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Reductions in the deposition of sulfur and selenium
to agricultural soils pose risk of future nutrient
deficiencies
Aryeh Feinberg 1,2,3,7✉, Andrea Stenke 1, Thomas Peter1, Eve-Lyn S. Hinckley 4,5, Charles T. Driscoll 6 &

Lenny H. E. Winkel 2,3✉

Atmospheric deposition is a major source of the nutrients sulfur and selenium to agricultural

soils. Air pollution control and cleaner energy production have reduced anthropogenic

emissions of sulfur and selenium, which has led to lower atmospheric deposition fluxes of

these elements. Here, we use a global aerosol-chemistry-climate model to map recent

(2005–2009) sulfur and selenium deposition, and project future (2095–2099) changes

under two socioeconomic scenarios. Across the Northern Hemisphere, we find substantially

decreased deposition to agricultural soils, by 70 to 90% for sulfur and by 55 to 80% for

selenium. Recent trends in sulfur and selenium concentrations in USA streams suggest that

catchment mass balances of these elements are already changing due to the declining

atmospheric supply. Sustainable fertilizer management strategies will need to be developed

to offset the decrease in atmospheric nutrient supply and ensure future food security and

nutrition, while avoiding consequences for downstream aquatic ecosystems.
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In addition to pressures from an increasing population and
climate change, a fundamental challenge for intensive agri-
culture is ensuring an adequate supply of nutrients1–4. Sulfur

(S) availability is central to food security, as it is an essential
macro-nutrient for crop health and yield5,6. While selenium (Se),
which is positioned below S on the periodic table and shares
many chemical properties with S, is not thought to be required for
plant growth, it is an essential dietary element for humans and
livestock7,8. In many regions, low Se in crops can cause micro-
nutrient deficiencies, with an estimated 0.5–1 billion people
worldwide having inadequate Se intake9. Atmospheric deposition
acts as a major source of S and Se to agricultural soils6,10. Sulfur
and Se are emitted to the atmosphere by natural sources,
including volcanoes and the marine and terrestrial biosphere, and
anthropogenic activities, such as fossil fuel combustion, metal
smelting, and manufacturing11,12. Until the 1990s, high levels of
atmospheric S deposition in industrialized countries caused
acidification of aquatic systems, decline of fish populations, and
degradation of forests13,14. Over the last few decades, improve-
ments in air pollution control and reductions in coal combustion
in North America and Europe have reduced S emissions and
deposition, decreased concentrations of fine particulate matter in
the air, and enabled recovery of ecosystems damaged by acid
rain5,6,14. Shifts away from coal energy generation are also
essential for meeting the climate change mitigation goals of the
Paris Agreement15. However, from an agricultural perspective,
the decreases in deposition have raised questions about future
deficiencies of S and Se.

Natural processes that replenish nutrients in agricultural soils
are generally slower than the anthropogenic removal of nutrients
through crop harvest, leading to a decline of soil nutrients2,16.
Although this issue has been well studied for macronutrients such
as nitrogen (N) and phosphorus (P), attention has only been
recently drawn toward the mass balances of S and Se in agri-
cultural soils6,17,18. Previous work has highlighted the increasing
prevalence of S deficiency in agricultural soils in the USA and,
consequently, growing demand for S fertilizers, as anthropogenic
S emissions decline5,6,19. Surveys in the UK and Germany have
suggested that 23% and 40% of soils are at a high risk for S
deficiency, respectively20,21. Even less research has focused on Se,
although one study in the UK reported declines of Se in pastures
due to decreases in atmospheric Se deposition22. A recent study
using machine-learning algorithms forecasted declines (mean
loss= 8.4%) in soil Se concentrations by the end of the twenty-
first century, driven by reduced soil Se retention associated with
climate change17. The driving mechanism for soil Se losses is that
increasing aridification shifts the speciation of Se to more oxi-
dized species that are weaker bound in soil and leach more readily
during precipitation events. However, future changes in atmo-
spheric inputs of Se to soils were not considered, since mapped
estimates of atmospheric Se deposition were not previously
available. Here, we calculate future changes in atmospheric S and
Se deposition using a global aerosol–chemistry–climate model,
SOCOL-AER, which includes the first atmospheric Se chemistry
submodel of its kind10,12,23,24. The model simulates the emis-
sions, transformations, atmospheric transport, and wet and dry
deposition of S and Se. These projections of atmospheric
deposition can inform future efforts to characterize and quantify
the impacts of anthropogenic activities and climate change on
nutrient availability.

