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Supplementary Discussion 

 
Supplemental modelled deposition data 
We show results for selenium (Se) and sulfur (S) deposition in past and future simulations in 
Supplementary Figures 1 and 2. Mapped source contributions for Se in past and future 
simulations are shown in Supplementary Figures 3–5. Supplementary Table 1 lists global 
emission fluxes of S and Se from different sources over the studied time periods. The mean, 10th 
percentile, and 90th percentile deposition over agricultural areas in the simulations is listed for S 
in Supplementary Table 2 and Se in Supplementary Table 3. 
 
Impact of climate change on S and Se deposition 
We ran a simulation with SSP5–8.5 S and Se emissions under recent climate conditions (2005–
2009) to identify the impact of climate change on deposition under the more extreme Shared 
Socioeconomic Pathways (SSP) scenario. The relative difference between Se deposition under 
the SSP5–8.5 emissions and future climate and Se deposition under SSP5–8.5 emissions and 
recent climate is illustrated in Supplementary Figure 6a. The analogous S plot is shown in 
Supplementary Figure 6b. 
 
Precipitation patterns are expected to change in the future climate. SOCOL-AER shows similar 
precipitation changes (Supplementary Figure 7) to other Coupled Model Intercomparison Project 
– Phase 5 (CMIP5) models1. Precipitation increases are projected in the eastern equatorial Pacific 
and the western Indian Ocean, which emerge as areas of increased deposition in the future 
(Supplementary Figure 1d). Selenium deposition is more sensitive than S deposition to changes 
in precipitation patterns with climate (Supplementary Figure 6), because wet deposition plays a 
more important role in atmospheric Se removal (80% of total deposition) compared to 
atmospheric S removal (70%).  
 
Precipitation is predicted to increase over high-latitude regions in SOCOL-AER and other 
CMIP5 models1, which contributes partially to the increase of S and Se deposition over the 
Southern and Arctic Oceans. Another climatic factor involved in S and Se cycling in the high 
latitudes is sea ice coverage, which decreases in the future due to climate warming. Emissions of 
dimethyl sulfide (DMS) and dimethyl selenide (DMSe) to the atmosphere are limited by the sea 
ice barrier2–4. Removal of sea ice enhances the release of volatile S and Se to the atmosphere, a 
feedback that has been observed for DMS in the Arctic over the past two decades5. Due to this 
feedback, our model projects an additional 0.5 Tg S and 0.25 Gg Se emissions in the Arctic and 
Southern Oceans. In our simulations, no transient behavior in the marine DMS and DMSe 
concentrations were assumed over the 21st century. The response of marine DMS levels to 
climate change has been investigated by other modelling groups, with feedbacks arising due to 
future changes in ocean acidification, marine temperatures, marine algae communities, and 
micronutrient availability3,6,7. However, there is no consensus on how marine DMS 
concentrations will evolve in the future8,9, and no information about possible trends in DMSe 
concentrations. Our model also does not consider the temperature-dependent response of 
continental biosphere emissions of S and Se to climate change. The projected warming could 
enhance emissions of volatile species from the continental biosphere; for example, emissions of 
isoprene are predicted to increase by 22–55% by 21009,10. Excluding these additional feedbacks 
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that were not included in our model, the impacts of climate change on S and Se deposition are 
mainly limited to marine areas, especially in polar regions. 
 
 
European deposition observations 
Selenium wet deposition fluxes were measured at five German European Monitoring and 
Evaluation Programme (EMEP) sites (https://projects.nilu.no//ccc/reports.html) for 2006–2007 
and 2015–2016, with no data available in between the two periods: Langenbrügge (52.8° N, 
10.8° E), Schauinsland (47.9° N, 7.9° E), Neuglobsow (53.2° N, 13.0° E), Schmücke (50.7° N, 
10.8° E), Westerland (54.9° N, 8.3° E). Westerland reported no measurement for 2006, so only 
the year 2007 data were collected for that site. In Supplementary Figure 8, we compare the 
modelled and observed changes in Se wet deposition between the earlier and later period. For 
each location, we average the model over the same years that were available from the 
observations. Additionally, bulk Se deposition data are available from Plynlimon, UK between 
1999 and 201111,12. For comparison with the German EMEP sites, we compare modelled and 
observed changes in bulk Se deposition between the period 1999–2000 and 2010–2011 
(Supplementary Figure 8). SOCOL-AER captures the decadal changes in deposition from these 
European measurement stations (modeled = –37 ± 10% per decade, observed = –47 ± 18% per 
decade). 
 
