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ABSTRACT: The production and uptake of toxic methylmercury
(MeHg) impacts aquatic ecosystems globally. Rivers can be dynamic
and difficult systems to study for MeHg production and
bioaccumulation, hence identifying sources of MeHg to these
systems is both challenging and important for resource management
within rivers and main-stem reservoirs. Riparian zones, which are
known biogeochemical hotspots for MeHg production, are under-
studied as potential sources of MeHg to rivers. Here, we present a
comprehensive quantification of the hydrologic and biogeochemical
processes governing MeHg concentrations, loads, and bioaccumula-
tion at 16 locations along 164 km of the agriculturally intensive Snake
River (Idaho, Oregon USA) during summer baseflow conditions,
with emphasis on riparian production of MeHg. Approximately one-
third of the MeHg load of the Snake River could not be attributed to inflowing waters (upgradient, tributaries, or irrigation drains).
Across the study reach, increases in MeHg loads in surface waters were significantly correlated with MeHg concentrations in riparian
porewaters, suggesting riparian zones were likely an important source of MeHg to the Snake River. Across all locations, MeHg
concentrations in surface waters positively correlated with MeHg concentrations in benthic snails and clams, supporting that riparian
produced MeHg was assimilated into local aquatic food webs. This study contributes new insights into riparian MeHg production
within rivers which can inform mitigation efforts to reduce MeHg bioaccumulation in fish.
KEYWORDS: methylation, load, agriculture, biogeochemical processes, Snake River

1. INTRODUCTION
Mercury (Hg) is a pervasive global contaminant1 with adverse
effects on ecosystems and human health. Hg poses a significant
global challenge due to its long atmospheric residence time
that leads to global dispersion2 and ability to undergo a key
environmental transformation to form neurotoxic methylmer-
cury (MeHg)3 that can bioaccumulate and biomagnify to toxic
levels in aquatic ecosystems.4 The cycling of Hg initiates with
the release of inorganic Hg (Hg(0), Hg(II)) into the
environment, where anthropogenic activities (e.g., mining,
fuel combustion) have resulted in a 7-fold increase in
atmospheric concentrations relative to natural sources (e.g.,
volcanoes, rock weathering).5,6 Atmospheric Hg is delivered
through wet and dry deposition to terrestrial and aquatic
environments,5 where it can undergo methylation to MeHg by
diverse microorganisms in aquatic systems under suboxic and
hypoxic conditions (i.e., conditions where dissolved O2 is
below saturation or <0.5 mg/L, respectively).7−9 Rivers are
critical environments for transport10−13 and uptake of MeHg
in food webs,14 with nearly 80% of all river fish consumption
advisories involving mercury across the United States.15

Agricultural practices, with associated water uses, storage,

and nutrient and organic carbon loads from agricultural
returns, are recognized to impact riverine biogeochemical
processes globally15,16 and may facilitate MeHg production
and accumulation in these vulnerable watersheds.17 Under-
standing the impact of management and anthropogenic
alteration of riverine environments on Hg cycling and
methylation (e.g., dam impoundments, agricultural with-
drawals, nutrient inputs)18 is vital to addressing issues of
MeHg uptake in aquatic food webs.

Within riverine systems, riparian zones play a crucial role on
hydrologic and biogeochemical processes, as they are highly
efficient at capturing fine sediments and nutrients from
agricultural runoff,19−21 acting as natural buffers in highly
irrigated landscapes.22−24 The elevated nutrient capture and
inundated riparian sediments tends to promote warmer water
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temperatures and limited through-flow, which contribute to
anoxic conditions and the prevalence of anaerobic pro-
cesses.22,25 These conditions establish riparian zones as
dynamic biogeochemical hotspots at the interface of terrestrial
and aquatic ecosystems.22,25,26 These hotspots often include
suboxic and anoxic conditions that facilitate microbial Hg(II)
methylation, resulting in elevated MeHg production27 and
subsequent exchange or transport to neighboring surface
waters.11−13 In addition, these zones function as important
sinks for terminal electron acceptors, such as sulfate
(SO4

