a decade with high variability in the case of fish higher in the food web..

	7430
	Case Study AUST: Integrated Analysis of Mercury in the Derwent Estuary, Australia

	7431
	The Derwent Estuary covers an area of about 200 km2 and is an integral part of Tasmania’s natural, cultural and

	7432
	economic heritage (Macleod & Coughanowr, 2019) in Australia. Located within Hobart, the capital of

	7433
	Tasmania, the estuary supports diverse urban, industrial, and recreational uses (Macleod & Coughanowr, 2019).

	7434
	Historically, the estuary has been impacted by the operations of a large zinc smelter (in operation since 1917)

	7435
	and a paper mill (established in 1941). Although modern environmental management practices implemented

	7436
	beginning in the 1980s have significantly decreased emissions and releases, elevated mercury concentrations in

	7437
	fish and invertebrates at impacted sites, compared to control sites, indicate that historical contamination remains

	7438
	a major source of exposure.

	7439
	Metal levels in the Derwent sediments, water column, fish and some invertebrates have been monitored for

	7440
	several decades. Mercury spatial patterns in biota likely reflect the influence of proximity to contaminant

	7441
	sources, estuarine circulation, and estuarine processes influencing mercury bioavailability and bioaccumulation.

	7442
	Despite reductions in total anthropogenic mercury inputs over the past two decades, no significant temporal

	7443
	decline in mercury concentrations in fish has been observed between 2002 and 2024. In comparison, mercury

	7444
	concentrations in deployed oysters showed either no significant changes or increased annually by 1.6% to 3.4%

	7445
	over 2004-2024.

	7446
	This case study demonstrates that levels in fish and invertebrates at impacted sites remain elevated after

	7447
	decreases in emissions and releases indicating the impact of remaining historical contamination. Mercury

	7448
	concentrations from observations between 2002 and 2024 in fish did not show significant temporal decline,

	7449
	despite reductions in atmospheric Hg emissions.

	7450
	Case Study IATT: Integrated Analysis Study of Mercury in Tropical Tuna Species

	7451
	Tropical tuna – skipjack (Katsuwonus pelamis), yellowfin (Thunnus albacares), and bigeye (T. obesus) – are

	7452
	globally distributed and highly exploited (constituting 94% of the global tuna catches) and therefore hold

	7453
	significant importance for human health. They feed primarily in the surface (<150 m) and subsurface (150-500

	7454
	m) ocean and remain in the same general region as opposed to bluefin tunas that undertake large transoceanic
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	7455
	migrations. Therefore, levels of MeHg in tropical tuna are expected to reflect MeHg patterns in surface and

	7456
	subsurface waters and the impact of changes in anthropogenic emissions and releases. This case study reviews

	7457
	recent literature on the temporal trends of factors that influence MeHg levels in seawater, in the marine food

	7458
	web, in tuna, and the potential for human exposure.

	7459
	Analysing Hg observations in tuna from 1971 to 2022, Médieu et al. (2024) found that tuna Hg concentrations

	7460
	(standardized by fish size) are highly variable among years but generally stable in the various locations and over

	7461
	the entire period considered, except in the northwestern Pacific Ocean where yellowfin, bigeye, and skipjack

	7462
	tuna Hg concentrations increased significantly in the late 1990s. In the northwestern Pacific Ocean, the

	7463
	significant increase of standardized Hg concentrations in skipjack in the late 1990s mirrored increasing Hg

	7464
	emissions to the atmosphere from Asia over the same period (Streets et al., 2019), suggesting a significant

	7465
	contribution of anthropogenic Hg releases to marine Hg in this particular region.

	7466
	Overall, the analysis of the long time series of Hg concentrations in tuna suggests that in regions of significant

	7467
	regional anthropogenic inputs such as the northwest Pacific Ocean close to Asia that the impact on fish

	7468
	concentrations are evident and can be demonstrated. However, in many open ocean regions more remote from

	7469
	point source inputs, a changing anthropogenic signal can be masked by other factors such as mixing of ocean

	7470
	waters and Hg transport with ocean currents.

	7471
	Recent broad-scale and transdisciplinary studies lead to the hypothesis that the spatial variability in tuna Hg

	7472
	concentrations is mainly explained by both tuna foraging depth and the spatial variability of MeHg formation

	7473
	and bioavailability in the ocean (Médieu et al., 2022). These studies support the assumption that biogeochemical changes and changes in the foraging habits of marine top predators climate change

	7474
	will likely affect MeHg concentrations in marine food webs through biogeochemical changes and changes in the

	7475
	foraging habits of marine top predators, ultimately affecting the impact of changes in Hg emissions and releases

	7476
	on Hg human exposure pathways.

	7477
	This case study demonstrates that: 1) Hg concentrations in tropical tuna are highly variable among years but

	7478
	generally stable in locations over the entire period of 1971 to 2022, except, 2) in the northwestern Pacific where

	7479
	Hg concentrations increased significantly in late 1990s, mirroring increasing emissions to the atmosphere from

	7480
	Asia in the period. 3) In many other open ocean regions, the anthropogenic signal can be masked by a variety of

	7481
	other factors.

	7482
	Case Study GL: Great Lakes Regional Case Study

	7483
	The Laurentian Great Lakes are comprised of five lakes and border eight states in the United States (US) and the

	7484
	Canadian Province of Ontario. They are important both for their natural resources and for recreation,

	7485
	transportation, industry, and commerce. The interconnected lakes contain approximately 21% of the world’s

	7486
	surface freshwater by volume and have been impacted by anthropogenic activities, which have left a legacy of

	7487
	contaminants found in multiple abiotic and biotic matrices. The case study compares trends in Hg emissions

	7488
	data from the United States, Hg deposition data from 14 Mercury Deposition Network (MDN) sites across the

	7489
	Great Lakes basin, and Hg fish tissue levels observed by U.S. and Canadian monitoring programs.

	7490
	Regulatory actions in the United States and Canada have decreased Hg emissions significantly since the 1990s.

	7491
	However, Hg deposition patterns do not exhibit corresponding monotonic declines consistent with local to

	7492
	regional scale trends in mercury emissions. A significant decreasing trend in annual mercury deposition was

	7493
	found in the Lake Ontario basin, while a significant positive trend was detected in the Lake Huron basin

	7494
	(p<0.05). No significant trends were observed across the Lake Erie, Lake Michigan, and Lake Superior basins.

	7495
	Deposition trends are influenced by changing local and global emissions, local climatic variability, landscape

	7496
	geomorphology, and environmental characteristics (e.g., leaf area index).

	7497
	Observed Hg concentrations in fish muscle also varied significantly across lakes, across species, and through

	7498
	time. For example, lake trout, smallmouth bass, walleye, and yellow perch all exhibited negative trends in Lake

	7499
	Ontario, where mercury deposition was also significantly declining, though whitefish showed a significantly

	7500
	increasing trend in the same lake. On the other hand, Lake Huron exhibited significantly increasing mercury

	7501
	deposition and mercury concentrations in lake trout and whitefish were found to be increasing, with the three

	7502
	other species not exhibiting a significant trend. With the exception of whitefish, all four other species exhibited

	7503
	significant positive and negative trends in at least one of the Great Lakes. Lake Michigan did not exhibit a

	7504
	significant trend in any of the five species examined with large confidence intervals driven by sparse data with

	7505
	only 3 or 4 years of sampling for each species, coverage only matched by Lake Superior smallmouth bass. The

	7506
	trends in biota are influenced by the trends in deposition as well as species-specific bioaccumulation dynamics,

	7507
	food web interactions, climate change, invasive species, and environmental factors (e.g., chemistry, habitat

	7508
	change).
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	7509
	When comparing the fish tissue concentrations to human health criterion for human exposure, all five lakes have

	7510
	fish exceeding the USFDA/EPA criterion. However, across all species, size classes, lakes, and years, 61% of

	7511
	samples had uncorrected Hg concentrations below the lowest USFDA/EPA threshold, underscoring the

	7512
	importance of outreach programs promoting informed choices about species and size classes to reduce Hg

	7513
	exposure and maintain the nutritional benefits of fish consumption.

	7514
	This case study demonstrates that 1) Hg deposition patterns do not exhibit monotonic declines in the Great

	7515
	Lakes region since the 1990s when significant Hg emission decreases occurred. 2) Hg concentrations in fish

	7516
	muscle across lakes, species and through time significantly varied and are inconsistent with trends in emissions

	7517
	or deposition, maybe from influence from species-specific nature, food-web, climate change or environmental

	7518
	factors.

	7519
	

	7520
	3.1.2	The Multi-Compartment Mercury Modelling and Analysis Project (MCHgMAP)

	7521
	The Multi-Compartment Mercury Modelling and Analysis Project (MCHgMAP) is an international scientific

	7522
	initiative designed to inform the Convention’s effectiveness evaluation through multi-model assessment and

	7523
	attribution of geospatial variation and temporal trends in mercury pollution. MCHgMAP combines atmospheric,

	7524
	ocean, terrestrial, and multi-media mass balance models, and promotes collaboration between emissions

	7525
	reporting, monitoring, and modelling communities to improve data and inform global policy decisions. A

	7526
	comprehensive description of the multi-model experiment programme was recently published in the white paper

	7527
	(https://gmd.copernicus.org/articles/18/2747/2025/gmd-18-2747-2025.html).

	7528
	Given the limited geographical coverage of existing measurement networks, which are globally uneven and

	7529
	mostly restricted to continental regions, model simulations can provide a more comprehensive picture of global

	7530
	Hg level distribution. Multi-model simulations can be used to develop spatial patterns of Hg concentrations and

	7531
	deposition, track their changes over the period 2010–2020, and explain these in terms of the contributions from

	7532
	different emission sources (anthropogenic, geogenic, secondary) and the influence of environmental drivers on

	7533
	Hg processes.

	7534
	The project's multi-model ensemble consists of eight contemporary models of different types, operated by

	7535
	various institutions (Table 1).

	7536
	Table 1. Multi-model ensemble of the project


Model	Institution
Atmospheric models
GEM-MACH-Hg	Environment and Climate Change Canada (Canada)
GEOS-Chem	Massachusetts Institute of Technology (USA)
WACCM	Institute of Physical Chemistry Blas Cabrera (Spain)
GLEMOS (1)	MSC-E, Jožef Stefan Institute (Slovenia)
Ocean models
ICON-MERCY	HEREON (Germany)
MITgcm	Tulane University (USA)
Terrestrial model
2D air-land Hg exchange model	Lamar University (USA),
Institute of Geochemistry, CAS (China)
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7537



Multi-media mass balance model
GBBM	University Grenoble Alpes, CNRS (France), Harvard University (USA)


(1) Did not participate in the current round of the model assessment.


	7538
	The simulations covered the period 2010–2020 and included several emission scenarios designed to analyse and

	7539
	attribute historical Hg trends to changes in primary anthropogenic, geogenic, and secondary emissions, as well

	7540
	as other environmental drivers (Table 2).

	7541
	Table 2. Simulated emission scenarios

	
	Scenario	Description	Purpose

	
	BASE	Full time series of anthropogenic emissions	Reproduce geospatial variation and (EDGAR v8.1), geogenic, and secondary emissions	historical trends

	
	MOSAIC	Anthropogenic EDGAR emissions for China	Test alternative emissions trend data for replaced with the national P-CAME inventory	China

	
	NATURE	Anthropogenic emissions fixed at 2010; time-	Isolate the effect of non-anthropogenic variable geogenic and secondary emissions	sources and drivers on temporal trends

	
	AGSM	Emissions from ASGM fixed at 2010; time-	Isolate the effect of ASGM emissions on variable geogenic and secondary emissions	temporal trends

	
	SCAv4	Trends in MOSAIC emissions are scaled for	Estimate the decreases in emissions that Europe, North America, and East Asia to better	are consistent with observed trends match observations

	7542
	

	7543
	The results of the modeling and analysis completed to date are presented in response to relevant analytical

	7544
	questions in the sections below. The project is expected to continue into the coming years beyond the

	7545
	Convention’s first effectiveness evaluation. Building on the current results, the project is expected to publish

	7546
	forthcoming results in the scientific literature so that it may inform future effectiveness evaluations under the

	7547
	Convention.

	7548
	3.2	Cross Media Comparisons of Observed Trends and Patterns

	7549
	3.2.1	Are the spatial patterns and temporal trends of Hg observed in air consistent

	7550
	with trends in estimated emissions?