Analysis of SO2 emissions in SSP scenarios 
We focused on two future socioeconomic scenarios in this study, SSP1–2.6 and SSP5–8.5. To 
investigate whether the conclusions we make for 2100 apply to other scenarios, we plotted 
regional sulfur dioxide (SO2) emissions in the seven other available scenarios from Gidden et 
al.13 in Supplementary Figure 9. For this analysis, we focus on the other Tier 1 scenarios (SSP2-
4.5 and SSP3–7.0). The SSP2–4.5 scenario, a middle-of-road scenario, shows similar 21st 
century anthropogenic SO2 decreases as SSP1–2.6 even though the transition from fossil fuels to 
renewable energy is delayed13. SSP3–7.0, the regional rivalry scenario, shows the smallest global 
decreases in SO2 emissions because of continuing coal combustion and low pollution control 
technology implementation in developing countries. In SSP3–7.0, anthropogenic emissions 
increase in Africa (+57% between 2015 and 2100) and South America (+31%), whereas Asian 
SO2 emissions decreases are moderate (–25%) compared to SSP5–8.5 (–82%) and SSP1–2.6 (–
96%). Nevertheless, SO2 emission decreases are similar between SSP3–7.0 and SSP5–8.5 in 
North America (–40 to –50%) and Europe (–60%). Therefore, if we assume that anthropogenic 
Se-to-S emissions scaling holds similarly as it has in the past14, the main outcome presented for 
SSP1–2.6 and SSP5–8.5 can be generalized for other future scenarios: S and Se inputs from the 
atmosphere will become scarcer by the end of the 21st century in North America, Europe, and 
Asia.  
 
Comparison of Se emissions with national emission inventories 
In order to produce estimates of anthropogenic Se emissions, we scale anthropogenic SO2 
emissions using the median scaling factor derived from a top-down analysis14. We compare the 
scaled Se emission estimates and the derived Se-to-S emission ratio with available data from 
national bottom-up emission inventories. This comparison elucidates whether the scaling 
approach yields reasonable results compared to bottom-up data, in order to confirm if it can be 
used to produce future projections of Se emissions. 
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China 
China is one of the major emission sources of S and Se, accounting for approximately one third 
of global anthropogenic emissions for the period 2005–2009. Tian et al.15 produced a 
comprehensive inventory of Se emissions for China, accounting for sources such as coal 
combustion, non-coal combustion, metal smelting, manufacturing of non-metallic products (i.e., 
glass, cement, and brick), biomass burning, and waste incineration. The inventory is calculated 
using annual source activities from China Statistical Yearbooks and time-varying emission 
factors that depend on the emission process, province, and the installed air pollutant control 
technology. The Chinese emission inventory for 1949–2012 is compared to our emission 
estimates in Supplementary Figure 10. Our approach of scaling SO2 emissions using a time-
invariant scaling factor is compatible with the bottom-up inventory. The Chinese emission trend 
over time matches between the two approaches. Tian et al.15 computed the uncertainty of the 
total national Se emissions for 2010, considering the uncertainties in source activities and 
emission factors. Our scaled estimate is within the 95% confidence interval of the bottom-up 
study for 2010, showing that the two approaches are consistent. 
 
USA 
The USA Environmental Protection Agency (EPA) provides a comprehensive inventory of air 
pollutant emissions, including SO2 and Se, in the National Emissions Inventory (NEI), available 
from https://www.epa.gov/air-emissions-inventories/national-emissions-inventory-nei. 
Emissions data from point, nonpoint, on-road, and non-road sources are compiled mainly using 
estimated emission factors and reported source activities, although for a minority of point 
sources, emission estimates are calculated using stack measurements. Total Se emissions for 
2008 are lower in the NEI (0.29 Gg Se yr–1) than our estimated USA emissions using the SO2 
scaling approach (0.81 Gg Se yr–1). However, this discrepancy could be related to missing point 
sources for Se in the inventory or incorrect Se emission factors. There are substantially (~ 10 ×) 
more SO2 point sources than Se point sources reported in the NEI, suggesting that it is plausible 
that not all Se sources are tracked. 
 
Since there is a possible under-reporting of Se point sources, we analyze the subset of emission 
processes for which both SO2 and Se data are reported in the NEI. A single polluting facility can 
have multiple emission processes, defined as an activity that leads to emissions. These emission 
processes are categorized by Source Classification Codes (SCCs) by the EPA, which can be used 
to classify emission processes in broader source categories. We compare the mean Se-to-S 
emission ratios in these point sources to our inverse modelling estimate based on measurements 
of Se in aerosols14. Supplementary Figure 11 displays the Se-to-S emission ratios for the major 
Se sources in the NEI dataset for 2008–2017. The NEI is compiled every three years, hence there 
are four datasets available in this timespan. 
 
The major Se sources in the USA during this time period are coal combustion for energy 
generation, glass manufacturing, non-ferrous metal smelting, and cement manufacturing. The Se-
to-S emissions ratio of different source categories varies by orders of magnitudes in the NEI 
database (Supplementary Figure 11). Glass manufacturing generally shows the highest ratio of 
Se-to-S emissions. Selenium is used to decolorize glass, because the pink tint of selenium 
compounds counterbalances the green and yellow colors caused by trace iron in the glass16. 
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During the glass manufacturing process, Se is volatilized and emitted to the atmosphere. Coal 
combustion, currently the primary source of Se emissions in the USA, has a median Se-to-S 
emission ratios of approximately 10–4, although this varies between ~10–6 and ~10–3 depending 
on the emission process (Supplementary Figure 11). 
 