2−),28−31 which enhances microbial metabolism often
linked to Hg(II) methylation.7−9 In agricultural regions,
microbial activity and variation in hydrologic inputs within
riparian zones can also alter the concentration and
composition of dissolved organic matter (DOM),32,33 often
characterized as the aromaticity using the specific ultraviolet
absorbance at 254 nm (SUVA254).34 DOM plays a crucial role
in riverine Hg transport and transformation.35−37 Specifically,
more aromatic DOM has been shown to transport more Hg
per unit of DOC38,39 and facilitate the formation of MeHg.40,41

Thiol groups in DOM are strong Hg ligands42−44 and impact
the bioavailability of both Hg(II) for methylation,40,45 and
MeHg for biotic uptake to the food web.46 In highly reducing
conditions within the riparian soils and pore waters, formation
of inorganic sulfide (S(-II)) from dissimilatory sulfate
reduction13,30,31 can outcompete Hg(II)-DOM binding,
resulting in the formation of nanocolloidal metacinnabar (β-
HgS).27,47

The complex relationships between redox gradients, micro-
bial activity, and nutrient dynamics in riparian zones
establishes them as likely hotspots for transformation,
mobilization, and transport of Hg(II). However, the role of
riparian zone processes in the formation of MeHg is
understudied and poorly constrained. For example, an analysis

of MeHg loads in the Snake River, a riverine system upgradient
of a large reservoir complex, identified that 29−31% of the
filter-passing MeHg (f.MeHg) and 38−40% of the particulate
MeHg (p.MeHg) could not be accounted for by the main
flows and inputs to the river, raising the possibility that riparian
production is a major source of riverine MeHg loads.48

In this study, we quantified the sources and loads of MeHg
along 164 km of the Snake River upgradient of a 3-reservoir
hydroelectric complex, with an emphasis on riparian sources.
Surface water flows and concentrations of constituents relevant
to Hg cycling were measured at 16 sites along the Snake River
and loads were quantified in surfaces water, tributaries, and
irrigation drains. Further, a comprehensive assessment of
riparian sediments and pore waters was carried out to test the
hypothesis that riparian zones were a significant source of
MeHg to the Snake River. Aquatic biota (i.e., clams, snails)
were collected along the reach of the Snake River to assess if
increases in stream MeHg concentrations corresponded with
enhanced uptake of MeHg in the aquatic food web. The
synoptic study, which evaluates a snapshot in time, highlights
riparian zone contributions of MeHg to riverine surface waters
and uptake in the aquatic food web, which can inform the
implementation of land and water management actions to
reduce MeHg uptake in fish, and thus potential MeHg
exposure to consumers.

2. METHODS
2.1. Study Area. The Snake River, a major tributary of the

Columbia River, runs through the southern regions of Idaho
and eastern Oregon.49,50 Land neighboring the study reach is
heavily utilized for agriculture, with a high density of irrigation
diversions and return drains scattered across the river
basin.48,50,51 Nearly 85% of the irrigated acreage in the entire
State of Idaho is on the Snake River Plain.51 The irrigation

Figure 1. Map of Snake River synoptic survey conducted in July 2022; markers indicate locations of sample collection of main stem surface and
pore waters (blue circles), tributary inputs (yellow diamonds), and irrigation drains (purple squares). Shaded regions represent major tributary
watersheds and agricultural land coverage. Sections 1−3 are identified by the horizontal dashed lines.
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infrastructure along the river basin contributes to excess
nutrients and suspended solids.48,50,51 The irrigated landscape
and main stem of the Snake River are separated by narrow
riparian zones that support a diverse range of vegetation.52 Our
investigation of the 164 km stretch of the Snake River provides
a comprehensive understanding of the intricate dynamics
within the region. All hydrologic inputs to the Snake River in
the 164 km study area were divided into one of two categories:
(i) major tributaries, which includes Succor Creek, Owyhee
River, Boise River, Malheur River, Payette River, and Weiser
River, or (ii) irrigation drains, which includes inputs that
contain agricultural infrastructure (i.e., irrigation pump stations
and return drains) (Figures 1 and S1) and minor tributaries
and springs. Irrigation drains and minor tributaries were
grouped together for analysis due to the interconnected nature
of the diversions and return waters, making it difficult to
identify their contributions separately, aligning with the
classification established by Baldwin et al. (2024).48