	7551
	Information Used: The temporal trends and spatial patterns for emissions, air concentrations, and deposition

	7552
	presented in Section 2, may be compared at the broadest geographic scales. The multi-media case studies and

	7553
	the results of the MCHgMAP presented above also provide some insights.

	7554
	Answer/Response: The Northern Hemispheric average Hg air concentration is higher than the Southern

	7555
	Hemispheric average concentration, which is consistent with historical anthropogenic emission patterns. In

	7556
	recent decades, anthropogenic Hg emissions in much of the Northern Hemisphere have declined or stayed

	7557
	constant. This trend in emissions is broadly consistent with the trends observed by active TGM measurements,

	7558
	which are mostly in the Northern Hemisphere. Emissions in the Southern Hemisphere, mostly associated with

	7559
	ASGM, have been increasing. Passive air samplers have been used recently to observe high air concentrations in

	7560
	ASGM areas. However, an increase in the Southern Hemispheric average air concentrations has not been

	7561
	observed at the limited number of sites where long-term observations are available. Additional sustained

	7562
	observations in the Southern Hemisphere are needed.

	7563
	The multi-media case studies presented above demonstrate possible linkages between observed air

	7564
	concentrations and deposition levels, and other environmental media. Air concentrations and deposition levels in

	7565
	locations close to emission sources have relation in some case studies (e.g. Case Studies ASGMP and SWED).

	7566
	However, air concentrations and deposition levels at any given location may be influenced by local, regional,

	7567
	and global drivers, such that local emission changes may not be reflected in local concentrations or deposition

	7568
	levels (e.g. Case Study GL).

	7569
	Relevant information appears in model evaluation section (3.3) which will be useful to answer this question in

	7570
	future.
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	7571
	3.2.2	Are the spatial patterns and temporal trends in Hg observed in soils, sediments,

	7572
	surface and ocean waters consistent with trends in estimated releases to land and

	7573
	water?

	7574
	Information Used: The available information about Hg releases and concentrations in soils, sediments, surface

	7575
	and ocean waters presented in Section 2 is not sufficient to perform a comparison of spatial patterns and

	7576
	temporal trends. However, trends in Hg enhancement factors observed in sediment cores presented in Section

	7577
	2.8 may be usefully compared to trends in regional Hg emissions estimates. The multi-media case studies

	7578
	presented above also provide some insights.

	7579
	Answer/Response:

	7580
	Section 2.8 summarizes an analysis of publicly available data from 446 sediment cores from lakes, coastal

	7581
	regions, mangrove estuaries, and reservoirs around the globe, but primarily (77%) from North America (see

	7582
	Figure 20). The analysis concludes that Hg concentrations and fluxes were low and comparable between

	7583
	unimpacted and impacted sites globally during the pre-industrial period, but diverged thereafter, with

	7584
	unimpacted/remote sites showing steady increases to 2010–2020 while impacted sites collectively peaked

	7585
	around 1990–2000 and declined thereafter. These findings are broadly consistent with estimated historical

	7586
	trends in Hg emissions estimates presented in Section 2.1. Note that few, if any, sediment cores are available, in

	7587
	regions where emissions are estimated to be increasing, particularly in areas of South America and Africa where

	7588
	there is active ASGM.

	7589
	The multi-media case studies presented above provide a number of examples in which temporal trends in local

	7590
	Hg emissions and releases may not be reflected in contemporaneous abiotic environmental media observations.

	7591
	Case studies AUST, MEDT, and SWED demonstrated that legacy sources of Hg contamination may continue to

	7592
	drive observed levels in fresh and ocean waters even as contemporary sources of Hg emissions and releases are

	7593
	mitigated. Case study ECS demonstrated that trends in ocean waters may be influenced by transport from distant

	7594
	sources via deep ocean currents, as well as long-range air flows. Case study FFL showed that co-emissions of

	7595
	other heavy metals suppressed the methylation and uptake of Hg in freshwater ecosystems, with Hg levels

	7596
	increasing in the impacted ecosystems once emissions of all pollutants decreased. All of the case studies

	7597
	demonstrate that changes in Hg levels in soils, sediments, freshwaters and ocean waters lag behind changes in

	7598
	emissions, releases, air concentrations, and deposition.

	7599
	Information and Capacity Needs

	7600
	Long term monitoring and appropriate interpretation are necessary to assess the effectiveness of the convention

	7601
	further.

	7602
	Linkages among regional case studies and global analysis may also be necessary for further study.

	7603
	3.2.3	Are the spatial patterns and temporal trends in Hg observed in air, soils,

	7604
	sediments, surface and ocean waters consistent with trends in biota or humans?

	7605
	Information Used: The available data for Hg levels in abiotic media, biota, and humans in Section 2 are not

	7606
	sufficient to compare temporal trends and spatial patterns. The multi-media case studies presented above

	7607
	provide examples of the challenges faced in comparing patterns and trends in abiotic media to those observed in

	7608
	biota.

	7609
	Answer/Response: Most of the multi-media case studies presented in section 3.1.1 provide specific examples in

	7610
	which there is some consistency between the temporal trends or spatial patterns of Hg levels in biota and levels

	7611
	of Hg emissions, Hg releases, or Hg concentrations in abiotic media. For example, in Case study ASGMP,

	7612
	elevated Hg levels were observed in sediments and fish in lakes impacted by ASGM, compared to control sites.

	7613
	In Case study IATT, Hg levels in tuna in the Northwest Pacific showed increases in the 1990s possibly

	7614
	reflecting increases in Asian emissions. In Case study SWED, there is a case that Hg levels in birds showed a

	7615
	rapid decline after Hg use as a seed fungicide was halted, mitigating a direct link between Hg use and bird

	7616
	exposure.

	7617
	However, most of the multi-media case studies also provide examples where there is no observable trend or

	7618
	consistent spatial pattern in Hg biota levels despite distinct temporal trends or spatial patterns observed in

	7619
	abiotic media, emissions, or releases. One of the most significant drivers of this lack of consistency is time: the

	7620
	changes in Hg emissions and releases have not had enough time to propagate through the abiotic environmental

	7621
	system and change Hg levels in biota. Case study SWED provides examples of environmental archives

	7622
	(sediments, tree rings, and archives of bird feathers) that show consistent long-term relationships between

	7623
	emissions, releases, abiotic media, and biota. Another important driver is the presence of legacy contamination
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	7624
	which dampens the impact of contemporary changes in Hg emissions and releases. The impact of legacy

	7625
	contamination is seen in Case studies AUST, FFL, MEDT, and SWED. Lastly, spatial and temporal differences

	7626
	in a variety of physical, biological, biogeochemical, and behavioral processes drive differences in how much

	7627
	and how fast Hg enters and accumulates in the food web. Case studies AUST, ECS, FFL, GL, IATT, MEDT,

	7628
	and SWED all contain examples of these processes that affect the consistency between abiotic and biotic trends

	7629
	and patterns.

	7630
	Information and Capacity Needs

	7631
	Long term monitoring and appropriate interpretation are necessary to assess the effectiveness of the convention

	7632
	further.

	7633
	Linkages among regional case studies and global analysis may also be necessary for further study.

	7634
	3.2.4	How have observed trends in multiple media changed over the available record

	7635
	and how do those changes compare to the timeline of the Convention?

	7636
	Information Used: The available data summarized in Section 2 is insufficient to characterize trends over the

	7637
	timeline of the Convention (i.e., 2010-present). Observations from sediment cores presented in Section 2.8 and

	7638
	environmental archives presented in Case study SWED provide some useful information on longer term trends.

	7639
	Answer/Response: Available observations since 2010, when negotiation of the Minamata Convention was

	7640
	initiated, are insufficient to discern changes in Hg levels in air, biota, humans, and other environmental media.

	7641
	This is due to a lack of observations in many regions of the world, especially where emissions and releases are

	7642
	estimated to be increasing; the relatively small change in primary anthropogenic Hg emissions and releases

	7643
	compared to the sum of primary and secondary Hg emissions and releases from all sources; the relatively short

	7644
	observation period compared to the long residence and response times expected in abiotic media and biotic

	7645
	receptors; and the persistent impacts of legacy contamination on environmental levels and biotic exposures.

	7646
	However, information from sediment cores (Section 2.8) and other environmental archives (Case study SWED)

	7647
	show the potential for future assessments to quantify environmental changes based on continued long-term

	7648
	monitoring.

	7649
	3.2.5	How do temporal trends of Hg levels observed in species that display different

	7650
	degrees of site fidelity (fish, invertebrates, plants, mammals, birds) vary with

	7651
	emissions/release data in impacted areas by point sources?

	7652
	Information Used: Case studies ASGMP, AUST, and FFL provide examples of observations of biota impacted

	7653
	by changes in emissions and releases from point sources. Case study IATT discusses the difference in trends

	7654
	observed in tuna species with different degrees of site fidelity.

	7655
	Answer/Response: Case studies ASGMP, AUST, and FFL each provide examples in which Hg levels in fish,

	7656
	birds, or bats with high site fidelity are impacted by point sources. However, temporal trends observed in these

	7657
	biota do not necessarily correspond to temporal trends in emissions and releases from the point source. In the

	7658
	AUST case study, despite reductions in total anthropogenic Hg inputs over the past two decades, no significant

	7659
	decline in Hg concentrations in fish has been observed between 2002 and 2024, and Hg concentrations in

	7660
	deployed oysters showed either no significant changes or increased annually by 1.6% to 3.4% over 2004-2024.

	7661
	These trends likely represent the influence of legacy contamination. In the FFL case study, pollution levels were

	7662
	so high that Hg methylation and uptake in the food chain was suppressed by high concentrations of other metals.

	7663
	When emissions decreased, the processes suppressing Hg availability decreased and Hg levels in fish have been

	7664
	increasing. In the ASGMP case study, Hg levels in fish, birds, and bats were shown to be spatially related to Hg

	7665
	point sources, but temporal trends were not available.

	7666
	In the IATT case study, tropical tuna species (skipjack, yellowfin, and bigeye) were selected for analysis in part

	7667
	because they show high site fidelity and have consistent foraging patterns, as compared to bluefin tuna that

	7668
	undertake large transoceanic migrations. However, Hg levels in tropical tuna species in most regions were

	7669
	shown to be relatively stable over a long period (1971-2022) despite global shifts in the spatial distribution of

	7670
	emissions during this period. The exception was an increase in Hg levels in skipjack tuna in the Northwest

	7671
	Pacific in the 1990s, which appears to correspond to an increase in Hg emissions from anthropogenic sources in

	7672
	East Asia.

	7673
	These results suggest that site fidelity is an important consideration in the selection of biotic species for

	7674
	monitoring and in the interpretation of observed data. However, site fidelity is but one consideration and not

	7675
	sufficient to ensure that observations of local biota will reflect local contemporary trends in emissions and

	7676
	releases.
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	7678
	3.3.1	How consistent are the observed levels, temporal trends and spatial patterns of

	7679
	Hg levels in air (TGM, GEM, Wet Dep, GOM, PBM) with estimates from

	7680
	current mechanistic models at the global scale?

	7681
	Information Used: The analysis of the geospatial patterns of Hg atmospheric concentration and deposition

	7682
	levels is based on multi-model simulations for the period 2010-2020. The study presents average results from

	7683
	the atmospheric chemical transport model ensemble (GEM-MACH-Hg, GEOS-Chem, WACCM; see Table 1)

	7684
	for the BASE scenario (Table 2). The simulated spatial patterns were evaluated against a compilation of global-

	7685
	scale observations of Hg(0) concentration and Hg wet deposition submitted to the OESG.