We compare modeled deposition of S and Se in the recent past
(2005–2009) to future simulations (2095–2099) under two Shared
Socioeconomic Pathway (SSP) scenarios that span the range of
future climate change projections: SSP1–2.6, where sustainably-
driven development maintains global warming below 2 °C relative
to preindustrial levels, and SSP5–8.5, where fossil fuel-driven

development leads to warming of about 5 °C25. Whereas
anthropogenic emissions of sulfur dioxide (SO2) are provided
directly by the SSP scenarios, we estimate emissions of Se by
applying scaling factors to SO2. The scaling approach successfully
matches observed trends in particulate Se10 and is consistent with
the available bottom-up Se emission inventories from several
countries (Supplementary Discussion and Supplementary
Figs. 10–13).

Results and discussion
Projected and observed declines in S and Se deposition. In the
recent period (2005–2009), the model predicts hotspots of Se
deposition in East Asia, Eastern Europe, and Eastern USA, areas
of high anthropogenic emissions, as well as degassing volcanoes
(e.g., Mt. Etna, Italy) (Fig. 1a). Selenium deposition is relatively
high over most of the ocean, due to volatile marine biogenic
emissions. Since atmospheric Se is mainly transported in sub-
micron particles, the dominant deposition pathway is wet
deposition (~80% of total deposition)10. Therefore, dry areas
(eastern ocean basins and the Sahara) have particularly low Se
deposition. Recent S deposition shows a similar spatial pattern to
Se (Supplementary Fig. 2a), except that anthropogenic emissions
are relatively more important in the S budget than for Se (60% vs.
34% of total emissions, Supplementary Table 1).

Since the 1980s, anthropogenic emissions of S have decreased
in North America and Europe, due to shifts away from coal
energy generation26 and increasing implementation of air
pollution control technology, including post-combustion scrub-
bers to capture SO2 emissions, switching from high S coal to low
S coal, and removal of S from oil before combustion27. Due to the
chemical similarities between S and Se, Se emissions are reduced
concomitantly by these SO2 control technologies28. The model
matches the observed declines in Se deposition in recent decades
at the only sites where long-term deposition data are available, in
Ontario, Canada (modeled=−41 ± 3% per decade, observed=
−38 ± 13% per decade) and Western Europe (modeled=−38 ±
10% per decade, observed=−47 ± 18% per decade) (Fig. 1b and
Supplementary Fig. 8). In a previous study comparing the model
with a larger observational dataset for particulate Se, we found
that 85% of modeled Se concentrations are within a factor of 2 of
observations and the model captures the observed decline in
particulate Se in North America10. Although long-term trends of
Se are not available outside of Europe and North America, the
model showed good agreement (R2= 0.67) with shorter-term Se
measurements from other continents10. In China and India, S and
Se deposition approximately doubled between 1980s and 2000s
(Supplementary Figs. 1b and 2b), due to increases in coal
combustion29. More recently, emission controls have been
implemented in China, resulting in a 62% decline of SO2

emissions between 2010 and 201730.
Under the two future socioeconomic scenarios, SSP1–2.6 and

SSP5–8.5, global Se deposition is projected to decrease (−31%
and −23%, respectively) by the end of the twenty-first century
compared to 2005–2009 values (Fig. 1c and Supplementary
Fig. 1d). The projected decrease in deposition is particularly
noteworthy over Asia, North America, and Europe, because
anthropogenic emissions are mainly located in these continents.
The underlying explanation for the decrease in S and Se emissions
in SSP1–2.6 is a rapid transition away from fossil fuel energy
generation toward renewable energies and increased air pollution
controls. In SSP5–8.5, further air pollution control technology is
implemented and energy production shifts from coal to natural
gas, which contains less S and Se11,25. Although only two future
scenarios were simulated in this study, analysis of SO2 emission
projections suggests similar outcomes for other SSP scenarios
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(Supplementary Fig. 9). Certain areas over the ocean display
increases in Se deposition in future scenarios, including the
Eastern Pacific and Southern Ocean (Fig. 1c and Supplementary
Fig. 1d). These increases are stronger under SSP5–8.5 than
SSP1–2.6 and are caused by projected changes in climate,
including precipitation shifts and enhanced marine biogenic
emissions due to sea ice decline (Supplementary Discussion and
Supplementary Figs. 6 and 7). Global S deposition shows steeper
declines during the twenty-first century than global Se deposition
(−56% vs. −31% for SSP1–2.6; −43% vs. −23% for SSP5–8.5),
due to greater contributions from anthropogenic sources for total
S emissions than Se (Supplementary Table 1).