We calculate the mean Se-to-S ratio in the NEI by dividing the total Se emissions by total SO2 
emissions, with total emissions summed over only the emission processes that report both SO2 
and Se data. For 2008–2017, the mean NEI Se-to-S ratio ranges between 0.7 × 10–4 and 1.7 ×  
10–4 g Se (g S)–1. These values agree well with the median inverse estimate for North America 
from Feinberg et al.14, 1.8 × 10–4 g Se (g S)–1. Therefore, the Se-to-S scaling approach used in 
this study is consistent with the mean values from the NEI data. Given the diversity of source Se-
to-S emission ratios in the NEI, it is clear that our use of a spatially and temporally constant 
anthropogenic Se-to-S emission ratio is an approximation of reality. However, this 
approximation yields good agreement between our model and available Se observations14, and it 
adequately represents the mean Se-to-S ratio in the bottom-up EPA inventory. In the future, 
further analysis of bottom-up emission inventories and high-resolution modeling studies would 
be necessary to further characterize how Se-to-S emission ratios vary over time and space. 
 
Canada 
Canadian anthropogenic emissions of SO2 and Se are compiled in the National Pollutant Release 
Inventory (NPRI) from Environment and Climate Change Canada, available from 
https://www.canada.ca/en/services/environment/pollution-waste-management/national-pollutant-
release-inventory.html. The inverse estimate for the anthropogenic Se-to-S emission ratio14 is 
compared with the mean estimate from sources in the NPRI where both Se and SO2 emissions 
were reported in Supplementary Figure 12a. Canadian Se emissions reported in the NPRI, 
categorized by source type, are displayed in Supplementary Figure 12b. Before 2011, very few 
point sources reported Se emissions, and therefore total Se emissions are very small and the 
overall Se-to-S emission ratios are not representative. After 2011, the NPRI estimate for the 
mean Se-to-S emissions ratio is relatively constant and lower than the inverse estimate used in 
this study by a factor of 3. 
 
The seeming bias between our scaling approach and the bottom-up NPRI inventory is surprising, 
given the success of our simulations in matching Canadian aerosol Se measurements14. Our 
simulations showed a mean normalized bias of +16% compared to Canadian measurements, and 
the model was within a factor of 2 of measurements at 94% of sites. This comparison points to a 
possible low bias in the NPRI inventory for Se emissions. When Se emissions in the NPRI are 
separated by source categories, almost all of the anthropogenic Se emissions are from metal 
refining sources (Supplementary Figure 12b). Electricity sources of Se, including coal 
combustion for energy generation, are negligible in the NPRI, which is unrealistic given the 
importance of this source in the EPA inventory. We suspect that the NPRI may be missing Se 
emissions from coal combustion, biasing the mean Se-to-S emission ratio in Supplementary 
Figure 12a. We found examples of several major Canadian coal combustion power plants, and 
major sources of SO2, which do not list Se emissions, e.g., Sundance Power Station in Duffield, 
AB; Keephills Generating Station in Duffield, AB; Sheerness Generating Station in Hanna, AB; 
and Belledune Generating Station in Belledune, NB. Facilities responsible for 38% of Canadian 
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SO2 emissions in 2016 do not report any Se emissions, illustrating a possible under-reporting 
issue of Se emissions in the NPRI.  
 
UK 
Emissions of SO2 and Se from the UK are reported in the National Atmospheric Emissions 
Inventory (NAEI), available at https://naei.beis.gov.uk. The emission inventory spans a period of 
1970–2018, although the quality of Se emission estimates likely improved over time. An earlier 
report from the NAEI asserted that the quality of the Se emission inventory was low and that 
several emission factors were not representative17. The most recent report from the NAEI states 
that Se is among the heavy metals associated with the lowest uncertainties in the emission 
inventory18. Supplementary Figure 13a shows the trend in Se-to-S emission ratios over time in 
the UK and Supplementary Figure 13b shows the trends in Se emissions, both separated by 
source category. 
 
The inverse estimate for the Se-to-S emission ratio, which we use in this study, is generally 
higher than the total Se-to-S emission ratio from the NAEI inventory (Supplementary Figure 
13a). The NAEI inventory shows an increasing trend over time in the anthropogenic Se-to-S 
emission ratios. However, it is not clear if this pattern is related to the actual trends or 
refinements in the emission factor estimates over time. In more recent years, the UK emissions in 
the NAEI are closer to the emissions used in SOCOL-AER but are still 43% lower in 2017 
(Supplementary Figure 13b). The comparison between our model and non-urban aerosol Se 
measurements in the UK between 1970 and 2013 showed a small mean normalized bias (–15%) 
and 78% of model values within a factor of 2 of measurement sites14. Thus, SOCOL-AER is 
slightly low-biased compared to the aerosol measurements, despite including higher UK 
emissions than in the NAEI. 
 
Conclusions for comparisons with bottom-up inventories 
Our approach for calculating SO2 emissions yields consistent results with the Chinese Se 
emission inventory15 and the American NEI. The comparison between the scaling approach and 
the Canadian and UK emission inventories is more ambiguous, due to possible issues with the Se 
emission data in these bottom-up inventories. Given the currently available atmospheric Se 
observations14 and bottom-up inventories, the approach of scaling SO2 emissions to calculate Se 
emissions is reasonable. However, further atmospheric monitoring and refinement of Se 
emission factors will be essential to determining whether this scaling approach holds for future 
emission projections, since the source composition of Se will continue to evolve and further 
pollution control technologies will be applied to point sources. 
 