	7686
	Methodology: Global patterns of Hg air concentrations and deposition were modelled for the period 2010-2020

	7687
	using an ensemble of chemical transport models. The simulations incorporated the anthropogenic Hg emissions

	7688
	inventory EDGAR v8.1, as well as a variety of natural and secondary sources, including geogenic, volcanic,

	7689
	wildfire emissions, and terrestrial re-emissions. Atmosphere–ocean exchange was simulated by coupling

	7690
	atmospheric and ocean models with a harmonised parameterisation of air-water exchange. The simulated and

	7691
	observed spatial distributions of Hg(0) concentrations and Hg wet deposition, as well as simulated total (wet +

	7692
	dry) Hg deposition, were analysed by averaging over 2010–2020 to minimise the effect of interannual

	7693
	variability.

	7694
	Answer: The simulation results demonstrated strong latitudinal variations in Hg(0) concentrations, driven

	7695
	primarily by the distribution of anthropogenic emissions. The modeled background concentration levels vary

	7696
	from 1 ng m-3 in high latitudes of Southern Hemisphere to above 2.2 ng m-3 in industrial regions of the Northern

	7697
	Hemisphere and the Tropics. Elevated concentrations are estimated in major industrial regions and ASGM areas

	7698
	(Figure 4a). It generally agrees with available observations in various parts of the globe. However, multiple

	7699
	concentration hotspots, particular in the Tropics, are not covered with observational data.

	7700
	Modeled Hg wet deposition is characterised by distinct spatial variability and is influenced by the patterns of

	7701
	primary and secondary emissions, precipitation, and atmospheric chemistry (Figure 4b). Simulations predict

	7702
	elevated Hg deposition with precipitation over the oceans and heavily industrialised regions, with fluxes

	7703
	exceeding 15 g km-2 y-1. The modelling results capture the spatial variation of observed Hg wet deposition in the

	7704
	limited regions covered by observational data, reproducing spatial gradients in Europe and North America,

	7705
	whereas most other regions remain without measurements.

	7706
	Unlike wet deposition, total atmospheric Hg deposition is strongly elevated over forested regions due to

	7707
	vegetation uptake (Figure 4c). According to model estimates, high Hg deposition occurs over tropical forests in

	7708
	South America and Africa, as well as in industrial regions of East Asia, Europe, and North America.

	7709
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	7710
	c

	7711
	Figure 4. Spatial distribution of the multi-model ensemble mean Hg(0) concentration (a), Hg wet deposition (b),

	7712
	and total Hg deposition (c), averaged over the period 2010–2020. Coloured circles indicate measured values

	7713
	using the same colour palette.

	7714
	Annual mean modelled Hg(0) concentrations and Hg wet deposition from the BASE scenario (Table 2) were

	7715
	compared with ground-based measurements for the period 2010–2020 (Figure 5). The comparison included only

	7716
	annual mean observations with data coverage exceeding six months. The model ensemble reproduces observed

	7717
	Hg levels reasonably well, showing unbiased average concentrations and wet deposition, acceptable spatial

	7718
	correlation, and most model-to-measurement differences within a factor of two. The simulated variability of

	7719
	Hg(0) is lower than observed, with models underestimating higher values mainly at the beginning of the period

	7720
	and overestimating lower values toward the end. Models also tend to underestimate high wet deposition fluxes,

	7721
	likely due to insufficient spatial resolution.

	7722
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	7724
	Figure 5. Scatter plots comparing modelled and observed annual Hg(0) air concentrations (a) and Hg wet

	7725
	deposition (b) for the period 2010-2020

	7726
	Consistency with Existing Literature: The simulated spatial patterns of Hg(0) concentrations and Hg wet

	7727
	deposition are generally consistent with the results of GMA2018, despite the differences in simulated periods.

	7728
	General conclusions on the model performance and uncertainty levels are consistent with GMA 2018. However,

	7729
	the measurement dataset used in this study is more extensive and covers multi-year period. Similar modelling

	7730
	results have also been reported in other recent publications (Shah et al., 2021; Zhou et al., 2021; Zhang &

	7731
	Zhang, 2022; Fu et al., 2024). The present modelling results suggest higher Hg terrestrial deposition in the

	7732
	tropics due to re-evaluated Hg(0) dry deposition to forests, which is in line with recent estimates by Zhou et al.

	7733
	(2021) and Feinberg et al. (2022).

	7734
	Confidence: There is high confidence in simulated Hg(0) levels and Hg wet deposition in the northern mid-

	7735
	latitudes, particularly in North America, Europe, and East Asia, where most measurement sites are located.
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	7736
	Confidence is lower in the tropics and the Southern Hemisphere. Observational coverage is especially lacking in

	7737
	tropical regions, which show the highest simulated atmospheric deposition, as well as over the oceans.

	7738
	Information and Capacity Needs: Additional Hg(0) observations are needed in regions with potentially high

	7739
	and uncertain emissions (e.g., the tropics) to better evaluate modelling results. This gap is being partially

	7740
	addressed through the recent deployment of passive samplers in several understudied regions. More widely

	7741
	distributed measurements of Hg wet deposition, together with reliable Hg(II) observations, are also required to

	7742
	improve the characterisation of atmospheric chemistry.

	7743
	3.3.2	What is the spatial representativeness of current levels and temporal trends of

	7744
	Hg observed in air?

	7745
	Information Used: Atmospheric models provide crucial information by offering spatially continuous estimates

	7746
	across regions where direct observations are lacking or sparse. The MCHgMAP multi-model ensemble average

	7747
	of Hg atmospheric concentration and deposition can be compared to the location of current monitoring sites to

	7748
	determine whether the spatial distribution of current sites can capture the estimated spatial distribution of Hg

	7749
	atmospheric concentration and deposition.

	7750
	Methodology: The multi-model ensemble average Hg atmospheric concentration and deposition for 2010-2020

	7751
	under the BASE scenario was aggregated over IPCC regions. These regional averages are plotted in Figure 8

	7752
	and overlaid with the location of current monitoring sites for which data is available. White dots indicate active

	7753
	monitoring sites during the 2010–2020 period for which data was submitted officially to the OESG. Grey dots

	7754
	denote sites where passive samplers have been deployed more recently (measurements initiated in 2018 or

	7755
	later).

	7756
	Answer: Figure 8 shows the spatial distribution of modeled annual mean concentrations of atmospheric

	7757
	elemental mercury Hg(0) (top) and wet deposition flux (bottom), aggregated by IPCC regions. The spatial

	7758
	patterns are overlaid with current active monitoring sites indicated by white dots and passive sampling sites

	7759
	indicated by gray dots. Relatively dense atmospheric monitoring information is currently available in eastern

	7760
	North America; northern, western and central Europe; and east Asia. Available observations are lacking or

	7761
	sparse in most other regions of the world. Of particular concern are the observational gaps in the tropics,

	7762
	southern latitudes, and parts of south and southeast Asia and west Africa where the models estimate that levels

	7763
	of Hg concentrations and deposition are high (shown in purple and blue in Figure 8). Combining models and

	7764
	observations enables a more robust evaluation of current Hg levels, allows us to assess the representativeness of

	7765
	existing measurements and to identify geographic gaps where observations are most needed, and supports

	7766
	efforts to track progress under the Minamata Convention.

	7767
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	7768
	Figure 8. Spatial distribution of modeled annual mean concentrations of atmospheric elemental mercury

	7769
	(Hg(0); top) and wet deposition flux (bottom), aggregated by IPCC regions. White dots indicate active

	7770
	monitoring sites during the 2010–2020 period, with only officially submitted data to the OESG. Grey dots

	7771
	denote sites where passive samplers have been deployed more recently (measurements initiated in 2018 or

	7772
	later), providing valuable new observations in previously under-monitored regions.

	7773
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	7774
	3.3.3	How consistent are the anthropogenic emissions inventories/inventory data and

	7775
	current mechanistic models with spatial patterns and temporal trends of Hg

	7776
	levels observed in air on the global scale?

	7777
	Information used: To analyze observed trends in atmospheric Hg, we use the dataset submitted to the OESG

	7778
	which includes air concentrations of Hg(0) and wet deposition measurements. The overall dataset is composed

	7779
	of 67 monitoring stations for GEM observations (61 in Northern Hemisphere, 6 in Southern Hemisphere) and

	7780
	107 monitoring stations for wet deposition observations. In terms of the simulations, the model ensemble mean

	7781
	trends from three scenarios with different anthropogenic emissions assumptions were analyzed. The scenarios

	7782
	are: 1) BASE, using the EDGARv8.1 global emissions inventory; 2) MOSAIC, which substitutes Chinese

	7783
	emissions in EDGARv8.1 with the national inventory from P+CAME; and 3) SCAv4, which assumes scaled

	7784
	anthropogenic emissions trends in the MOSAIC inventory in North America, Europe, and Asia in order to better

	7785
	match observed trends.

	7786
	Methodology: Trends in observational and modelled time series were analyzed using several different

	7787
	methodologies. In general, we apply the approaches recommended by the Tropospheric Ozone Assessment

	7788
	Report for analyzing multi-site measurement data (Chang et al., 2023). To derive overall trends for regions, we

	7789
	analyzed time series with linear mixed effect models (Bates et al., 2015) to aggregate the information from

	7790
	multiple sites within the same region. To analyze the trend at each grid cell of the model simulations or at

	7791
	individual measurement stations, we analyzed data using quantile regression of median trends (QR50).

	7792
	Answer: We compare the trends from different modelled scenarios to available observation stations in two

	7793
	ways: as maps (Fig. 10) and as summarized time series for regions (Fig. 11). Observational trends in Hg(0) are

	7794
	declining over all Northern Hemisphere regions for the 2010–2020 time period and are stable or slightly

	7795
	increasing in the Southern Hemisphere. The BASE and MOSAIC simulations underestimate the decline in

	7796
	Hg(0) at sites in the Arctic, North America, Europe, and East Asia. The SCAv4 simulation, assuming stronger

	7797
	regional emissions declines for Europe, North America, and East Asia, shows much closer agreement with

	7798
	observational data than the simulations based on the EDGARv8.1 and P+CAME inventories (BASE and

	7799
	MOSAIC). Trends in the Southern Hemisphere are generally well captured in all simulations. This suggests that

	7800
	regional declines in anthropogenic emissions stronger than EDGARv8.1 and associated declines in secondary

	7801
	land and ocean emissions is the best explanation for the decline in atmospheric Hg concentrations in the

	7802
	Northern Hemisphere.

	7803
	












	7804
	

	7805
	Figure 10. Spatial distribution of modelled Hg(0) trends over 2010–2020, compared to available measurements

	7806
	in the OESG datasets. Ensemble mean model simulations and observations (sites > 8 years) are deseasonalized

	7807
	and analyzed with quantile regression for the median trends in monthly mean values. Only grid boxes with

	7808
	trends significantly different from zero (trend < 2 × trend error) are shown in colour.
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	7810
	Figure 11. Regional trends in Hg(0) calculated using Linear Mixed-Effects modelling. Trends are calculated for

	7811
	both observations and simulations.

	7812
	Comparisons of simulations with wet deposition measurements are less conclusive. The wet deposition in

	7813
	regions of North America and Europe is found to decline in the observations (Fig. 12). The BASE model

	7814
	simulations with EDGAR generally underestimate the observed decline in wet deposition, yet interannual

	7815
	variability patterns are well captured, likely due to the dependence on precipitation variability. Agreement with

	7816
	observed wet deposition trends is slightly improved in the SCAv4 simulation (Fig. 12), but this scenario still

	7817
	underestimates the observed decline in deposition in Eastern North America and Europe.
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7820


[image: ]Figure 12. Hg wet deposition trends in different regions (abbreviations: NA–North America, NE–Northeast, C–Central, W–West, SE–Southeast) in observations and two simulations (BASE and SCAv4).


	7821
	Consistency with Existing Literature: This analysis is generally consistent with previous studies that

	7822
	compared modelled Hg trends based on available emissions inventories with observed trends. Both Zhang et al.

	7823
	(2016) and Feinberg et al. (2024) also suggest that stronger declines in anthropogenic emissions compared to

	7824
	what is shown in inventories are necessary to explain available Hg(0) measurements. The 2018 Global Mercury

	7825
	Assessment did not focus on a trend estimation for atmospheric Hg, as less site data was available globally.

	7826
	However, they identified general decreases in Hg measurements in Canadian and European stations. The SCAv4

	7827
	scenario requires an additional ~450 Mg yr-1 to be emitted at the beginning of the analysis period (2010–2012),

	7828
	compared to the BASE scenario. This emissions total is small compared to the uncertainties in the emissions of

	7829
	Hg from product use and disposal (Horowitz et al., 2014; Streets et al., 2019), ASGM (Streets et al., 2019), and

	7830
	re-emissions of legacy anthropogenic Hg (Amos et al., 2013; Feinberg et al., 2024). Thus the assumptions of the

	7831
	SCAv4 scenario, which best matches observations, could still be consistent with our current knowledge of

	7832
	emissions uncertainties.