Our model employs source tracking for Se to attribute
deposition to the different sources: anthropogenic activities,
volcanoes, marine biosphere, and terrestrial biosphere. During
the recent period (2005–2009), most Se deposition over Asia,
North America, and Europe is attributed to anthropogenic
sources (75%), whereas Africa, South America, and Australia are
dominated by biogenic and volcanic sources of Se (79%) (Fig. 1c).
Marine biogenic sources contribute significantly to Se deposition
in certain continental areas (e.g., 35% of Australian deposition in
2005–2009), illustrating the long-range transport of Se23. By the
end of the twenty-first century, anthropogenic contributions to
deposition diminish in the Northern Hemisphere (Fig. 1c and
Supplementary Figs. 3–5). For SSP5–8.5, anthropogenic sources
are still projected as the dominant contributor to deposition in
certain regions, such as the Indo-Gangetic Plain, the Arabian

Peninsula, Western Europe, and Northeastern China (Supple-
mentary Fig. 5). Overall, however, biogenic and volcanic sources
will become the major contributor (53–98%) to Se deposition
over all continents under both future scenarios.

Impacts of deposition trends on agricultural regions. Because
atmospheric deposition is the major input of S and Se to soils in
many regions globally6,10,18,22, the projected changes in deposi-
tion will impact the mass balance of these nutrients in agricultural
soils. We quantify trends in the deposition of S and Se to agri-
cultural soils by calculating median deposition over model grid
cells that are covered by >25% croplands or pastures31 (Fig. 2). As
the deposition to agricultural soils in the Southern Hemisphere is
less influenced by anthropogenic emissions, S and Se deposition
over Africa, Australia, and South America will decrease only
modestly in the future, ranging from 20 to 40% for S and 3 to 25%
for Se. On the other hand, agricultural soils in Asia, North
America, and Europe show strong decreases at the end of the
twenty-first century from recent (2005–2009) values for S
(85–90% for SSP1–2.6; 70–75% for SSP5–8.5) and Se (70–80% for
SSP1–2.6; 55–65% for SSP5–8.5). These projected declines are on
par with the relative changes in S deposition between the 1980s
and 2000s for agricultural regions in Europe and North America
(−70% and −35%, respectively) (Fig. 2), when agricultural S
deficiencies became more prevalent. Therefore, we expect that if
agricultural practices do not change, S deficiencies in plants and

Fig. 1 Modeled Se deposition in recent and future periods (results for S are in Supplementary Fig. 2). a Distribution of atmospheric Se deposition in the
recent period, 2005–2009. b Modeled (red line) and observed (blue line) trend in wet Se deposition, averaged over six measurement stations in Ontario,
Canada. Error bars indicate the 2σ variability between measurement stations. c Relative difference in Se deposition from the recent period (2005–2009) to
the future (2095–2099) under the SSP1–2.6 scenario (for SSP5–8.5, see Supplementary Fig. 1). White grid cells indicate that the mean change is smaller
than the 2σ interannual variability from the 2005 to 2009 simulation. Pie charts illustrate the Se source contributions to deposition for each continent for
recent and future periods, with pie area proportional to total continental deposition.
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Se deficiencies in livestock and humans could become more fre-
quent and severe in the Northern Hemisphere due to the sub-
stantial depletion of the atmospheric S and Se supply.