USGS stream data 
Trends in all studied basins 
We selected 18 stations from the USGS database that had an appropriate sampling frequency 
(more than 6 samples per year for Se) over a period of more than 9 years (Supplementary Table 
4). These sampled watersheds are spread across the United States (Supplementary Figure 14), 
covering a range of hydrological, land cover, biogeochemical, and anthropogenic conditions. As 
opposed to Fig. 4 in the paper, in Supplementary Figure 15 we plot modelled deposition and 
measured stream fluxes of Se in absolute flux units, to illustrate changes to the surface Se mass 
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balance. Stream fluxes of sulfate, nitrate, and orthophosphate are plotted in relative units, so that 
changes in these nutrients can be compared to dissolved Se fluxes. 
 
Certain similarities in the watershed behavior are evident in different geographic regions of the 
USA. Sites 1–4 are all located in the Eastern USA and deposition fluxes of Se are similar in 
magnitude or greater than dissolved stream fluxes of Se (Supplementary Figure 15). This pattern 
implies that atmospheric deposition is a major source of Se to these watersheds, and it would be 
more likely to observe an effect of the decreasing deposition trend on stream fluxes. Indeed, in 
all four of these sites the Se stream fluxes decrease after 2010, following decreases in deposition 
trends. Measurements from site 3 on the Ohio River shows that the watershed has changed from 
being a net sink of Se from the atmosphere to being a net source of Se. Stream fluxes of sulfate 
also shows a decline at sites 1–4, which would be compatible with decreasing S deposition in 
these watersheds. Several previous studies have attributed decreasing stream sulfate fluxes in 
Eastern USA watersheds to trends in atmospheric S deposition19–22. Rice et al.19 found that 
different watersheds show different lags between S deposition decreases and stream sulfate 
decreases, due to differing retention processes in the catchment. The Ohio River watershed 
shows an ~8 yr lag between the decline in Se deposition and the decline in stream Se fluxes, 
which may represent the lag until legacy Se is flushed from the catchment. Since other sites in 
Eastern USA have only begun measuring Se stream concentrations in 2008, it is unclear whether 
these sites also show a lag period. In sites 1–4, the stream sulfate and Se fluxes show distinct 
trends from the nitrate and orthophosphate trends. Nitrate and orthophosphate are considered 
markers of urban wastewater and agricultural pollution23. The differing trends between sulfate/Se 
and nitrate/orthophosphate would be compatible with the hypothesis that declining S and Se 
deposition drives the decline in sulfate and Se stream fluxes, rather than declining agricultural or 
wastewater sources. 
 
For the sites 5–12 in the Midwestern USA, stream fluxes of Se are generally larger than 
atmospheric deposition fluxes (Supplementary Figure 15). The relatively smaller deposition 
fluxes suggest a more limited influence on stream flux trends in these watersheds, compared to 
the Eastern USA sites. In sites 5–7, stream fluxes of Se decrease between 2008 and 2019. In the 
Yazoo River Basin, the decreases in sulfate and Se stream fluxes contrast with increasing nitrate 
and orthophosphate trends, which could be explained by the decreasing S and Se deposition 
inputs. However, it remains a possibility that other sources of S and Se have declined in this 
region, or that sulfate and Se have different retention mechanisms than nitrate and 
orthophosphate in this watershed. In the Wabash River and White River Basins, all four stream 
parameters decline over time. It is therefore difficult to conclude how the atmospheric deposition 
declines contribute to Se stream trends for these watersheds, since declining wastewater and/or 
agricultural inputs to the watershed could also explain trends in Se stream fluxes trends. Sites 8–
12 are located in the Mississippi-Missouri river system and thus cover overlapping watersheds. 
These watersheds include a high proportion of cropland areas (Fig. 4). Stream Se fluxes tend to 
show increasing or stable trends over the measured period for these watersheds. In these basins, 
sulfate, nitrate, and orthophosphate fluxes generally show increasing trends (except for 
orthophosphate in site 11). The increases in these nutrients imply increasing agricultural inputs to 
these watersheds, which would also result in increasing Se inputs because Se is a trace 
constituent of phosphate fertilizers and animal manure24. The rising sulfate fluxes in the 
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Mississippi-Missouri river watersheds could be caused by increasing S application in USA 
agricultural fields22. 
 