	7833
	Confidence: The Northern Hemisphere midlatitudes are fairly well-covered by measurement stations for the

	7834
	2010–2020 period, given the observation sites in North America, the Arctic, Europe, and East Asia.

	7835
	Nevertheless, other regions have very few measurement stations or none at all: e.g., continental regions in the

	7836
	Southern Hemisphere, the tropics and subtropics, Eurasia/Central Asia, and the Middle East. Thus, the

	7837
	assessment of model and observed trends for these regions is more uncertain. The observed declines are robust

	7838
	to choice of trend technique, as illustrated here with two different methods (quantile regression and linear mixed

	7839
	effects modelling). Numerous sensitivity simulations with other potential scenarios for changing emissions were

	7840
	conducted in one of the atmospheric Hg models (GEM-MACH-Hg) to rule out other explanations for the

	7841
	observed trends. We also expect that trends in Hg(0) sinks (vegetation uptake and oxidation) are unlikely to

	7842
	substantially impact the trends over this period 2010–2020, as elaborated in a following section of this report

	7843
	and the discussion in Feinberg et al. (2024).

	7844
	Information and Capacity Needs: A long-term monitoring network in well-distributed sites would be

	7845
	invaluable to ensure better coverage of global air Hg trends and to improve attribution of changes in air Hg

	7846
	concentrations to primary and secondary emissions in all regions. The development of top-down modelling

	7847
	techniques to derive Hg emissions based on ambient measurements would improve the quantification of trend

	7848
	drivers. Some advances in this direction have been conducted for Hg (Angot et al., 2021; Denzler et al., 2017),

	7849
	yet this inverse modelling methodology is more developed for other pollutants such as chlorofluorocarbons

	7850
	(CFCs), which has aided in the detection of emissions changes (Rigby et al., 2019). A better understanding is

	7851
	required in terms of the gaps between bottom-up emissions inventories (such as EDGAR v8.1) and the

	7852
	emissions trends implied from observations. To this end, there should be efforts to improve the accounting of

	7853
	potentially overlooked anthropogenic sources in inventories (e.g., waste), as well as the re-emissions trends

	7854
	from legacy contaminated sites.

	7855
	3.3.4	How sensitive are levels of Hg in the air to various Hg processes across the

	7856
	globe? How sensitive are levels of Hg in the air to various primary and

	7857
	secondary emissions and releases and environmental conditions across the globe?

	7858
	Information used: Multi-model ensemble MCHgMAP simulations of the BASE scenario were used to analyse

	7859
	possible sensitivity of Hg levels to variety of factors including anthropogenic and secondary emissions,

	7860
	environmental parameters (precipitation, wind speed, temperature, etc.) and surface characteristics (land cover,

	7861
	LAI).

	7862
	Methodology: A multi-factor correlation analysis was conducted to assess the spatial co-variation of modeled

	7863
	Hg air concentrations and deposition with anthropogenic and environmental factors. The analysis was

	7864
	performed using average Hg levels and potential drivers across the IPCC reference land and ocean regions

	7865
	(Figure 5).

	7866
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	7867
	

	7868
	Figure 5. IPCC reference land and ocean regions used in the analysis (Iturbide et al., 2020)

	7869
	The statistical analysis revealed a significant positive correlation between Hg(0) concentrations and

	7870
	anthropogenic emissions, and a weaker correlation with other terrestrial emissions (geogenic, volcanic, wildfire)

	7871
	and re-emissions (Figure 6). Oxidised Hg(II) correlates positively only with anthropogenic emissions, while Hg

	7872
	dry deposition also shows a strong correlation with vegetation cover (leaf area index). Both Hg(0) and dry

	7873
	deposition correlate negatively with wind speed and Br concentration, one of the primary Hg oxidants. Wet

	7874
	deposition correlates positively with various emissions and meteorological parameters (precipitation and air

	7875
	temperature) but negatively with snow and ice cover.
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	7877
	Figure 6. Pearson correlations of Hg concentrations and deposition across IPCC regions with emissions and

	7878
	environmental factors

	7879
	Answer: High Hg concentrations and deposition are driven by multiple factors, including emissions,

	7880
	precipitation, and vegetation cover. Hotspots of elevated Hg concentrations are linked to regions with high

	7881
	anthropogenic and/or secondary emissions (e.g., East, South, and Southeast Asia; West Africa; and northwestern

	7882
	South America) (see Figure 7). Atmospheric Hg deposition occurs via surface uptake (dry deposition) and

	7883
	precipitation scavenging (wet deposition); dry deposition dominates over land, while wet deposition prevails

	7884
	over the oceans. Deposition is strongly influenced by surface and environmental conditions, with the highest

	7885
	levels observed in vegetated regions with high precipitation (see Figure 8). Many regions with high simulated

	7886
	Hg concentrations remain underrepresented in observational datasets.

	7887
	



Hg air concentration in terrestrial and ocean regions
2.0Arctic
North
America
South America	Europe
Africa
East
Asia
Australia &
Oceania
Ocean
HgII concentration
Hg0 concentration
Central America
North Asia
Middle East
South Asia Southeast Asia
Antarctica


1.8Air concentration, ng/m3


1.6

1.4

1.2

1.0GIC RAR ARO NWN NEN WNA CNA ENA NCA SCA CAR NWS NSA NES SAM SWS SES SSA NEU WCE EEU MED SAH WAF CAF NEAF SEAF WSAF ESAF MDG WSB ESB RFE WCA ARP ECA TIB EAS SAS SEA NAU CAU EAU SAU NZ EAN WAN NPO EPO SPO NAO EAO SAO ARS BOB EIO SIO SOO


Available ground-based measurement sites and factors affecting Hg concentration
Measurement sites2
1 4 3 5 2 28  2
2	1 1
15
5
1
1
1 7 2	1
1	4	1	1
1 1

Anthrop. emission
Natural & reemission
Br concentration
WindGIC RAR ARO NWN NEN WNA CNA ENA NCA SCA CAR NWS NSA NES SAM SWS SES SSA NEU WCE EEU MED SAH WAF CAF NEAF SEAF WSAF ESAF MDG WSB ESB RFE WCA ARP ECA TIB EAS SAS SEA NAU CAU EAU SAU NZ EAN WAN NPO EPO SPO NAO EAO SAO ARS BOB EIO SIO SOO


OESG Scientific Report, 10 April 2026, Page 260 of 282


260

7888

7889



· low



· [image: ]medium



· [image: ]high

[image: ]7890
7891

Figure 7. Average atmospheric Hg concentrations across IPCC regions, complemented by a qualitative analysis of factors influencing these levels and the availability of ground-based Hg(0) measurement sites.
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	7894
	Figure 8. Average atmospheric Hg deposition across IPCC regions, complemented by a qualitative analysis of

	7895
	factors influencing these levels and the availability of ground-based Hg wet deposition measurement sites

	7896
	Information and Capacity Needs: A more extensive analysis of the effects of driving factors and processes on

	7897
	Hg levels is needed, involving sensitivity simulations, assessments of atmospheric chemistry, and the

	7898
	application of more advanced statistical approaches (e.g., Positive Matrix Factorization).

	7899
	3.3.5	How consistent are the observed levels, temporal trends and spatial patterns of

	7900
	Hg levels in ocean waters with estimates from current mechanistic models at the

	7901
	global scale? What is the spatial representativeness of available ocean

	7902
	observations?

	7903
	Information used: To assess spatial patterns and temporal trends of Hg in the global ocean, we used model

	7904
	simulations from the MCHgMAP ensemble (section 3.2 Table 1). Observational data from surface ocean




	7905
	research studies were used to evaluate the models and are further used to compare to the BASE simulation (see

	7906
	section 3.29).

	7907
	Methodology: Modeled temporal trends and spatial patterns were characterized using the ensemble mean of the

	7908
	two ocean model simulations (Fig. 8). Model confidence was assessed based on the spread of individual models

	7909
	and comparison to observations of total and elemental Hg (Fig. 9). To quantify the agreement between model

	7910
	and observations we used statistical methods described in Bieser et al. (2024). Observational Hg data (total Hg

	7911
	and Hg0) were used to evaluate the spatial representativeness of modeled Hg concentrations.

	7912
	Temporal trends were characterized using 10 years of model output ranging from 2010 to 2020. However, a

	7913
	comparison to observed trends is not feasible due to the sparse nature of ocean observations.
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Figure 8: Average modeled spatial distribution of total Hg in the surface ocean 2010-2020 for the BASE scenario. Highest Hg concentrations are found in upwelling regions and near major anthropogenic source regions.















	7917
	

	7918
	Figure 9: Location of surface observations or profiles (multiple observations with depth).

	7919
	Answer: Recent modeling efforts to simulate total mercury (Hg), elemental mercury (Hg⁰), and methylated

	7920
	mercury (MeHg) in the global ocean demonstrate a reasonable degree of accuracy with available observations but

	7921
	also highlight key areas where data gaps and model limitations remain.

	7922
	The modeled global surface ocean exhibits well-defined total Hg spatial patterns. Anthropogenic influences are

	7923
	evident in the Northern Hemisphere (0.65 pM) versus the Southern Hemisphere (0.55 pM). On a north-south

	7924
	gradient the general distribution exhibits higher concentrations in polar regions and at the equatorial

	7925
	interhemispheric convergence zone (ITCZ) while there are much lower values in the mid latitudes between 20°

	7926
	and 40°. These large scale patterns are mainly driven by upwelling and downwelling and follow general ocean

	7927
	circulation patterns. However, it is also seen that the highest Hg concentrations are found near major




	7928
	anthropogenic source regions namely the IPCC ocean regions northern Indian Ocean (SAS), South China Sea

	7929
	(EAS), eastern Pacific (SEA). Observational coverage remains limited, but where available, the spatial

	7930
	representativeness of the modeled Hg distribution is in good agreement (Tables 3,4,5).

	7931
	· Upwelling regions (e.g., Benguela, Equator) and areas near major anthropogenic sources show the

	7932
	highest Hg concentrations (0.7-1.0 pM).

	7933
	· Subtropical gyres in both hemispheres (20°-40° latitude) exhibit lower concentrations (0.2 -0.4 pM).

	7934
	· Subpolar regions (50°-70° latitude) show increasing gradients (0.5-0.7 pM) due to vertical mixing of

	7935
	Hg-enriched deeper waters.

	7936
	· Permanent sea-ice regions display elevated Hg (0.6-0.8 pM), as Hg(0) evasion is limited.

	7937
	Simulated total Hg concentrations align with observational data within an average error margin of 50%, meaning

	7938
	model outputs typically lie within a factor of two of the measurements (Figure 10, Table 3). These models are

	7939
	able to reproduce the broad latitudinal gradients of total Hg and Hg⁰ concentrations, particularly in tropical and

	7940
	mid-latitude regions. However, in polar regions, models fall short in capturing the high variability and elevated

	7941
	values observed in situ (Figures 10 and 11), indicating regional shortcomings in current process understanding or

	7942
	model representation.
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[image: ]Figure 10. Latitudinal distribution of modeled and observed total Hg concentrations in the surface ocean.
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	7946
	

	7947
	Figure 11. Latitudinal distribution of modeled and observed total Hg concentrations in the surface ocean.

	7948
	Table 3. Statistical analysis of model to observations comparison for total Hg based on vertical profiles, Hg(0)

	7949
	based on surface measurements, and MeHg based on vertical profiles



	Mercury Species
	Ocean Layer
	Observation Median
	Model Median
	Bias
	Error
	Fac x2
	N

	THg
	surface (0-50m)
	0.67 pM
	0.5 pM
(0.38-0.65)
	-9%
	52%
	75%
	313

	THg
	intermediate ocean (50-1000m)
	0.77 pM
	0.60 pM
(0.37-0.85)
	-13%
	31%
	98%
	291

	THg
	deep ocean (>1000m)
	0.85 pM
	0.63 pM
(0.39-0.90)
	-22%
	27%
	95%
	206

	

	Hg(0)
	surface (0-50m)
	14.5 pg/L
	14.4 pg/L
	16%
	65%
	57%
	1562

	

	MeHg
	surface (0-50m)
	97 fM
	240 pM
(80-380)
	-122%
	146%
	37%
	432

	MeHg
	intermediate ocean (50-1000m)
	220 pM
	344 pM
(55-350)
	-23%
	50%
	91%
	342

	MeHg
	deep ocean (>1000m)
	280 pM
	320 pM
(54-363)
	-12%
	32%
	97%
	155



	7950
	In regions with significant anthropogenic emissions, such as East Asia, peak Hg concentrations heavily skew

	7951
	observational averages. The concentration of observations in these areas may distort the evaluation of model skill

	7952
	on a global scale, as they disproportionately influence mean values.