2.2. Sample Collection & Processing. Complete details
for sample collection and processing are provided in the
Supporting Information (Supporting Information, Section
S1.1). The synoptic survey was conducted July 11−14, 2022,
when Hg(II) methylation is expected to be relatively high
based on observed seasonal concentrations of both f.MeHg
and p.MeHg in the mainstem 3-reservoir complex of the Snake
River (Hells Canyon Complex), in which the first reservoir
reflects similar riverine characteristics to that of the inflowing
Snake River.53 This seasonal increase of Hg(II) methylation in
summer months has been observed in many other riverine
systems.54,55 The main stem of the Snake River was sampled at
approximately 10 km intervals (Figure 1). At each of these 16
main stem sampling sites, surface water was collected from
cross sections of the main stem Snake River using the U.S.
Geological Survey (USGS) Equal Width Index method (n =
1−2 per site, n = 18 total).56 River flow and velocity were
measured along these cross sections using an Acoustic Doppler
Current Profiler. Average discharge measurements at each
location are presented with the associated uncertainties using
Q-Rev software.57 A multiparameter sonde (Aqua TROLL
600) measured surface water turbidity, specific conductance,
pH, oxidation−reduction potential (ORP), dissolved oxygen
(DO), and temperature concurrent with discrete sample
collection. Surface water samples were also collected from
the six major tributaries (n = 1−2 per tributary, n = 7 total)
and 24 irrigation return drains (n = 1 per drain) that were
actively discharging into the Snake River at the time of sample
collection, using either the Equal Width Index or grab method
at their confluence with the Snake River. All surface water
samples were collected in 2 L polyethylene terephthalate glycol
(PETG) bottles using ultraclean trace metal protocols. Sample
collection methods for each site are defined in Poulin et al.
(2023).58 All surface water samples were stored on ice and
filtered within 24 h of collection (quartz fiber filters (QFF), 0.7
μm pore size, precombusted at 550 °C, Whatman), into bottles
for quantification of dissolved organic carbon (DOC)
concentration and DOM optical characterization, inorganic
anions (chloride (Cl−), nitrate (NO3

−), sulfate (SO4
2−)), filter-

passing acidified metals (manganese (Mn), iron (Fe)), and
filter-passing total Hg (f.THg) and MeHg (f.MeHg).
Preservation and storage of these samples are defined in the
Supporting Information (Supporting Information, Section
S1.1). QFFs were frozen (−80 °C) for measurement of total
suspended solids (TSS), particulate total Hg (p.THg), and

particulate MeHg (p.MeHg) analyses. Unfiltered acidified
metal samples were also collected. Particulate organic carbon
(POC) and particulate nitrogen (PN) samples were filtered
(0.3 μM glass fiber filters, Advantec, GF7513MM) and stored
frozen (−20 °C) until analysis.

At each of the 16 main stem sites, pore water was collected
using a custom Teflon sipper and peristaltic pump through
acid-cleaned Teflon tubing (see Supporting Information,
Section S1.1.3 for more details). The sipper was inserted 10
cm below the sediment−water interface in the shallow riparian
areas along the river edge. A flow-through cell and multi-
parameter meters were used to measure pore water temper-
ature, pH, DO, specific conductance, and ORP. Pore water was
filtered in-line (QFF, 0.7 μm pore size, precombusted at 550
°C, Whatman) directly into bottles for measurement of
inorganic sulfide (S(-II), preserved at 50% volume/volume
with sulfide antioxidant buffer), DOC concentration and DOM
composition, inorganic anions, f.THg, and f.MeHg. Sediment
cores (6.25 cm diameter core barrel, 7−20 cm depth) were
collected at each of the 16 main stem sampling locations, and
2−3 depths were selected based on sediment stratigraphy and
measured for sediment total Hg, MeHg, and loss on ignition (a
surrogate for organic matter content). Biota samples, collected
with a benthic suction dredge near the riparian sampling areas,
included submerged macrophytes, clams, and snails analyzed
for total Hg and MeHg.