Sites 13–16 in Colorado are characterized by the highest dissolved Se fluxes reported across the 
USA. Since the dissolved Se fluxes are much larger than our modelled Se deposition fluxes in 
these basins, trends in deposition likely have minimal effect on the watershed Se mass balance. 
Sites 13–15 all show decreasing trends in Se since the year 2000, while site 16 shows an 
increasing trend since the year 2000. These catchments could be affected by geogenic sources of 
Se. Much of the Rocky Mountain area was covered by an inland sea during the Late Cretaceous 
period (100–66 Ma), leading to shale deposits that are particularly enriched in Se 25–27. Irrigation 
of agricultural areas mobilizes Se from rocks and soils in the area, which combined with high 
evaporation fluxes leads to elevated aquatic concentrations of Se and in certain cases toxic 
conditions for wildlife27,28. The observed trends in Se could result from changes in irrigation 
flows within the watersheds, although changes to urban point sources in these watersheds should 
also be further investigated27. 
 
The San Joaquin (site 17) watershed is particularly well-known for high Se levels, which have 
caused toxic conditions for wildlife in the past. The basin is an important agricultural area in the 
USA, but because of the arid conditions, farmlands are extensively irrigated29. Due to the 
presence of seleniferous bedrock in the region, the groundwater that is used for irrigation 
contains high concentrations of Se24,30. In the 1980s, the toxic Se concentrations in the watershed 
caused the Kesterson Reservoir disaster, during which birds and fish developed deformities24. 
This disaster resulted in a number of remediation projects in the region, including an effort to 
reuse saline and high Se irrigation water for growing plants that tolerate those conditions29,31. 
This project also limits the return of irrigation drainage water to the San Joaquin River, which 
could explain the concurrent decreases of stream Se, sulfate, and nitrate (Supplementary Figure 
15). Orthophosphate does not show as strong of a decreasing trend as the other nutrients, perhaps 
due to P being the limiting nutrient in the catchment32. This basin has also been affected by 
prolonged droughts, e.g., an extended period between 2011–201529, which would affect nutrient 
fluxes. However, the flow-normalization in Weighted Regressions on Time Discharge and 
Season (WRTDS) aims to remove the influence of hydrological variability on the plotted fluxes 
and thus makes it easier to extract the long-term Se trend independent of annual discharge 
anomalies33. 
 
Powder River Basin (site 18) is another interesting case study of a watershed that may be 
affected by a particular Se source. The region is characterized by coal mining activities, which 
can release Se and sulfate in the mine drainage water34,35. Powder River Basin supplies around 
40% of the total USA coal production, containing some of the largest coal mines in the USA. 
However, due to the declining use of coal generated energy in the USA, coal production in the 
Powder River Basin has declined by 35% from its peak in 2008 to 201836. Reduced mining 
activities may be contributing to the decreasing trend in stream fluxes of Se and sulfate. 
 
Concentration-discharge relationships 
Another analysis tool that has been used in hydrology to characterize the sources and 
biogeochemical behaviour of chemical compounds are concentration-discharge (CQ) 
relationships33,37–39. Decreasing slopes of concentration vs. discharge plots, e.g., for Se at 
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Susquehanna River in 2008 (Supplementary Figure 16), are suggestive of dilution (source-
limited) behaviour, where increasing discharges dilute the concentration. Flat slopes, e.g., for Se 
at Susquehanna River in 2019 (Supplementary Figure 16), indicate chemostatic behaviour and 
are associated with a homogeneous distribution of the compound throughout the catchment or 
stability of flow paths in the watershed with respect to discharge. Increasing slopes, e.g., for 
orthophosphate in Susquehanna River (Supplementary Figure 16), are indicative of transport-
limited behaviour, in which enhanced discharges lead to mobilization of the compound or 
increased transport from an area where the compound is abundant38,39. The CQ relationship 
depends on the chemical properties of a compound (e.g., solubility and reactivity), and the 
hydrological (e.g., flow patterns) and biogeochemical (e.g., microbial activities, 
sorption/retention) properties of a watershed39. We present trends in CQ relationships of Se, 
nitrate, sulfate, and orthophosphate by month for six example watersheds (Supplementary 
Figures 16–21). This analysis can be conducted on WRTDS models using code available at: 
https://owi.usgs.gov/blog/plotFlowConc/. 
 
In the CQ relationships of the three sites in Northeastern USA, the Se and sulfate plots show a 
similar pattern (Supplementary Figures 16–18). In 2008, all Northeastern sites show a 
downward-sloping or dilution behaviour for Se and sulfate. Over time, the concentration of Se 
and sulfate decreases throughout the discharge range. These concentration changes would be 
compatible with a diminishing background input of atmospheric deposition of Se and sulfate to 
the watershed. For certain months and sites, e.g., Se in August at the Susquehanna River site 
(Supplementary Figure 16), the concentrations at lower discharges decrease more strongly over 
time than the concentrations at higher discharges, leading to a flatter CQ relationship by 2019. 
Analysis of the CQ relationships of different compounds can provide further indications of 
whether the compounds share the same source in the different watersheds. Nitrate and 
orthophosphate generally show upward-sloping or transport-limited behaviour in the 
Susquehanna River (Supplementary Figure 16) and Ohio River (Supplementary Figure 18) sites. 
It is therefore plausible that nitrate and orthophosphate originate from sources that are not 
homogeneously distributed throughout the catchment, such as agricultural fields or storm water 
drainage. Additionally, at all three sites the concentration trends of nitrate and orthophosphate 
differ from that of Se and sulfate. The CQ relationships add further evidence that different 
sources and/or biogeochemical processes govern sulfate and Se in these watersheds, compared to 
the agricultural nutrients nitrate and orthophosphate. 
 