Comparing current conditions with the end of the twenty-first
century, atmospheric S and Se inputs to soil will decline, retention
of Se in soils will decrease due to aridification with climate
change17, and food demand will increase due to a growing global
population2. The decline in the atmospheric source to soils,
coupled with the enhanced soil Se losses (increased leaching and
crop production), will increase the risk of S and Se deficiencies,
unless adequate S and Se fertilizer management strategies are
developed and implemented (Fig. 3a, b). Expanding existing
strategies of S and Se fertilizer use8,32 for large-scale deployment
would pose several logistical, economic, and environmental
challenges. Known Se resources could be exhausted within 40
years if standard fertilization rates (20 g Se ha−1) are applied to all
wheat fields32. Sulfate and selenate, the most common S and Se
species in inorganic fertilizers, compete for the same uptake
pathway in plants, meaning that excess sulfate in soil can limit Se
uptake in crops8. A significant fraction of fertilized S and Se will
not be assimilated by crops and can leach into surface waters6,8.
Runoff of S and Se poses risks to ecosystems (Fig. 3c), as Se is
toxic at high concentrations8,33 and excess S degrades soils
through acidification, can result in sulfide phytotoxicity, and
enhanced mercury methylation downstream in drainage
waters6,14. The extent to which S and Se are mobilized from
soil systems would depend on the local environmental conditions
(e.g., temperature, precipitation, and land use) and soil properties
(e.g., pH, organic carbon content, and clay content)17. In general,
there is a strong need for studies that assess S and Se mass
balances at a variety of scales (field plots, watersheds, and larger
regions) and geographic locations. Other agricultural manage-
ment practices could also be employed to increase the efficiency
of S and Se uptake by plants, such as conventional breeding or
genetic engineering34,35, thereby reducing the required amount of
fertilizer inputs.

S and Se mass balance in USA watersheds. To illustrate the
impact of transient changes in deposition and agricultural inputs
on the surface Se mass balance at a regional scale, we analyzed
stream concentrations of Se (2000–2020) from the United States
Geological Survey (USGS) database (Fig. 4 and Supplementary
Fig. 15). Watersheds in the Northeastern USA show declines
(likelihood of decreasing trend >92%) in Se stream fluxes (−15 to
−28%) that follow steeper Se deposition declines in these
watersheds (−39 to −58%). In these basins, Se deposition fluxes

are greater or similar in magnitude to the stream Se fluxes
(Supplementary Fig. 15), implying that atmospheric Se deposition
is a major source in the surface mass balance. Since the declining
stream Se trends deviate from nitrate and orthophosphate trends
in the Northeastern USA watersheds, it is unlikely that waste-
water or agricultural releases are responsible for the decline.
Concentration-discharge relationships of S and Se in these basins
also support the hypothesis that declining atmospheric inputs
drive the stream flux declines (Supplementary Discussion and
Supplementary Figs. 16–21).

In contrast, basins in the Midwestern USA show increasing
trends in the riverine S and Se (likelihood of increasing trend
>90%) that more closely follow nitrate and orthophosphate trends
and are inconsistent with decreasing atmospheric deposition
trends. The substantial coverage of croplands in these basins
(ranging between 21 and 32% of pixels) suggests that agricultural
inputs could be driving the trends in riverine S and Se. Even
though Se is not widely intentionally used in fertilizer, agricultural
amendments derived from phosphate rocks contain trace
amounts of selenium36. In the San Joaquin River Basin, an area
known for high Se concentrations in agricultural irrigation
drainage water causing toxicity in animals37, riverine Se fluxes
have strongly decreased (−73%) from 2008 to 2019 (likelihood of
decreasing trend= 97%). The recent decreases in Se are likely
driven by restoration projects in the region that aim to reduce
flows of agricultural runoff to the river38.

Undeniably, the trends in stream fluxes could be caused by
combinations of source (e.g., wastewater, agriculture, deposition,
geological) trends and sink (e.g., retention of nutrient in the
catchment) behavior, as well as hydrological changes in the basin.
Continued monitoring and analysis of stream concentrations will
be needed to reveal further insights into the response of
watersheds to the decreasing atmospheric inputs of S and Se,
and/or potentially increasing inputs from fertilizers6,39. Since our
model projects decreases of S and Se deposition across the
Northern Hemisphere (Fig. 2), a critical next step is to conduct
mass balance calculations for Asian and European catchments.