2.3. Sample Analyses. Complete details on sample
analyses are provided in the Supporting Information
(Supporting Information, Section S1.2). In brief, water samples
were analyzed in the Poulin Lab at the University of California,
Davis (Davis, CA) for concentrations of filter-passing and
particulate metals (Fe, Mn), inorganic anions (Cl−, NO3

−,
SO4

2−), inorganic sulfide (S(-II)), DOC, and for DOM optical
characterization (SUVA254, spectral slope ratio (SR)). The U.S.
Geological Survey (USGS) Reston Stable Isotope Laboratory
(Reston, VA) conducted POC and PN measurements on the
collected glass fiber filters. The USGS Mercury Research
Laboratory (Madison, WI) performed all mercury measure-
ments (total Hg and MeHg) on the water samples (filter-
passing and particulate), sediments, and macrophytes and loss
on ignition on sediments, a proxy for total organic matter
content. Inorganic divalent Hg (Hg(II)) concentrations, both
filter-passing and particulate, were calculated by subtracting
MeHg from total Hg concentrations (eq S1). Gravimetric
Hg(II) and MeHg concentrations were calculated by dividing
their volumetric counterpart concentrations by TSS. Biota
mercury measurements (total Hg and MeHg) were performed
at the USGS Contaminant Ecology Research Laboratory
(Corvallis, OR). A comparison of field replicates is provided in
the Supporting Information (Supporting Information, Section
S1.3). All data are available online.58

2.4. Load Calculations. Complete details on load
calculations are provided in the Supporting Information
(Supporting Information, Section S1.4). Briefly, surface water
loads were calculated along the entire study area using an
established method for synoptic surveys,59 which permits
estimating inputs of constituents from surface water inflows
(e.g., tributaries) and inputs without measurable surface flow
(e.g., riparian contributions). First, instantaneous loads (i.e.,
“measured loads”) were calculated by multiplying the
concentration of a given constituent by the measured discharge
at each site (eq S2). Second, the net change in load was
determined between each of the discrete sampling locations
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from upgradient to downgradient (eq S3); a positive value
indicates a net gain in load between sites and a negative value
indicates a net loss. Third, all net gains (excluding any loss
terms) along the reach were added together to define a
cumulative total for the synoptic, which is defined as the
estimated “cumulative instream load” for the river (eq S4).
This cumulative instream load provides a minimum estimate of
the constituent load added to the system.59 It omits net
negative terms (i.e., loss terms) on the basis that load
estimations can be influenced by attenuation (i.e., loss terms),
which mask gaining contributions from inflows or internal
production. Because sections of the river with net losses may
still have contributions of loads that are masked by loss terms,
the cumulative instream load estimates are a conservative
estimate of constituent inputs and/or production.59 The
contributions from the tributaries were determined through
calculation of the “cumulative inflow load” at each location (eq
S5), by adding the instantaneous measured loads of each
tributary to the Snake River starting load at the confluence.
The cumulative inflow load provides an assessment of how
much the inflowing tributaries account for the observed
increases in the cumulative instream load.59 Differences
between the cumulative instream load, which represents the
total surface water river load, and cumulative inflow load,
which represents the tributary loads, denote an unaccounted
(i.e., missing) load contribution not associated with the
tributary inflows.59