In the Mississippi River (Supplementary Figure 19) and Platte River (Supplementary Figure 20) 
Basins, all nutrients generally show positive temporal trends in concentrations for most values of 
stream discharge. In the San Joaquin River Basin (Supplementary Figure 21), Se, sulfate, and 
nitrate show negative temporal trends for concentrations, whereas for orthophosphate the trend in 
concentration depends on the season. As opposed to the sites in Northeastern USA, Se and 
sulfate do not always show dilution behaviour in the CQ plots for the Platte and San Joaquin 
Basins (Supplementary Figures 20 and 21). For example, a local maximum in Se and sulfate 
concentrations occurs for higher discharges during the summer months. In the Platte River Basin, 
nitrate and phosphate generally show upward sloping CQ relationships, although without a local 
maximum at the same discharges as Se and sulfate (Supplementary Figure 20). Even if Se and 
sulfate have similar agricultural sources to nitrate and orthophosphate, differing biogeochemical 
processes (e.g., biological transformation, retention) within the watershed could lead to separate 
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CQ relationships between Se/sulfate and nitrate and orthophosphate39. In the San Joaquin Basin, 
the CQ relationships for nitrate and phosphate display a similar pattern to Se and sulfate, with 
maximum concentrations for intermediate levels of discharge (Supplementary Figure 21). Sulfate 
and Se may be mobilized from a similar source region as nitrate and phosphate (e.g., agricultural 
fields), which is only connected to the San Joaquin River above intermediate levels of discharge. 
By 2019, the Se concentration in the San Joaquin has decreased substantially from its 2008 
levels, so that the local maximum in concentration is no longer observed. The efforts to prevent 
return of irrigation drainage water to the San Joaquin River appears to have changed the CQ 
behaviour of Se within the watershed to a source-limited relationship. 
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Supplementary Figure 1. Mapping Se deposition for the past and future. (a) Distribution of 
atmospheric Se deposition in the recent period, 2005–2009. Differences with the recent period 
are shown (b) for 1981–1985, (c) for 2095–2099 under the SSP1–2.6 scenario, and (d) for 2095–
2099 under the SSP5–8.5 scenario. Stippling indicates grid cells where the mean change is larger 
than the 2σ interannual variability from the 2005–2009 simulation. 
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Supplementary Figure 2. Mapping S deposition for the past and future. (a) Distribution of 
atmospheric S deposition in the recent period, 2005–2009. Differences from the recent period are 
shown (b) for 1981–1985, (c) for 2095–2099 under the SSP1–2.6 scenario, and (d) for 2095–
2099 under the SSP5–8.5 scenario. Stippling indicates grid cells where the mean change is larger 
than the 2σ interannual variability from the 2005–2009 simulation. 
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Supplementary Figure 3. Source contributions to Se deposition for 2005–2009.  
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Supplementary Figure 4. Source contributions to Se deposition for SSP1–2.6 scenario, 
2095–2099.  
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Supplementary Figure 5. Source contributions to Se deposition for SSP5–8.5 scenario, 
2095–2099. 
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Supplementary Figure 6. Impact of climate change on (a) selenium and (b) sulfur 
deposition in the SSP5–8.5 scenario. Two simulations are compared: Simulation 1 with SSP5–
8.5 emissions and climate and Simulation 2 with anthropogenic emissions of S and Se from 
SSP5–8.5 but using 2005–2009 values for climate forcing (i.e., sea-surface temperatures, sea-ice 
coverage, and greenhouse gas concentrations). The relative difference is shown, subtracting 
deposition in Simulation 2 from Simulation 1, i.e., red areas have higher deposition under SSP5–
8.5 climate conditions than under 2005–2009 climate conditions. Stippling indicates grid cells 
where the mean change is larger than the 2σ interannual variability from the simulation with 
2005–2009 climate conditions.  
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Supplementary Figure 7. Impact of climate change on precipitation in SOCOL-AER. (a) 
The distribution of simulated precipitation in the recent period, 2005–2009. Differences from the 
recent period are shown (b) for 2095–2099 under the SSP1–2.6 scenario, and (c) for 2095–2099 
under the SSP5–8.5 scenario. Stippling indicates grid cells where the mean change is larger than 
the 2σ interannual variability from the simulation with 2005–2009 climate conditions. 
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Supplementary Figure 8. Modelled and observed decadal changes in wet Se deposition 
from German EMEP sites and bulk Se deposition at Plynlimon, UK. 
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Supplementary Figure 9. Projected regional SO2 emission trends from Gidden et al.13, under different socioeconomic 
scenarios. 
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Supplementary Figure 10. Comparison between anthropogenic Chinese emissions of Se 
used in this study with bottom-up estimates from Tian et al.15. The error bar shows the 95% 
confidence interval of the Tian et al.15 inventory for 2010. 
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Supplementary Figure 11. Se-to-S emission ratios in the EPA NEI inventory for 2008–2017. All emission processes are 
categorized based on their EPA Source Classification Code. Source categories are abbreviated with the following: energy generation 
(EG), bituminous (B), sub-bituminous (SB), manufacturing (man), non-ferrous (NF), and industry (Ind). Median, 10th, and 90th 
percentile values of the Se-to-S emission ratio are shown for the major Se source categories of the NEI from these years. The 
percentages in parentheses on the plot indicate the fraction of total emissions for each source category. The dotted black line shows the 
mean Se-to-S emission ratio over all emission processes where both Se and S are reported in the NEI. This can be compared to the 
dashed red line, which shows the Se-to-S emission ratio derived from an inverse modelling study of aerosol Se observations14. 
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Supplementary Figure 12. Comparison of SOCOL-AER with emissions from the Canadian 
NPRI inventory. (a) The mean Se-to-S emission ratio for sources that report both S and Se 
emissions to the NPRI is shown in blue, which is compared to the inverse estimate of the Se-to-S 
emission ratio from Feinberg et al.14. (b) Total Canadian Se emissions are shown for SOCOL-
AER (red dashed line) and the NPRI (black solid line). Colored solid lines show the Se 
emissions from different source categories in the NPRI.  
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Supplementary Figure 13. Comparison of SOCOL-AER with emissions from the UK NAEI 
inventory. (a) Trends in Se-to-S emission ratios for different source categories in the NAEI are 
shown as solid lines. The overall Se-to-S emission ratio (black line) from the NAEI can be 
compared to the inverse estimate of the Se-to-S emission ratio for Europe from Feinberg et al.14 
(red dashed line). (b) Total UK Se emissions are shown for SOCOL-AER (red dashed line) and 
the NAEI (black solid line). Colored solid lines show the Se emissions from different source 
categories in the NAEI. 
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Supplementary Figure 14. Map of watersheds used in the study. The numbering of sites refers to Supplementary Table 4. The 
color and line style of the watershed boundaries are varied only to distinguish between neighboring or overlapping basins.  
 