Outlook. We recognize that any impacts of declining atmo-
spheric S and Se deposition on nutrition and food security will
also depend on land management, crop type, and geochemical
factors affecting speciation and bioavailability of these elements in
soil. In addition, there is currently no consensus regarding the
impact of climate change on biogenic emissions of sulfur40 and
Se, which can affect both the sources and sinks of these elements
in agricultural soils in the future. Further work characterizing the

Fig. 2 Trends in atmospheric S and Se inputs to agricultural soils.Median S and Se deposition over agricultural grid cells for different continents and time
periods. Error bars indicate the interquartile range. Agricultural grid cells are defined by selecting grid cells covered by >25% croplands or pastures in the
Ramankutty et al.31 database. For tabulated numerical data, see Supplementary Tables 2 and 3.
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response of biogenic S and Se emissions to climate change and
ocean acidification will refine our deposition projections. We
emphasize that past and projected reductions in coal combustion
emissions of S, Se, and other co-pollutants (e.g., carbon dioxide,
methane, nitrogen oxides, mercury, and arsenic) will be effective
for climate change mitigation and human and ecosystem health41.
However, innovative strategies will need to be developed—inte-
grating knowledge from agriculture, environmental sciences, and
economics—to sustainably resupply agricultural soils with S and
Se as atmospheric sources decline.

Methods
SOCOL-AER model. We use the aerosol–chemistry–climate model SOCOL-
AERv212,24,42, which comprises the chemical submodel MEZON43, the dynamical
submodel ECHAM544, and the size-resolving sulfate aerosol module AER45.
Atmospheric Se chemistry was previously implemented in the SOCOL-AER
model10,23. Including the Se module, SOCOL-AER includes around 89 gas phase
chemical species, 299 gas phase reactions, 80 particulate tracers, and 16 hetero-
geneous reactions, representing a comprehensive description of atmospheric
chemistry. Gas phase Se reaction rate constants are obtained from Table 2 in
Feinberg et al.23 and gas phase S reaction rate constants are taken from the NASA/
JPL Data Evaluation46. SOCOL-AER tracks the sulfate particle size distribution in
40 size bins between 0.39 nm and 3.2 µm. In terms of microphysical processes, the
model considers aerosol sedimentation, nucleation, condensation, evaporation, and
coagulation. Uptake of oxidized Se compounds in S aerosols is calculated by
determining the gas phase diffusion rate and assuming a mass accommodation
coefficient of 1. Wet and dry deposition in SOCOL-AER are based on state-of-the-

art schemes that interact with grid cell meteorology and surface properties47–49.
Previous studies have shown very good agreement (R2 ~0.6–0.7) between SOCOL-
AER simulations and measurements of S deposition24 and Se deposition10, vali-
dating the application of the model in this study for predictions of future
deposition.

For this study, we run the model in T42 resolution (~2.8° × 2.8°) and 39 vertical
levels up to 80 km. The model is run with an operator splitting approach: a 2 h time
step is used for the chemistry and radiation schemes, 15 min for dynamics and
deposition, and 6 min for aerosol microphysics schemes.

Boundary conditions. Past emissions of anthropogenic SO2 to the atmosphere are
taken from the Community Emissions Data Systems29, which were developed for
Coupled Model Intercomparison Project—Phase 6 (CMIP6). Future projections of
anthropogenic SO2 emissions are sourced from the CMIP6 project ScenarioMIP,
which uses integrated assessment models to predict future trends in emissions for a
subset of SSP scenarios25. Marine dimethyl sulfide (DMS) concentrations are
prescribed by an observation-based climatology50 and sea-to-air transfer is deter-
mined using a wind-based parametrization51. Volcanic degassing is assumed to
occur in grid boxes where volcanoes are located and emits a total of 12.6 Tg S
year–1 52,53. Mixing ratio boundary conditions are applied for the gas phase species
hydrogen sulfide (H2S) and carbonyl sulfide (OCS), which are set to 30 and 500
pptv, respectively45,54.

Emissions of Se in SOCOL-AER are based on the spatial distribution of S
emissions, with scaling factors between S and Se derived from available
measurements using Bayesian inversion methods10. Anthropogenic emissions of Se
are calculated by scaling anthropogenic SO2 emissions using a mass ratio of 1.9 ×
10–4 g Se (g S)–1. We assume the same S-to-Se scaling factor for future projections
and historical simulations, given that using a constant S-to-Se scaling factor
succeeded in matching observed trends of particulate Se10. Marine dimethyl selenide
(DMSe) concentrations are scaled from the DMS climatology50 using a molar ratio