	7953
	Data availability remains a major constraint on model evaluation. For example, in the Indian Ocean, only a single

	7954
	cruise dataset is currently available. Furthermore, the sporadic and campaign-based nature of ocean sampling

	7955
	precludes the robust identification of long-term trends in observational records. There is a significant spatial and

	7956
	temporal sampling bias, with the majority of observations limited to few regions and a strong seasonal clustering.
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	7957
	For dissolved elemental mercury (Hg⁰), the model reproduces observed concentrations within an average error of

	7958
	65% (Figure 11, Table 3), indicating moderate confidence in the model’s treatment of surface ocean redox

	7959
	processes. In contrast, the largest discrepancies are found for methylated mercury species (Table 3). At the ocean

	7960
	surface, model errors exceed 100%, largely driven by the model’s limited ability to reproduce monomethyl

	7961
	mercury (MMHg) concentrations. However, in deeper ocean layers where dimethyl mercury (DMHg) dominates,

	7962
	model performance improves significantly, suggesting a better representation of deep-ocean methylation

	7963
	processes.

	7964
	Over 2010–2020, modeled surface ocean Hg levels were largely stable, with a slight decreasing but insignificant

	7965
	trend after 2015 (~0.5% per annum, or 3.8 fM a⁻¹). The tropics showed no detectable long-term trend at all

	7966
	(Section 3.4 Figure 3).

	7967
	Consistency with existing literature: These results are consistent with prior studies of global marine Hg

	7968
	cycling. Spatial patterns align with known oceanographic features, and the dominant role of atmospheric

	7969
	deposition in surface ocean Hg is supported by previous model-observation comparisons (Zhang et al., 2019,

	7970
	Rosati et al., 2020, Bieser et al., 2024).

	7971
	Confidence: We have high confidence in the general spatial patterns of marine Hg and medium to high confidence

	7972
	for THg and Hg(0) concentrations. We have low confidence in the temporal trends due to limited observational

	7973
	coverage and strong natural variability, especially in the tropics, Southern Hemisphere midlatitudes, and poorly

	7974
	monitored subpolar regions. We have low confidence in MMHg concentrations.

	7975
	Information and capacity needs:

	7976
	· Expansion of surface ocean observations, particularly in under-sampled regions, to better constrain

	7977
	models.

	7978
	· Recurring observations on fixed transects to better identify long term trends.

	7979
	· Continued development of marine Hg models and intercomparison studies to reduce uncertainties and

	7980
	improve predictions of responses to emission changes.

	7981
	· Sophisticated methods of measuring air-sea exchange of Hg in the environment

	7982
	3.3.6	How sensitive are levels of Hg in the ocean to various Hg processes across the

	7983
	globe?

	7984
	Information used: To assess model sensitivity to different sets of processes, three model simulation scenarios

	7985
	were analyzed (section 3.2 Table 2):

	7986
	1.	BASE, representing realistic time-variable anthropogenic (EDGAR v8.1) geogenic, and secondary

	7987
	emissions for 2010–2020.

	7988
	2.	STEPDECLINE, simulating a theoretical, sudden global 20% reduction in anthropogenic emissions

	7989
	after 2015.

	7990
	3.	NATURE, anthropogenic emissions fixed at 2010 levels with time-variable geogenic and secondary

	7991
	emissions to isolate natural variability from anthropogenic influences.

	7992
	Methodology: Surface ocean sensitivity to anthropogenic emissions was evaluated by comparing the BASE and

	7993
	STEPDECLINE scenarios, while the relative impact of natural variability and anthropogenic emissions was

	7994
	assessed by comparing BASE and NATURE simulations.

	7995
	Answer: The natural inter annual variability seems driven by well knownwell-known ocean oscillations such as ENSO.

	7996
	ENSO-driven natural variability can explain a significant portion of interannual changes: the correlation between

	7997
	annual ENSO index and modeled inter-annual Hg changes is high (R = 0.84), accounting for up to 70% of the

	7998
	observed variance. The NATURE scenario confirmed that natural variability dominates changes over the period.

	7999
	We are not able to link temporal changes in ocean Hg concentrations to changes in anthropogenic emission during

	8000
	the study period.

	8001
	Modeled sensitivity tests indicate the surface ocean responds strongly and immediately to atmospheric deposition:

	8002
	a 20% reduction in atmospheric inputs in the STEPDECLINE scenario resulted in a 15% reduction in surface Hg,

	8003
	with a new equilibrium reached within less than 3 years. It should be noted that more localized reduction signals

	8004
	will propagate slower across the globe than the uniform global reduction introduced in this model scenario. Finally,
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	8005
	riverine and coastal inputs influence Hg concentrations mainly on regional scales. Anthropogenic emission

	8006
	changes (BASE) during 2010–2020 produced no detectable global signal in either of the marine Hg models.

	8007
	Consistency with existing literature: These results are consistent with prior studies of global marine Hg

	8008
	cycling.

	8009
	Confidence: We have high confidence in the importance of atmospheric input.

	8010
	Information and capacity needs: Better data on Hg fluxes from land such as coastal erosion and groundwater

	8011
	inflow. More data on geogenic emissions from hydrothermal vents.

	8012
	3.3.7	What are the current levels and temporal trends of secondary Hg emissions from

	8013
	oceans across the globe?

	8014
	What is the contribution of changes in environmental conditions to changes in secondary Hg

	8015
	emissions from global oceans over the period circa 2010 to present across the globe?

	8016
	Information used: To assess secondary Hg emissions from the ocean, we used the BASE case model simulations

	8017
	from the MCHgMAP ensemble of ocean models.

	8018
	Methodology: Oceanic re-emissions were calculated by the ocean models using atmospheric boundary conditions

	8019
	for atmospheric Hg concentrations and deposition fluxes. Air-sea exchange was calculated following the

	8020
	harmonized MCHgMAP set of equations (Dastoor et al., 2025). Trends were analysed using 10 years of model

	8021
	output ranging from 2010 to 2020.

	8022
	Answer: Model results (summarized in Table 6) indicate that during the period 2010–2020, the global ocean

	8023
	was a net emitter of elemental mercury to the atmosphere. Specifically, the annual gross Hg evasion flux from

	8024
	the ocean surface was estimated at approximately 4,300 Mg a⁻¹. This emission flux was offset by atmospheric

	8025
	deposition, estimated at 3,700 Mg a⁻¹, leading to a net total upward flux of about 600 Mg a⁻¹ from the ocean into

	8026
	the atmosphere. Given the inherent uncertainty of current models and input data, these values indicate an ocean

	8027
	close to equilibrium with the atmosphere.

	8028
	Table 6. Modeled surface ocean Hg fluxes (2010-2020) for the BASE scenario



	
	Annual flux

	Net Hg(0) evasion flux from the surface ocean to the atmosphere
	-4300 Mg a-1

	Atmospheric Hg deposition flux
	3700 Mg a-1

	Net total Hg upwards flux from the surface ocean into the atmosphere
	-600 Mg a-1

	Net total Hg downwards flux from the surface ocean to the intermediate ocean
	300 Mg a-1

	Net total Hg inflow through rivers
	900 Mg a-1



	8029
	Notably, the modeling exercise did not identify any statistically significant changes in the magnitude of secondary

	8030
	Hg emissions from the global ocean over the ten-year study period. The modeled fluxes remained relatively stable

	8031
	year-to-year, suggesting that any emerging trends may only become apparent over longer temporal scales.

	8032
	Therefore, it is currently not possible to establish a clear trend in secondary oceanic mercury emissions for the

	8033
	period 2010–2020 based on available model results.

	8034
	The contribution of environmental variability, such as changes in sea surface temperature, stratification, primary

	8035
	productivity, and atmospheric Hg concentrations, to changes in secondary Hg emissions was indirectly examined

	8036
	through the model outputs. However, the relatively short duration of the modeling period and the lack of

	8037
	significant temporal trends in the emission forcing data limit the capacity to robustly attribute changes in oceanic

	8038
	emissions to environmental drivers.
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	8039
	Although the current modeling approach is not fully coupled, that is, it exchanges fields with atmospheric

	8040
	models which are run separately, it provides a useful approximation of the air-sea exchange dynamics.

	8041
	However, this setup limits the system’s responsiveness to rapidly changing environmental inputs and feedback

	8042
	mechanisms.

	8043
	In summary, global oceans emitted between 300 and 900 Mg a⁻¹ of net Hg(0) to the atmosphere during the period

	8044
	2010 to 2020, acting as a consistent net source of mercury. This is not in agreement with current estimates from

	8045
	atmospheric models which identify the ocean as a net sink of Hg. Based on current knowledge the uncertainty in

	8046
	the air-sea exchange flux of Hg is in the range of 1000 Mg a⁻¹.

	8047
	Consistency with Existing Literature: While the modeled evasion fluxes are somewhat higher than previously

	8048
	reported estimates, such as those included in the Global Mercury Assessment 2018, they remain within the range

	8049
	of existing literature. The increase in estimated evasion is attributed to improved model resolution and updated

	8050
	parameterizations of air-sea exchange processes. Further, this is the first time the Hg air-sea exchange was

	8051
	calculated from the side of the ocean models.

	8052
	Confidence: There is medium confidence in the total air-sea exchange estimates at the global scale, based on

	8053
	consistency across different model runs and general agreement with existing literature. We estimate the

	8054
	uncertainty to be in the range of 1000 Mg a-1. However, the system is currently so close to equilibrium, that it is

	8055
	not clear whether the ocean actually is a source or a sink for Hg on a global scale.

	8056
	However, confidence is lower in polar regions, where data coverage is sparse, and environmental conditions differ

	8057
	substantially from lower latitudes. This contributes to a higher degree of uncertainty in those regions’ contribution

	8058
	to global Hg cycling.

	8059
	Information and capacity needs: Addressing these limitations requires the development and implementation of

	8060
	fully coupled atmosphere-ocean or Earth system models capable of simulating feedbacks between mercury

	8061
	cycling, climate variability, and oceanic biogeochemistry. Such models would provide more robust projections of

	8062
	future mercury fluxes and allow for a better understanding of how environmental change may alter the ocean’s

	8063
	role in the global mercury budget.

	8064
	3.3.8	How consistent are the observed levels, temporal trends and spatial patterns of

	8065
	Hg levels in air, water, soil with estimates from current multi-media mechanistic

	8066
	models?

	8067
	Information Used

	8068
	· Multi-media global box model (described in Geyman et al., 2025).

	8069
	· Post-2000 anthropogenic emissions from EDGAR v8.1 (BASE inventory) and EDGAR v8.1 combined

	8070
	with P+CAME (MOSAIC inventory).

	8071
	· Pre-2000 releases from Streets et al. (2019).

	8072
	· Fluxes and Hg mass balance from atmospheric (WACCM, GEOS-Chem, GEM-MACH-Hg) and ocean

	8073
	(MITgcm, ICON) models.

	8074
	Methodology

	8075
	· Set of box model simulations for different combinations of models and emissions inventory.

	8076
	Answer

	8077
	· BASE and MOSAIC inventories show increasing anthropogenic emissions post-2000.

	8078
	· This results in a corresponding increase in the modeled atmospheric Hg mass over the period.