 
 

25 
 

 
Supplementary Figure 15. Stream flux trends in USGS watersheds. Relative flux trends are shown for dissolved sulfate, nitrate 
and orthophosphate, based on flow-normalized WRTDS models. The modelled Se deposition flux and the flow-normalized dissolved 
Se flux are shown as absolute fluxes on the right axis. Modelled Se deposition is averaged over the area of each watershed, so that it 
can be directly compared with the stream Se flux.  
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Supplementary Figure 16. Monthly concentration-discharge relationships for the Susquehanna River Basin.  
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Supplementary Figure 17. Monthly concentration-discharge relationships for the Delaware River Basin.  
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Supplementary Figure 18. Monthly concentration-discharge relationships for the Ohio River Basin.  
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Supplementary Figure 19. Monthly concentration-discharge relationships for the Mississippi River Basin.  
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Supplementary Figure 20. Monthly concentration-discharge relationships for the Platte River Basin.  
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Supplementary Figure 21. Monthly concentration-discharge relationships for the San Joaquin River Basin.  
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Supplementary Table 1. Emissions of S and Se from different source categories (anthropogenic activities, volcanoes, marine 
biosphere, and terrestrial biosphere). Global fluxes are calculated from SOCOL-AER simulations for different time periods and 
socioeconomic projections for the future. Percentages in brackets below the flux values refer to the fraction of total emissions. 
 

Source 

Sulfur 
(Tg S yr-1) 

 Selenium 
(Gg Se yr-1) 

1981–1985 
 

2005–2009 
 

2095–2099 
SSP1–2.6 

2095–2099 
SSP5–8.5 

 1981–1985 2005–2009 2095–2099 
SSP1–2.6 

2095–2099 
SSP5–8.5 

Anthropogenic 65.2 
(62%) 

61.4 
(60%) 

4.2 
(9%) 

16.4 
(28%) 

 12.4 
(35%) 

11.7 
(34%) 

0.8 
(3%) 

3.1 
(12%) 

Volcanic 12.6 
(12%) 

12.6 
(12%) 

12.6 
(28%) 

12.6 
(22%) 

 3.8 
(11%) 

3.8 
(11%) 

3.8 
(16%) 

3.8 
(14%) 

Marine 27.8 
(26%) 

27.8 
(27%) 

28.3 
(63%) 

29.1 
(50%) 

 14.2 
(40%) 

14.2 
(41%) 

14.4 
(60%) 

14.8 
(55%) 

Terrestrial - - - -  5.0 
(14%) 

5.0 
(14%) 

5.0 
(21%) 

5.0 
(19%) 

Total 105.6 101.8 45.0 58.1  35.4 34.7 24.0 26.7 
  



 
 

33 
 

Supplementary Table 2. Sulfur deposition to agricultural areas for different continents and simulations in units of mg S m–2 
yr–1. Mean values are listed, with 10th and 90th percentile values (due to spatial variability) given in parentheses. Agricultural model 
grid cells are defined where the fraction of cropland or pasture represents more than 25% of the land area in the Ramankutty et al.40 
dataset. 
 