Fig. 3 Recent and future S and Se cycling over agricultural soils. a Sulfur and Se fluxes in agricultural soils in the recent period, when atmospheric S and
Se deposition have been the dominant source to soils. Arrow width is semi-quantitative in illustrating the relative magnitudes of fluxes. Soil processes are
simplified in the diagram and are discussed more comprehensively in previous reviews67–70. b In the future, S and Se deposition is projected to decrease,
while at the same time crop production must increase to satisfy rising food demand. Fertilizer use may become the dominant S and Se source to
agricultural soils in the future, possibly enhancing S and Se runoff. c Fertilizer S and Se inputs have downstream ecological consequences. Sulfur inputs can
lead to acidification, soil cation depletion, sulfide toxicity, and mercury methylation, whereas Se inputs can cause harmful algae blooms and toxic conditions
for organisms.

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-021-00172-0 ARTICLE

COMMUNICATIONS EARTH & ENVIRONMENT |           (2021) 2:101 | https://doi.org/10.1038/s43247-021-00172-0 | www.nature.com/commsenv 5

www.nature.com/commsenv
www.nature.com/commsenv


of 2.1 × 10–4 mol Se (mol S)–1, as derived in the Bayesian inversion10. As with DMS,
DMSe emissions are calculated using a wind-driven parametrization51. Volcanic
degassing S emissions are scaled by 3.0 × 10–4 g Se (g S)–1 to yield volcanic Se
emissions, which total 3.8 Gg Se year–1. Terrestrial biogenic emissions of Se are
included using the spatial distribution of volatile organic carbon (VOC) emissions
from the MEGAN-MACC inventory55, scaled to a global total of 5.0 Gg Se year–1 10.

Since SOCOL-AER is an atmosphere-only model, we prescribe sea ice coverage
and sea surface temperatures using observed data from the Hadley Centre56 for the
past periods (1980–1985 and 2004–2009). For the future scenarios (SSP1–2.6 and
SSP5–8.5), we prescribe sea ice coverage and sea surface temperatures using
2094–2099 simulation data from the CESM1(CAM5) model for the analogous
Representative Concentration Pathway (RCP) scenarios, RCP2.6 and RCP8.557,
since coupled-ocean simulations using the new SSP scenario forcings were not yet
available. Other boundary conditions (greenhouse gas forcing; ozone-depleting
substances; NOx, CO, and VOC emissions) are taken from the specifications of
Chemistry-Climate Model Initiative REF-C2 sensitivity simulations for RCP2.6 and
RCP8.558,59.

Model simulations. To compare with future projections with past simulations, we
model three different periods: past (1980–1985), recent (2004–2009), and future
(2094–2099). Each simulation consists of a 1 year spinup for the atmospheric S(e)
species and 5 year that are used for analysis. The model was initialized with
chemical fields from REF-C2 sensitivity simulations in SOCOL58,59, to reduce the
time necessary for model equilibration. The future period is modeled with three
scenarios: SSP1–2.6, SSP5–8.5, and SSP5–8.5 under recent climate conditions. To
simulate SSP5–8.5 under recent climate conditions, we include anthropogenic SO2

and Se emissions from the SSP5–8.5 scenario for 2094–2099, but force the model
with greenhouse gas concentrations, sea surface temperatures, sea ice coverage, and
solar forcing from 2004 to 2009.

We track the influence of Se sources on deposition for the recent period,
SSP1–2.6, and SSP5–8.5. To separate the contribution of each Se source category
(anthropogenic activities, volcanoes, marine biosphere, and terrestrial biosphere),
we run four individual simulations, each with one source category turned on and
all others turned off. Because Se does not have any significant impacts on
atmospheric chemistry or climate due to its low concentration23, we assume linear
additive behavior between the four simulations. To identify the contribution of a
certain source category to Se deposition, we divide the Se deposition in an
individual source category simulation by total Se deposition summed over all four
source category simulations. We decouple interactions between chemistry and
radiation, to ensure that each of the four individual source category simulations
have the same meteorology, which increases the signal-to-noise ratio.

To compare with Se observations (Figs. 1b and 4 and Supplementary Figs. 8 and
15), we use transient simulations for 1970–2017 that were conducted for Feinberg
et al.10. These simulations were run in nudged mode for 1979–2017, meaning that
model temperature, surface pressure, divergence, and vorticity were forced toward
ERA-Interim reanalysis data60. As opposed with the free-running simulations that

were explained previously, the meteorology in nudged simulations should follow
observed meteorology closer, and therefore they are more appropriate for
comparison with observed quantities.