2.5. Data Analysis. All data were analyzed and visualized
using Microsoft Excel60 and R statistical computing
(2023.03.1-446) software.61 Particulate metal concentrations
(Fe, Mn) were calculated by subtracting the filter-passing
concentrations from the unfiltered concentrations. Field
replicates across the sample sites were averaged, and the
mean value and associated minimum and maximum observed
values for each replicate pair were used in data presentation.
The error in measured instantaneous loads was estimated by
error propagation using the error in discharge measurements.
Concentrations reported below the detection limits (n = 1 for
pore water SO4

2−; n = 2 for pore water NO3
−) were

substituted at one-half the detection limit for data analyses
and presentation. Comparisons of concentrations across
sample types (e.g., surface waters vs pore waters) were
performed using one-way analysis of variance testing (ANOVA
or Kruskal−Wallis) and subsequent posthoc testing (Tukey−
Kramer or Dunn’s) depending on data distribution using the
package rstatix.62 Linear regression relationships were
established using a linear model and evaluated for significance
based on one-way analysis of variance testing (ANOVA) with
the package rstatix.62

3. RESULTS & DISCUSSION
3.1. Hydrology. Surface water velocities were measured at

all 16 main stem locations along the 164 km stretch. Velocity
ranged from 0.27 to 0.72 m/s and displayed distinct hydrologic
patterns in three sections: Section 1 (km 721.0−672.9)
showed relatively consistent velocity, Section 2 (km 662.2−
579.2) exhibited fluctuating velocity with a peak of 0.72 m/s,
and Section 3 (km 571.7−556.5) showed a notable decrease in
velocity associated with the transition from riverine to the
more lacustrine environment above the first reservoir of the
hydroelectric 3-reservoir complex (Hells Canyon Complex)
(Figure S2A). Concurrently, discharge measurements revealed
variations across designated sections: a decline in Section 1

attributed to irrigation withdrawals, a significant increase in
Section 2 due to major tributary inflows, and relatively
consistent flows in Section 3 (Figure 2A). Overall discharge at

the downgradient end of the river reach was 229.4 m3/s, with
inflowing main stem and tributaries contributing 216.5 m3/s,
leaving a minor unaccounted portion of 5.6% in the hydrologic
budget (Figure S2B). A more detailed assessment of the
hydrology (Supporting Information, Section S3) estimated the
contribution of irrigation drains, which further reduced this
unaccounted portion and confirmed a near complete
accounting (99.7−101%) of the hydrologic budget along the
Snake River. This full accounting of the Snake River hydrologic
budget enabled robust evaluation of sources and sinks of Hg
and relevant biogeochemical constituents through the reach.

3.2. Surface Water Concentrations and Loads.
3.2.1. Pertinent Biogeochemical Constituents. The surface
waters of the Snake River exhibited strong spatial trends in the

Figure 2. Hydrologic and biogeochemical trends through the study
reach. Spatial trends across the main stem surface water for (A)
discharge, (B) SO4

2−, (C) DOC concentration, and (D) dissolved
organic matter (DOM) specific ultraviolet absorbance at 254 nm
(SUVA254). Average concentrations are presented for field replicates
with error bars presenting the minimum and maximum observed
concentrations; some error bars are smaller than data symbols.
Discharge (A) is presented with error bars that present the
uncertainty of the measured discharge, determined by Q-Rev
software.57 Sections 1−3 are identified by the vertical dashed lines.
Tributary confluence locations are presented as abbreviated names
(SC = Succor Creek, OR = Owyhee River, BR = Boise River, MR =
Malheur River, PR = Payette River, WR = Weiser River).
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distribution of biogeochemical constituents across the synoptic
survey from up-to-down gradient, reflecting the upgradient
Snake River with inflowing tributaries and irrigation drains.
Concentrations of Cl−, a conservative analyte, decreased
stepwise along the river (Figure S3A) coincident with the
confluences of the major tributaries in Section 2 of the
transect. Although the median Cl− concentrations in the main
stem Snake River, tributaries, and irrigation drains (26.4, 17.9,
24.7 mg/L, respectively) were not statistically different (p-
value > 0.05) (Figure S4A), the tributaries with high discharge
were of lower Cl− concentration thus diluting Cl− in the main
stem of the Snake River. In contrast, concentrations of NO3