OESG Scientific Report, 10 April 2026, Page 266 of 282


266




















OESG Scientific Report, 10 April 2026, Page 267 of 282


267

8079
8080
8081
8082
8083
8084
8085
8086
8087
8088
8089
8090
8091
8092
8093
8094
8095
8096
8097
8098
8099
8100
8101
8102
8103


[image: ]Figure 20. Atmospheric Hg trends and emissions from 2005 to 2020 based on global box model simulations. Left panel: Modeled atmospheric Hg mass using two emission inventories – BASE (EDGAR v8.1) and MOSAIC (EDGAR v8.1 and P+CAME) – shown as ensemble envelopes from different combinations of atmospheric and oceanic models. Right panel: Corresponding anthropogenic Hg emissions from the BASE and MOSAIC inventories. The increase in emissions in both inventories leads to an increase in modeled atmospheric Hg mass, contrasting with observational trends showing stable or declining levels, particularly in the Northern Hemisphere.
Consistency with Existing Literature. The increasing atmospheric Hg mass is not fully consistent with observational trends that show a decline in the Northern Hemisphere and stable or slightly increasing levels in the Southern Hemisphere. However, since the model is global and not hemispherically resolved, direct comparison with hemispheric trends is not possible. The discrepancy may also reflect known limitations in emission inventories, particularly underestimation of emission reductions in key regions (e.g., North America, Europe), and uncertainties in natural and legacy sources.
Confidence. High confidence in the internal consistency of the box model results: increasing emissions lead to increasing atmospheric Hg mass, as expected. However, confidence in the absolute trends is limited by uncertainties in the emission inventories used as input, particularly regarding regional trajectories and recent changes in anthropogenic sources.
Information and Capacity Needs
· Hemispherically or regionally resolved box models to better evaluate consistency with observed spatial trends.
· Improved constraints on post-2000 anthropogenic and legacy emissions.
· Better representation of atmospheric sinks and re-emission processes, informed by observational data and process-based studies.


	8104
	3.3.9	How consistent are the observed levels, temporal trends and spatial patterns of

	8105
	Hg levels in biota and humans with estimates from current mechanistic models

	8106
	of biotic and human exposure?

	8107
	The mechanistic models that comprise the MCHgMAP ensemble are able to simulate the transport and

	8108
	transformation of Hg from emissions and releases through the air, soil, and oceans at the global scale. Currently,

	8109
	such global models are not able to simulate the methylation of Hg in terrestrial and freshwater ecosystems and

	8110
	the uptake of MeHg and its bioaccumulation in different food webs, resulting in exposures to biota and humans.

	8111
	Mechanistic models that represent specific ecosystem food webs or human sources of exposure on a local scale

	8112
	do exist where measurements can be used to identify important environmental characteristics as model inputs.

	8113
	However, the environmental input data is not available to apply these models on broader geographic scales.

	8114
	Further work is needed to understand how current food web and exposure models can be used to inform the

	8115
	effectiveness evaluation, particularly with respect to demonstrating the significance of changes in emissions and

	8116
	releases for ecosystem and human health.

	8117
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3.4 
Process and Source Attribution for Air and Oceans
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	8119
	3.4.1	What is the global mass balance of Hg budgets between emissions and releases,

	8120
	levels and movements in the environment? (using air, ocean, soil, and mass

	8121
	balance models)

	8122
	Information Used

	8123
	· Multi-model ensemble simulations of the BASE scenarios from atmospheric and ocean models.

	8124
	Methodology

	8125
	· Uncertainty intervals showing the inter-model range of simulated Hg fluxes and reservoir masses.

	8126
	Answer

	8127
	· Current levels are shaped not only by ongoing anthropogenic emissions (~25% of annual emissions) but

	8128
	also by substantial legacy re-emissions from soils and oceans (~70% of annual emissions).

	8129
	· Reservoir estimates confirm that the atmosphere holds only a small fraction of total environmental Hg

	8130
	(<0.5%), while soils and the deep ocean act as major sinks (1185–1340 Gg).

	8131
	· Modeling is essential to resolve the full budget –especially by quantifying re-emissions and transfers

	8132
	that are not directly observable – and to assess how past and present emissions influence current and

	8133
	future Hg levels.

	8134
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[image: ]Figure 22. Global Hg mass balance. Primary emissions (both natural and anthropogenic) are shown in orange while legacy re-emissions from soils and oceans are shown in green
Consistency with Existing Literature
· Comparison with other recent publications (Outridge et al., 2018; Sonke et al., 2023).
· Relatively consistent with both studies. The main difference is that land re-emissions are twice that of past studies based on new terrestrial Hg modeling.
Confidence
· Relatively good agreement between models.
Information and Capacity Needs
· Ongoing debate as to the relative contribution of Hg(0) and Hg(II) to deposition to oceans (Song et al., 2025; Jiskra et al., 2021), affecting the magnitude of Hg(0) ocean–atmosphere gas exchange.
· Need in situ flux measurements to constrain atmosphere–surface exchange rates.
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	8149
	3.4.2	What are the fractional contributions of changes in primary anthropogenic and

	8150
	natural Hg emissions and environmental conditions to modelled changes in Hg

	8151
	levels in air and deposition over the period circa 2010 to present across global

	8152
	regions?

	8153
	Information used: We use the BASE and NATURE scenarios from MCHgMAP model ensemble simulations

	8154
	to calculate the contribution of natural and anthropogenic emissions changes to modeled atmospheric Hg trends

	8155
	(Hg(0) and wet deposition).

	8156
	Methodology: The BASE simulation includes anthropogenic emissions and environmental forcing conditions

	8157
	varying between 2010–2020, while the NATURE simulation assumes anthropogenic Hg emissions fixed at 2010

	8158
	values but with all other factors varying. We compared the trends in the NATURE simulation with the BASE

	8159
	simulation to identify the role of environmental conditions to changes in Hg levels and deposition. The natural

	8160
	contribution is defined as the trend in the NATURE simulation, while the anthropogenic contribution is defined

	8161
	as the BASE trend – NATURE trend. Note that the figures below also provide estimates of the contribution of

	8162
	ASGM-related emissions and non-ASGM anthropogenic emissions, which are discussed in more detail in

	8163
	response to question 3.4.4.

	8164
	Answer: In the case of Hg wet deposition (Fig. 13), the impacts of natural drivers are found to be more

	8165
	significant than the contribution of anthropogenic trends, at least for the changes assumed in the BASE scenario.

	8166
	This is due to the influence of precipitation patterns on Hg wet deposition (Fig. 13) over the short (11 year)

	8167
	analysis period. On the other hand, for atmospheric Hg(0) the influence of natural drivers on the trends over

	8168
	land is generally minor, especially compared to anthropogenic changes (Fig. 14). Anthropogenic drivers in

	8169
	trends are found to be the most important, especially for locations where observations sites are currently located.

	8170
	























	8171
	

	8172
	Figure 13. Spatial distribution of modelled wet deposition trend contributions from different drivers over 2010–

	8173
	2020. The anthropogenic contribution is calculated using the EDGARv8.1 emissions dataset. Ensemble mean

	8174
	model simulations and observations (sites > 8 years) are deseasonalized and analyzed with quantile regression

	8175
	for the median trends in monthly mean values. Only grid boxes with trends significantly different from zero

	8176
	(trend < 2 × trend error) are shown in colour.
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[image: ]Figure 14. Spatial distribution of modelled Hg(0) trend contributions from different drivers over 2010–2020. The anthropogenic contribution is calculated using the EDGARv8.1 emissions dataset. Ensemble mean model simulations and observations (sites > 8 years) are deseasonalized and analyzed with quantile regression for the median trends in monthly mean values. Only grid boxes with trends significantly different from zero (trend < 2
× trend error) are shown in colour.


Consistency with existing literature: The 2018 Global Mercury Assessment did not include an assessment of model trends, and hence conducting such an assessment with a multi-model ensemble is a novel advance. The finding of this report that atmospheric Hg(0) trends are generally much more sensitive to emissions changes compared to wet deposition, which is more sensitive to meteorological trends, agrees with a previous model study that focused on the Great Lakes region (Giang et al., 2018)
Confidence: We have considered the potential for other environmental factors to explain the declining atmospheric Hg trends. Many climate change processes are most likely to lead to increasing atmospheric Hg rather than decreasing atmospheric Hg, for example: release of Hg from melting permafrost, increased Hg(0) ocean evasion due to warming (treated in models), decreased sea ice coverage allowing for more Hg(0) evasion (treated in models), and enhanced wildfire emissions (treated in models). One study has hypothesized that the vegetation sink of Hg may have increased, leading to lower Hg(0) concentrations (Jiskra et al., 2018); however, we find that the role of vegetation uptake on atmospheric Hg trends is minor in the 2010-2020 period, as several models consider the interannual variability in vegetation and its impact on Hg(0) dry deposition. Similarly, the changes in the oxidation of Hg(0) are unlikely to explain the trends over such a short time period, and they would lead to increases in Hg wet deposition and reactive mercury, which isn’t found in the observations. Thus, we are reasonably confident that the declines in atmospheric Hg observations can be explained by changes in anthropogenic emissions and consequent re-emissions, rather than changes in environmental conditions.
Information and Capacity Needs: To improve our attribution of atmospheric Hg trends to natural or anthropogenic factors, several advances would be needed both on the modelling and measurement fronts. In terms of modelling, further development of coupled earth system models to better represent natural processes and their interactions with the Hg cycle would be critical for analyzing the impacts of environmental drivers. Long-term observations in new areas that are potentially more impacted by natural variability (tropics, ocean-influenced, Arctic, and Antarctic) would improve confidence in our understanding of trends. In addition, the assessment of re-emissions trends is limited by gaps in the observations of soil and ocean concentrations and the associated fluxes, including a lack of measured time series in these media.
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	8209
	3.4.3	What is the fractional contribution of changes in primary anthropogenic Hg

	8210
	emissions to changes in secondary Hg emissions from soils over the period circa

	8211
	2010 to present across the globe?

	8212
	Information Used

	8213
	· Multi-media global box model (described in Geyman et al., 2025).

	8214
	· Post-2000 anthropogenic emissions from EDGAR v8.1.

	8215
	· Pre-2000 releases from Streets et al. (2019).

	8216
	· Fluxes and Hg mass balance from atmospheric (WACCM, GEOS-Chem, GEM-MACH-Hg) and ocean

	8217
	(MITgcm, ICON) models.

	8218
	Methodology

	8219
	· Baseline simulation with full anthropogenic emissions (pre- and post-2000).

	8220
	· Constant anthropogenic emissions at the 2010 level for the entire 2010–2020 period.

	8221
	· Calculate the difference in secondary emissions between the baseline and the constant anthropogenic

	8222
	emission simulation over 2010–2020. This difference isolates the change in secondary emissions

	8223
	attributable to the changes in anthropogenic emissions after 2010.

	8224
	𝛥𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦2010−2020 = 𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 − 𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠

	8225
	

	8226
	· Calculate the total change in secondary emissions over 2010–2020 in the baseline simulation:

	8227
	𝑇𝑜𝑡𝑎𝑙 𝑐ℎ𝑎𝑛𝑔𝑒2010−2020 = 𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦2020 − 𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦2010

	8228
	Then, compute the fractional contribution of changes in primary emissions as:

	
8229
	
𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛  =
	 𝛥𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦2010−2020 
𝑇𝑜𝑡𝑎𝑙 𝑐ℎ𝑎𝑛𝑔𝑒2010−2020

	8230
	Answer: Approximately 76% of the increase in soil Hg re-emissions over 2010–2020 is attributable to changes

	8231
	in primary anthropogenic emissions during the period, as captured by the difference between the Baseline and

	8232
	Fixed emission scenarios.
















	8233
	

	8234
	Figure 21. Annual Hg re-emissions from soils for two global box model simulation sets: one with time-varying

	8235
	anthropogenic emissions (Baseline) and one with emissions fixed at 2010 levels (Fixed). The right panel shows

	8236
	the difference between the two simulations, quantifying the impact of post-2010 changes in anthropogenic

	8237
	emissions on soil re-emissions. Over the period 2010–2020, approximately 76% of the observed increase in soil

	8238
	re-emissions is attributable to these emission changes.