Continents 
 
 
 

1981–1985 
 
 
 

2005–2009 
 
 
 

2095–2099  
SSP1–2.6 

 
 

2095–2099  
SSP5–8.5 

 
 

2095–2099  
SSP5–8.5 

(2005–2009 
climate) 

Asia 
537.9 

(143.2–1221.1) 
1045.5 

(187.3–2609.4) 
86.7 

(18.0–169.0) 
206.0 

(34.3–452.7) 
211.2 

(38.3–443.6) 

Europe 
2126.2 

(556.5–4441.4) 
637.8 

(281.4–1200.5) 
89.2 

(32.4–146.1) 
199.7 

(64.9–406.3) 
216.7 

(65.1–465.3) 

North America 
718.6 

(180.3–1840.8) 
404.5 

(83.9–960.4) 
49.4 

(13.4–84.4) 
115.0 

(30.8–252.2) 
118.0 

(27.4–246.6) 

Africa 169.8 
(46.2–266.0) 

183.3 
(64.6–304.1) 

98.4 
(21.9–188.9) 

141.5 
(31.7–283.2) 

143.7 
(35.3–273.9) 

Australia 91.8 
(44.9–165.7) 

91.1 
(42.5–172.6) 

53.6 
(28.9–85.3) 

59.6 
(27.6–97.0) 

58.2 
(27.8–96.6) 

South America 266.4 
(73.1–364.9) 

276.5 
(61.7–355.3) 

156.9 
(46.4–165.3) 

214.3 
(60.6–331.7) 

235.8 
(63.4–326.8) 
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Supplementary Table 3. Selenium deposition to agricultural areas for different continents and simulations in units of µg Se m–
2 yr–1. Mean values are listed, with 10th and 90th percentile values (due to spatial variability) given in parentheses. Agricultural model 
grid cells are defined where the fraction of cropland or pasture represents more than 25% of the land area in the Ramankutty et al.40 
dataset. 
 

Continents 
 
 
 

1981–1985 
 
 
 

2005–2009 
 
 
 

2095–2099  
SSP1–2.6 

 
 

2095–2099  
SSP5–8.5 

 
 

2095–2099  
SSP5–8.5 

(2005–2009 
climate) 

Asia 
130.6 

(37.3–269.7) 
225.6 

(39.7–526.2) 
43.7 

(7.9–90.7) 
65.4 

(11.1–139.5) 
66.1 

(12.8–131.7) 

Europe 
429.7 

(109.0–920.8) 
140.7 

(63.5–249.6) 
35.5 

(15.1–51.2) 
54.7 

(21.7–94.3) 
60.5 

(22.7–111.2) 

North America 
155.8 

(36.8–390.1) 
97.4 

(21.4–225.5) 
29.4 

(6.6–50.6) 
41.3 

(11.4–87.0) 
42.7 

(9.0–80.5) 

Africa 67.5 
(16.1–108.0) 

70.7 
(20.4–114.7) 

52.8 
(9.4–93.7) 

63.0 
(13.9–107.0) 

63.7 
(15.9–110.8) 

Australia 38.0 
(21.8–60.2) 

37.4 
(20.5–58.8) 

34.9 
(18.9–48.7) 

32.5 
(17.1–51.8) 

31.6 
(17.7–51.0) 

South America 123.3 
(31.2–177.5) 

125.6 
(25.2–171.8) 

99.2 
(21.5–132.9) 

112.2 
(24.3–176.6) 

115.1 
(25.8–164.6) 
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Supplementary Table 4. USGS stream gauge stations used in this study. 
 

# 
 

Watershed name 
 

State 
 

Site ID 
 

Latitude 
(° N) 

Longitude 
(° W) 

Years 
analyzed 

# Se 
samples 

1 Susquehanna River MD 01578310 39.66 76.17 2008–2019 163 

2 Delaware River NJ 01463500 40.22 74.78 2008–2019 164 

3 Ohio River IN 03303280 37.90 86.71 2001–2019 254 

4 Apalachicola River FL 02359170 29.95 85.02 2008–2019 148 

5 Yazoo River MS 07288955 32.44 90.91 2008–2019 185 

6 Wabash River IN 03378500 38.13 87.94 2011–2019 118 

7 White River IN 03374100 38.49 87.55 2011–2019 148 

8 Mississippi River IL 07022000 37.22 89.46 2001–2019 260 

9 Mississippi River IA 05420500 41.78 90.25 2001–2019 245 

10 Missouri River MO 06934500 38.71 91.44 2000–2019 276 

11 Missouri River NE 06610000 41.26 95.92 2001–2019 261 

12 Platte River NE 06805500 41.02 96.16 2008–2019 158 

13 Fountain Creek CO 07106500 38.29 104.60 1995–2019 230 

14 Colorado River CO 09163500 39.13 109.03 2000–2019 236 

15 Gunnison River CO 09152500 38.98 108.45 2000–2019 169 

16 Arkansas River CO 07109500 38.25 104.40 2011–2019 118 

17 San Joaquin River CA 11303500 37.67 121.27 2008–2019 183 

18 Powder River WY 06313500 43.70 106.31 2003–2017 251 
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