−

and SO4
2− were largely uniform in Section 1 and increased

along the synoptic stretch in Section 2, likely due to
agricultural influences from irrigation drains (Figures 1 and
S1), with one major reduction in Section 3 due to dilution
effects from the Malheur and Payette rivers (Figures S3C and
2B). Median concentrations of NO3

− in the tributaries (0.83
mg NO3

− (as N)/L) were marginally lower than the main stem
Snake River (1.03 mg NO3

− (as N)/L), and irrigation drains
(2.86 mg NO3

− (as N)/L) marginally higher, though not
significant in either case (Figure S4B). Median concentrations
of SO4

2− in the tributaries and irrigation drains (59.1 and 70.4
mg/L, respectively) were marginally higher, though not
significant, than the main stem Snake River (47.6 mg/L)
(Figure S4C).

The measured loads of Cl−, SO4
2−, and NO3

− decreased in
Section 1 and increased in Sections 2 and 3 (Figure S5A−C).
Similarly, the cumulative instream loads, which only account
for positive load contributions between sites up-to-down
gradient, were static in Section 1 and increased in Sections 2
and 3. Lastly, the cumulative inflow loads in the Snake River,
which accounts for the tributary inputs, increased at locations
downstream of the confluences of the six major tributaries. The
cumulative instream loads of Cl−, SO4

2−, and NO3
− all

exceeded the cumulative inflow loads (Figure S5A−C), which
indicates there are inputs of these constituents, primarily in
Section 2 (between km 662.2−579.2), beyond the major
tributaries. The cumulative inflow load could account for
86.7%, 73.4%, and 67.0% of the Cl−, SO4

2−, and NO3
− across

the reach of the synoptic survey, respectively. Contributions of
inorganic anions from irrigation drains were assessed using an
estimate of irrigation drain discharge along this stretch of the
Snake River (13.7 ± 1.4 m3/s)48 and the average measured
constituent concentrations of irrigation drains (n = 24). We
estimate inputs from irrigation drains to account for 7.7% of
the total Cl− load, 15.2% of the total SO4

2− load, and 20.5% of
the total NO3

− load. With the estimated inputs from
agricultural drains, we can account for 94.3%, 88.6%, and
87.4% of the increases in loads of Cl−, SO4

2−, and NO3
−,

respectively, across the 164 km reach of the Snake River.
DOC exhibited a modest increase in concentration across

the synoptic survey (from 2.04 to 2.73 mgC/L), showing no
major influences from dilution effect from tributary inputs
(Figure 2C). The DOM SUVA254 followed the same trend,
with an increase from 1.85 to 2.71 L/mgC m through the study
reach (Figure 2D), and the spectral slope ratio (SR)63

decreased marginally (from 1.17 to 1.04) (Figure S6A).
These trends indicate increases in DOC concentration and
shifts in DOM composition to more aromatic from up-to-
down gradient, which in-turn will influence the transport11−13

and bioavailability of Hg(II)40,45 and MeHg.46 The measured
load of DOC followed a similar trend to that of the anions,

where the measured load decreased in Section 1, increased in
Section 2, and plateaued in Section 3 (Figure S5D). The
cumulative instream load of DOC remained constant through
Sections 1 and 3, and only increased in Section 2. Cumulative
inflow loads of DOC followed a similar pattern, but with minor
increases in Section 3 (Figure S5D). The cumulative inflows
account for 88.0% of the total DOC load through the reach of
the synoptic survey, and irrigation drains were estimated to
contribute 7.3% of the total load based on measured DOC
(Figure S5D) and estimates of irrigation drain flow.48 Only
4.7% of the DOC load was not attributed to the surface water
inflows, tributaries, or irrigation drains.