	8239
	· Approximately 86% of the increase in soil and ocean Hg re-emissions over 2010–2020 is attributable to

	8240
	changes in primary anthropogenic emissions during the period, as captured by the difference between

	8241
	the Baseline and Fixed emission scenarios.
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	8242
	Confidence. While the model results are physically consistent and align with expectations that increasing

	8243
	emissions drive increased re-emissions, the confidence in the magnitude of the contribution is limited by

	8244
	uncertainties in the anthropogenic emission inventories themselves, especially regarding post-2010 trends (see

	8245
	question 13).

	8246
	It is important to emphasise that the global box model does not explicitly include changes in environmental

	8247
	conditions (such as climate change effects on soil temperature, moisture, or other ecosystem processes) that can

	8248
	also influence secondary Hg emissions. Therefore, this fractional contribution reflects only the impact of

	8249
	changes in anthropogenic emissions and releases, not environmental changes.

	8250
	Information and Capacity Needs. Further refinement of anthropogenic emission inventories and are needed to

	8251
	enhance confidence of secondary emission trends. Further work requires incorporation of environmental

	8252
	condition changes into modeling frameworks to better partition contributions from anthropogenic emission

	8253
	changes and climate or environmental variability.

	8254
	3.4.4	What is the fractional contribution of changes in anthropogenic Hg emissions

	8255
	influenced by the Convention to changes in modeled Hg levels in the air over the

	8256
	period circa 2010 to present across global regions?

	8257
	Information used: We use the BASE, NATURE, and ASGM scenarios from MCHgMAP model ensemble

	8258
	simulations to calculate the contribution in anthropogenic emissions influenced by the Convention to

	8259
	atmospheric Hg(0) trends.

	8260
	Methodology: The BASE simulation includes anthropogenic emissions and environmental forcing conditions

	8261
	varying between 2010–2020, the NATURE simulation assumes anthropogenic Hg emissions fixed at 2010

	8262
	values but with all other factors varying, the ASGM simulation includes ASGM levels fixed at 2010 values but

	8263
	all other anthropogenic sources varying. The natural contribution is defined as the trend in the NATURE

	8264
	simulation, the anthropogenic contribution is defined as the BASE simulation trend – NATURE simulation

	8265
	trend, the ASGM contribution is defined as the BASE simulation trend – ASGM simulation trend, and the non-

	8266
	ASGM anthropogenic contribution is defined as the ASGM simulation trend – NATURE simulation trend.

	8267
	Answer: Model experiments strongly suggest that during the timeline of the Minamata Convention air Hg

	8268
	concentrations have declined in the Northern Hemisphere (in the regions where observations are available,

	8269
	North America, Europe, Arctic, East Asia), due to the decline in primary anthropogenic plus associated

	8270
	secondary land and ocean emissions (by about 300 Mg yr-1), showing the effectiveness of the Convention. This

	8271
	is evidenced by the agreement of the SCAv4 simulation with atmospheric observations (Figs. 10 and 11). We

	8272
	have conducted attribution simulations (ASGM, NATURE) to assess the drivers of trends, yet these simulations

	8273
	are based on the BASE inventory that does not capture the observed decrease in Hg(0) concentrations. Hence, it

	8274
	is difficult to make conclusions about specific sources. Nevertheless, based on these experiments we can see that

	8275
	ASGM sources dominate the anthropogenic trend contribution between 2010–2020 in the BASE simulation

	8276
	with EDGAR v8.1 emissions (Fig. 14). The ASGM emissions potentially explain the increasing Hg(0) in the

	8277
	Southern Hemisphere which is observed in atmospheric measurements (Figs. 10 and 11). The non-ASGM

	8278
	anthropogenic contribution is consistent with the direction of observed trends in the Northern Hemisphere (Fig.

	8279
	14), although the overall BASE trend still underestimates the decline in the observations (Figs. 10 and 11). The

	8280
	next steps for this analysis would be to conduct further source attribution experiments based on the SCAv4

	8281
	simulation and to better understand the discrepancies between the available bottom-up inventories and emissions

	8282
	trends derived from available Hg(0) measurements.
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	8283
	

	8284
	Figure 14. Spatial distribution of modelled Hg(0) trend contributions from different drivers over 2010–2020.

	8285
	The anthropogenic contribution is calculated using the EDGARv8.1 emissions dataset. Ensemble mean model

	8286
	simulations and observations (sites > 8 years) are deseasonalized and analyzed with quantile regression for the

	8287
	median trends in monthly mean values. Only grid boxes with trends significantly different from zero (trend < 2

	8288
	× trend error) are shown in colour.

	8289
	Consistency with existing literature: The mercury literature includes many examples of source apportionment

	8290
	centered on a specific analysis year (Lei et al., 2013; Chen et al., 2014; Dastoor et al., 2015; De Simone et al.,

	8291
	2017; De Simone et al., 2020). For the most part, this source attribution was done using geographic source

	8292
	regions rather than source sectors. In the 2018 Global Mercury Assessment, source attribution was conducted on

	8293
	both a geographical as well as sectoral basis. Again, the focus was on a single year (2015). Therefore, the

	8294
	current approach to calculate sectoral contributions to Hg(0) trends between 2010 and 2020 has limited

	8295
	analogues in the available literature, although it is consistent with the strong ASGM contribution to the Southern

	8296
	Hemisphere and tropics (UNEP, 2019). The SCAv4 scenario showing that observed trends are consistent with

	8297
	an emissions decrease of ~300 Mg yr-1 is consistent with a previous analysis that found that anthropogenic

	8298
	emissions between 2005 and 2020 must have declined by at least 140 Mg yr-1 in the Northern Hemisphere to

	8299
	match observed trends (Feinberg et al., 2024).

	8300
	Confidence: The contributions of ASGM emissions to Hg(0) trends are highly uncertain, since long-term

	8301
	observation sites are not located near ASGM regions. In addition, the available emissions inventories are not

	8302
	consistent with observed Hg(0) trends (see comparison of observations to BASE simulation in Fig. 10). The

	8303
	SCAv4 scenario is just one potential scenario of many that could match the observed trends (Feinberg et al.,

	8304
	2024), and it is not clear which sources need to be adjusted or added in the EDGAR v8.1 inventory to explain

	8305
	the gap between inventories and measurements. Thus, it remains challenging to attribute the decreasing Hg(0)

	8306
	and wet deposition trends to specific source sectors or regions.

	8307
	Information and Capacity Needs: In the near term, additional simulations could be conducted to assess the

	8308
	source contributions to trends on a sectoral basis relevant to the Minamata Convention (e.g., Annex D sources).

	8309
	These simulations could be analyzed to understand the potential roles of specific sources covered by the

	8310
	Minamata Convention as drivers of trends. However, the refinement of bottom-up emissions inventory data

	8311
	would also be crucial; specifically ensuring that bottom-up emissions inventories are consistent with available

	8312
	observations of atmospheric Hg trends. In addition, to further understand the role of the Minamata Convention

	8313
	in Hg emissions trends, it would be necessary to create emissions scenarios that represent a Minamata-avoided

	8314
	case (i.e., with air pollution control technology implemented for SO2 and NOx but no specific Hg measures).

	8315
	The uncertainty of these assessments would be further constrained by expanding long-term atmospheric Hg

	8316
	monitoring efforts, especially in regions strongly affected by ASGM sources as this is currently lacking.
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	8317
	3.4.5	In each world region, how much of the contribution of primary anthropogenic

	8318
	emissions to modelled changes in Hg levels in air over the period circa 2010 to

	8319
	present are due to emissions within the region versus outside the region?

	8320
	The MCHgMAP ensemble of models can be used to address this question, but there was not enough time to

	8321
	perform the required simulations to inform the first effectiveness evaluation. As the MCHgMAP continues,

	8322
	additional simulations and sensitivity analyses can be performed to address this question. The results may

	8323
	inform future rounds of effectiveness evaluation.

	8324
	3.4.6	What are the fractional contributions of changes in primary anthropogenic and

	8325
	natural Hg emissions and releases, and environmental conditions to modeled

	8326
	changes in Hg levels in the ocean over the period circa 2010 to present across

	8327
	global regions?

	8328
	As discussed in Section 3.3.6, modeled surface ocean Hg levels were largely stable over 2010-2020, with a slight

	8329
	decreasing but insignificant trend after 2015 (~0.5% per annum, or 3.8 fM a⁻¹). The tropics showed no detectable

	8330
	long-term trend at all (Section 3.4 Figure 3). The natural inter annual variability seems driven by well known

	8331
	ocean oscillations such as ENSO. ENSO-driven natural variability can explain a significant portion of interannual

	8332
	changes: the correlation between annual ENSO index and modeled inter-annual Hg changes is high (R = 0.84),

	8333
	accounting for up to 70% of the observed variance. The NATURE scenario confirmed that natural variability

	8334
	dominates changes over the period. We are not able to link temporal changes in ocean Hg concentrations to

	8335
	changes in anthropogenic emission during the study period.

	8336
	Modeled sensitivity tests indicate the surface ocean responds strongly and immediately to atmospheric deposition:

	8337
	a 20% reduction in global atmospheric inputs in the STEPDECLINE scenario resulted in a 15% reduction in

	8338
	global surface ocean Hg, with a new equilibrium reached within less than 3 years. It should be noted that more

	8339
	localized reduction signals will propagate slower across the globe than the uniform global reduction introduced

	8340
	in this model scenario. Finally, riverine and coastal inputs influence Hg concentrations mainly on regional scales.

	8341
	Anthropogenic emission changes (BASE) during 2010–2020 produced no detectable global signal in either of the

	8342
	marine Hg models.

	8343
	Thus, longer time periods will be needed to show the impact of changing global emissions on the global ocean.

	8344
	3.4.7	What is the fractional contribution of changes in anthropogenic Hg emissions

	8345
	and releases influenced by the Convention to modelled changes in Hg levels in

	8346
	the ocean over the period circa 2010 to present across global regions?

	8347
	As discussed above, changes in anthropogenic emissions during 2010-2020 produced no detectable global signal

	8348
	in the marine Hg models employed in the OESG analysis.

	8349
	3.4.8	How are anthropogenic Hg emissions and releases expected to change in future

	8350
	under different scenarios of implementation of the Minamata and other

	8351
	Conventions across global regions?

	8352
	Information Used

	8353
	· GAINS V.4.0.3 model implementation from 2024

	8354
	· Global Mercury Assessment 2018 emission factors

	8355
	· Minamata Convention provisions and National Action Plans

	8356
	· World Energy Outlook 2022 energy trends

	8357
	Methodology

	8358
	· Projection of speciated Hg emissions into the future, using global energy scenarios (see Fig. 23).

	8359
	· Quantification of global clean air policy (PM 2.5, SO2) and climate policy (aligning with the World

	8360
	Energy Outlook 2022 projections) (see Table 7).

	8361
	· Quantification of Minamata Convention provision ‘option space’.
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	8362
	Modelling data is available from the GAINS model on a global level, until 2050, in 5-year steps. Its sectoral

	8363
	scope for Hg is comparable to that of the Global Mercury Assessment ‘18, with the addition of transport sectors,

	8364
	various industrial processes and domestic coal combustion. The GAINS model represents the majority of Hg

	8365
	emission sources in 270 sector-activity combinations. These combinations belong to the aggregated sector

	8366
	groups of artisanal and small-scale gold mining, combustion in power plants, industry and other sectors,

	8367
	industrial processes, the waste sector, transport, as well Hg-specific sectors like cremation, Hg mining and VCM

	8368
	production.
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[image: ]Figure 23. The GAINS model methodology of calculating future Hg emissions, based on the activity, emission factor, and control technology application of an anthropogenic Hg emission source. Source: Brocza et al. 2024, DOI: 10.5194/acp-24-7385-2024.
With regards to its ability to represent the MC provisions, most but not all sources in Annex D can be explicitly represented in GAINS (see Table 8). Annex B sources are only partially covered by the modelling and those modelled have clear Hg reduction targets and phase-out dates, which are modelled in the baseline scenarios.
Trajectories of Annex C (ASGM) are defined by the percentage reduction targets as defined in the MC National Action Plans. Annex D sources (except incineration of specialized waste) are well represented in modelling and thus can be analysed on the source-level. Article 8 does not require a phase-out of thesecovered activities but instead mandates the use of bBest Aavailable Ttechniques (BAT) and Bbest eEnvironmental pPractices (BEP) for new sources and one or more of a list of measures for existing sources. Their definition is quite flexible and parties to the MCM must themselves formulate appropriate steps to reduce Hg emissions from existing sources. Such stepsmeasures may include the quantification of existing emissions, co-benefit reductions from other air pollution controls or Hg-specific measures, but parties may choose to install dedicated Hg control equipment. Different scenarios were designed to visualize the “option space” of the MC emission reductions, with relation to a ‘Current legislation’ scenario (01_BAS_CLE), a scenario where all regions maximize their ‘traditional’ air pollution control of PM2.5 and SO2 abatement technologies, which in turn maximizes co-benefits for Hg (03_BAS_coMFR), a scenario which takes into account the National Action Plans on ASGM (02_BAS_MINA) for relevant countries, and, as an end point for technical Hg control, a scenario which computes emissions when maximum feasible reduction of Hg is achieved by technical means, disregarding current policy or cost (04_BAS_HgMFR). Three energy scenarios delineate how energy policy affects Hg emissions for the energy and related industry sectors.