Canadian deposition observations. We compare the model with measured wet Se
deposition trends for 2003–2017 from six Ontarian sites in the Canadian National
Atmospheric Chemistry database (http://donnees.ec.gc.ca/data/air/monitor/
monitoring-of-atmospheric-precipitation-chemistry/metals-in-precipitation/):
Burlington (43.4° N, 79.8° W), Rock Point (42.8° N, 79.5° W), St. Clair (42.4° N,
82.4° W), Point Pelee (42.0° N, 82.5° W), Sibley (48.5° N, 88.7° W), and Point Petre
(43.8° N, 77.1° W). For comparison with measurements, we interpolate the model
horizontally to the coordinates of the measurement station. We summarize the
regional modeled and observed trend by averaging all available sites for each year
and calculate the standard deviation between sites.

Stream flux analysis. All stream water data were downloaded and analyzed using
the R packages dataRetrieval and EGRET61. The source of the stream concentration
samples and daily discharge data is the USGS National Water Information System
database (https://doi.org/10.5066/F7P55KJN). The EGRET package includes an
implementation of the Weighted Regressions on Time Discharge and Season
(WRTDS) method62. This method can be used to calculate monthly flow-
normalized fluxes of chemical constituents. Flow-normalization removes the
influence of interannual flow variations on the chemical flux, revealing the
underlying trends in the watershed, which are often caused by anthropogenic
factors63. In WRTDS models, the chemical constituent of interest is a function of
discharge, seasonality, the long-term trend, and a random component. The method
is usually well suited for time series of a decade or longer and a sampling frequency
of at least six samples per year61. We therefore only selected sites that had Se
measurements with sufficient sampling frequency and time span, for a total of
18 sites (Supplementary Fig. 14 and Supplementary Table 4). At each of these sites,
we calculated WRTDS models for the flow-normalized fluxes of dissolved Se
(parameter ID 01145) using available water quality samples and daily discharge
data. WRTDS models were constructed using the default parameters of EGRET:
half-window widths of 2 (in log discharge units) for discharge, 7 year for temporal
trends, and 0.5 year for seasonality. Annual averages of fluxes are taken over the
calendar year (January–December) to compare with modeled deposition fluxes. We
also constructed WRTDS models of sulfate (SO4

2−, parameter ID 00945), nitrate
(NO3

−, 00618), and orthophosphate (PO4
3−, 00660) at sites where these para-

meters were available, in order to compare Se trends with other nutrients. We
compare Se stream flux trends with modeled atmospheric Se deposition fluxes by
averaging modeled deposition over the watershed region. Geographic shapefiles for
the basins were downloaded from Falcone et al.64, except for the shapefile for the
Powder River Basin (site ID 06313500), which was available from Falcone et al.65.
Statistical significance of the derived WRTDS trends was assessed by calculating the
likelihood of increasing or decreasing trends with a bootstrap approach66, using
methods available in the R package EGRETci.

Fig. 4 Stream flux trends of S, Se and other nutrients in USA watersheds. Comparison between the relative trends in modeled Se deposition fluxes
(Sedep), dashed blue line, over watersheds in the USA and flow-normalized fluxes of dissolved Se (Seriv), sulfate (Sriv), nitrate (Nriv), and orthophosphate
(Priv), colored solid lines. Detailed information about the stream flux analysis and trends from other basins can be found in the Supplementary Discussion.
Land cover data for 2011 are sourced from the USGS National Land Cover Database (https://doi.org/10.5066/P937PN4Z).
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Data availability
Simulation data analyzed in this paper are published on ETH Zurich Research Collection
(https://doi.org/10.3929/ethz-b-000417871). Stream concentrations and discharge are
available from the USGS (https://doi.org/10.5066/F7P55KJN).

Code availability
SOCOL-AERv2 code is freely available upon request from the authors, on the condition
that users have completed the ECHAM5 license agreement (http://www.mpimet.mpg.de/
en/science/models/license/). Analysis of the stream concentration data was conducted
using the R package EGRET (https://github.com/USGS-R/EGRET).
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