Table 7.


	Scenario name
	Energy policy
	Clean air policy (Hg, PM2.5, SO2)
	Minamata Convention

	00_BAS_NOC
	Baseline scenario, following WEO 2022 State Policies scenario trends (IEA, 2022). Global energy demand growth met mostly by renewables;
share of fossil fuels in global energy mix falls to < 75 % by 2030, 60 % by 2050.
Global energy-related CO2 emissions
	Hypothetical baseline of unabated emissions. No PM, SO2 or Hg controls implemented.

	01_BAS_CLE
	
	Current legislation of Hg, PM and SO2
	Annex B implemented
Annex C: no NAP implementation
Annex D: no additional ambition to status quo;

	
	
	
	

	02_BAS_MINA
	plateau at 37 Gt and fall to 32 Gt in 2050, leading to
2.5 °C global average temperature rise by 2100.
	Current legislation of PM and SO2
	Annex B implemented
Annex C: NAP implementation

	
	
	
	Annex D: no additional ambition to status quo;

	03_BAS_coMFR
	
	Maximum technically feasible reduction of PM and SO2
	Annex B implemented
Annex C: no NAP implementation

	
	
	
	Annex D: ambitious implementation through maximizing of co-benefit Hg reduction

	04_BAS_HgMFR
	
	Maximum technically feasible reduction of PM and SO2, as well as Hg across all sectors (including those not covered by MC)
	Annex B implemented
Annex C: no NAP implementation
Annex D: ambitious implementation through maximizing Hg-specific pollution control application

	05_CLIM1_CLE
	Climate Policy scenario (CLIM1): Adapted from WEO 2022 Announced Pledges (AP) scenario (IEA, 2022). Demand
for all fossil fuels declines by 2030. CO2 emissions fall to 12 Gt in 2050, leading to
1.7 °C global average temperature
	Current legislation of Hg, PM and SO2
	Annex B implemented
Annex C: no NAP implementation
Annex D: no additional ambition to status quo;

	
	rise by 2100.
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	06_CLIM2_CLE
	Net Zero scenario (CLIM2): Adapted from WEO 2022 Net Zero Emissions scenario
	Current legislation of Hg, PM and SO2
	Annex B implemented
Annex C: no NAP implementation

	
	(IEA, 2022). CO2 emissions fall to 23 Gt in 2030 before reaching 0 Gt in 2050, leading to < 1.5 °C in 2100.
	
	Annex D: no additional ambition to status quo;

	
	
	
	

	07_CLIM2_MFR
	
	Maximum technically feasible reduction of PM and SO2, as well as Hg across all sectors (including those not covered by MC)
	Annex B implemented
Annex C: no NAP implementation
Annex D: ambitious implementation through maximizing Hg-specific pollution control application
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Table 8. Scenario definition with regards to clean air policy, energy policy and Minamata Convention (MC) provisions.
[image: ]


Answer: The 01_BAS_CLE scenarios project stagnant Hg emissions until 2050, considering the uncertainty inherent in different sectors. Despite emission decreases from the power sectors - due to a lower carbon intensity in power generation, as well as lower Hg emission intensity following stringent Chinese policy -, Increased waste generation and the inherent uncertainty in ASGM emissions compensate this. Considering the 02_BAS_MINA scenario and 03_BAS_coMFR, it can be seen that the projected emission decrease from the implementation of the NAPs that have been published until August 2024 is comparable to total achievable emission reductions achievable from the implementation of co-benefit controls globally, at around -18% relative to 2015 emissions (Fig. 8).
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	8411
	Figure 24. Global anthropogenic Hg emission scenarios following the BAS energy scenario, from 2015 - 2050

	8412
	(t/year). Emissions are split according to the Minamata Convention (MC) Annex that they are subject to.

	8413
	‘NOT_COVERED’ signifies emissions computed by GAINS that are not covered by the MC, as listed in Table 8.

	8414
	Regional analyses show that the world regions are markedly different in their total emissions and main emission

	8415
	sources, thus, their emission trends will depend on vastly different policy and emission drivers. In Africa,

	8416
	Central and South America as well as Southeast Asia, the notoriously ill-constrained ASGM emissions make up

	8417
	the majority of emissions, so the energy transition present in climate scenarios barely impacts these regions in

	8418
	the present modelling. Similarly, the present modelling indicates that the macroeconomic developments in the

	8419
	Middle East and North America have a strong impact on Other emissions, which are dominated by landfill

	8420
	emissions. This is another region where the modelling uncertainty is high. Emissions in Europe, North America,

	8421
	China and India are dominated by sectors with lower uncertainties in emission factors and activity levels, thus

	8422
	there is a high level of confidence in total emission levels and a clear relationship exists between energy policy. and air

	8423
	pollution control technology choices and Hg emission levels exists. In China, emissions are projected to decline

	8424
	already in the baseline scenario, driven by decarbonisation and the stringent application of PM and SO2

	8425
	controls. Conversely, Indian Hg emissions from fossil fuel combustion (COMB_POWER) are expected to rise

	8426
	despite lower Hg emissions from the power sector, as other industry-related emissions and waste emissions are

	8427
	projected to rise. Under more stringent climate pathways, and considering that ambitious air pollution control

	8428
	leading to co-benefits is already mandated by current legislation coming into force in the next decade, Hg

	8429
	emissions are expected to decouple further from CO2 emissions.
































	8430
	

	8431
	Figure 25. Regional anthropogenic Hg emission scenarios following the BAS energy scenario, from 2015 -

	8432
	2050 (t/year).

	8433
	Consistency of answer with existing literature: Geyman et al. (2024) have explored anthropogenic Hg

	8434
	emissions until 2300, including Hg deposition on land and water (releases) under different SSP pathways. This

	8435
	analysis uses a different approach to inferring the future emission intensity of different emission sources, which

	8436
	does not reference policy such as the MC in an explicit way, but infers that different world regions approach the

	8437
	world region with the lowest emission intensity in 2010 of a certain sector by 2100. (Geyman et al. 2024, DOI:

	8438
	10.1029/2023EF004231). Similarly to this study, Geyman et al. find that “decoupling of Hg and CO2 emission
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	8439
	sources occurs under low-to mid-range scenarios, though contributions from artisanal and small-scale gold

	8440
	mining remain uncertain.”.

	8441
	Confidence:

	8442
	· High confidence in emission intensity trajectories and the effect of policy on Hg emission sources

	8443
	related to fossil fuel and biomass combustion, as well as industry sectors.

	8444
	· High uncertainties related to emission intensities and future development of drivers of ASGM, as well

	8445
	as waste sectors.

	8446
	Information and Capacity Needs: While Hg emissions from combustion sources are well defined through

	8447
	detailed energy scenarios and numerous studies on Hg emission factors and the effect of different control

	8448
	technologies, the same level of detail in currently available scenarios is not available for several important

	8449
	industry sectors, the waste sector, and ASGM, where the Hg levels in the raw materials and Hg releases, as well

	8450
	as the effects of different abatement technologies are highly variable under local conditions and modelled at a

	8451
	lower level of detail that might not aid policy decisions.

	8452
	There is a need for capacity building in Hg waste modelling, better representing regional Hg levels, as well as

	8453
	the end-of-life modelling of Hg-containing products, which would aid the modelling representation of MC

	8454
	Annex B source emissions.

	8455
	Further, currently available policy scenarios do not fully take into account the circularity aspect of the global

	8456
	bioeconomy, which could lead to lower emission intensities e.g. in NFME production and also to improved

	8457
	waste management and subsequently lower Hg emissions. Such scenarios would further aid the policy

	8458
	discussion.

	8459
	3.4.9	How are Hg levels in the air and ocean expected to change in future under

	8460
	different scenarios of implementation of the Minamata and other Conventions

	8461
	across global regions?

	8462
	Given the future emissions scenarios presented in Section 3.4.8 above, the impact of the implementation of the

	8463
	Convention on future Hg levels in the air and ocean may be estimated using MCHgMAP ensemble of models as

	8464
	part of forthcoming work.

	8465
	3.4.10 How are Hg levels in the air and ocean expected to change in future under

	8466
	changing environmental conditions across global regions?

	8467
	The global box model employed in the MCHgMAP ensemble is not capable of representing changes to

	8468
	environmental conditions, such as climate change. To address this question, it is likely that mechanistic climate

	8469
	models must be used to create scenarios for atmospheric and oceanic conditions that reflect expected or

	8470
	potential climate change or other global changes. Given these scenarios as inputs, it may be possible to simulate

	8471
	those future conditions using the MCHgMAP ensemble of models. However, developing such scenarios and

	8472
	simulations will require significant time and effort.

	8473
	3.4.11 How are secondary Hg emissions and releases from biomass burning, soils and

	8474
	ocean expected to change in future under changing anthropogenic Hg emissions

	8475
	and releases and environmental conditions across global regions?

	8476
	If the scenarios and simulations to address question 3.4.10 are developed, it may be possible to address this

	8477
	question in a series of sensitivity simulations using the MCHgMAP ensemble of models. However, developing

	8478
	these simulations will require significant time and effort.

	8479
	3.5	Process and Source Attribution for Biota, Humans, and Other Media

	8480
	Ideally, the impact of changes in Hg emissions and releases on changes in Hg exposure to biota and humans

	8481
	could be quantified using mechanistic models, similar to the air and ocean models employed in MCHgMAP.

	8482
	Such mechanistic models could be used to separate the impact of the implementation of the Minamata

	8483
	Convention from the impact of other anthropogenic and natural processes and address the following questions

	8484
	that mirror the questions in Section 3.4:

	8485
	· What is the contribution of changes in anthropogenic, natural and legacy Hg emissions and releases to

	8486
	modeled trends in Hg exposures in biota and humans over the period circa 2010 to present?
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	8487
	· What is the contribution of changes in Hg emissions and releases attributable to implementation of the

	8488
	Minamata Convention to the modeled trends in Hg exposures in biota and humans over the period circa

	8489
	2010 to present?

	8490
	· What is the contribution of environmental drivers unrelated to implementation of the Minamata Convention (e.g.

	8491
	climate change, habitat changes, diet changes, …) to the modeled trends in Hg exposures in biota and

	8492
	humans over the period circa 2010 to present?

	8493
	However, the modeling tools to estimate biota and human exposures at regional to global scales are not

	8494
	available currently. As demonstrated in the multi-media case studies presented in Section 3.1.1 and discussed in

	8495
	Section 3.2, Hg exposures in biota and humans are dependent on a multitude of physical, biological, chemical,

	8496
	and behavioral processes that vary at local, regional, and global scales and over time. Further research is needed

	8497
	to understand and quantify the processes and mechanisms involved in the transformation of Hg and its uptake

	8498
	and accumulation in food webs and to develop mechanistic models and parameterizations that may inform

	8499
	future effectiveness evaluations, particularly with respect to demonstrating the significance of changes in

	8500
	emissions and releases for ecosystem and human health.

	8501
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