The particulate concentrations and loads in the Snake River
exhibited contrasting behavior to the above-mentioned trends
in filter-passing constituents. Spatially, TSS concentrations
increased 2.7-fold along the 164 km of the Snake River (Figure
S7A) coinciding with observed increases in surface water
velocity (Figure S8), which can resuspend sediments and other
particles that contribute to elevated TSS. TSS concentrations
were significantly higher in the irrigation drains relative to the
main stem surface waters (109 vs 24.6 mg/L, respectively; p-
value < 0.001; Figure S9A), which supports the hypothesis that
irrigation drains contribute to the particulate concentrations
and loads.48 POC concentrations followed a similar increasing
trend (2.1-fold increase) along the reach of the synoptic survey
(Figure S7B). Concentrations of POC were higher in both the
tributaries and irrigation drains (1.51 vs 1.95 mg/L,
respectively; p-value < 0.05) relative to the main stem surface
waters (0.80 mg/L; Figure S9B). Our load analysis of the
particulate constituents (TSS, POC) showed the same spatial
trends observed for filter-passing constituents, with static
cumulative instream and inflow loads through Section 1 and
increases of load in Sections 2 and 3 (Figure S10). The
measured load, however, decreased in Section 3 for both TSS
and POC, which we associate with particle settling as the river
velocity declined near the inflow of the reservoir complex
(Figures S2A and S8). Unlike the filter-passing constituents
presented above, a much larger discrepancy was observed
between the cumulative instream and inflow loads for the TSS
and POC across the study reach. Only 67.3% of the estimated
total TSS load could be accounted for by the inflowing waters
(main stem Snake River and tributaries, 38.7%) and irrigation
drains (28.6%), with 32.7% of the load unaccounted (Figure
S10A). For POC, 64.7% could be accounted for (53.5% from
inflows, 11.2% from irrigation drains), with 35.2% of the load
unaccounted (Figure S10B). We posit that these deficiencies in
particulate loads are strongly associated with the dynamics of
particle settling and resuspension in the main stem of the
Snake River, as fluctuations in measured loads coincided with
changes in river velocity (Figures S2A and S10). In summary,
irrigation drains are a primary source of particulates to the
Snake River that undergo settling and resuspension in surface
waters.

3.2.2. Hg(II) and MeHg. Inorganic divalent mercury
(Hg(II)) concentrations increased from upstream to down-
stream in the main stem Snake River in both filter-passing
(f.Hg(II); from 0.23−0.52 ng/L) and particulate fractions
(p.Hg(II); from 0.16−0.57 ng/L) (Figure S11A,B). Gravi-
metric p.Hg(II) concentrations also increased overall along the
study reach (grav. p.Hg(II); from 18.9−25.4 ng/g) (Figure
S11D). Concentrations of f.Hg(II) were significantly higher
(p-value < 0.05) in the tributaries (1.00 ± 0.41 ng/L; avg ±
stdev) and irrigation drains (1.15 ± 0.64 ng/L) than in main

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.4c08585
Environ. Sci. Technol. 2024, 58, 20490−20501

20494

https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c08585/suppl_file/es4c08585_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c08585/suppl_file/es4c08585_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c08585/suppl_file/es4c08585_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c08585/suppl_file/es4c08585_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c08585/suppl_file/es4c08585_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c08585/suppl_file/es4c08585_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c08585/suppl_file/es4c08585_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c08585/suppl_file/es4c08585_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c08585/suppl_file/es4c08585_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c08585/suppl_file/es4c08585_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c08585/suppl_file/es4c08585_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c08585/suppl_file/es4c08585_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c08585/suppl_file/es4c08585_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c08585/suppl_file/es4c08585_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c08585/suppl_file/es4c08585_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c08585/suppl_file/es4c08585_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c08585/suppl_file/es4c08585_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c08585/suppl_file/es4c08585_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c08585/suppl_file/es4c08585_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c08585/suppl_file/es4c08585_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c08585/suppl_file/es4c08585_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c08585/suppl_file/es4c08585_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c08585/suppl_file/es4c08585_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c08585/suppl_file/es4c08585_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c08585/suppl_file/es4c08585_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c08585/suppl_file/es4c08585_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c08585/suppl_file/es4c08585_si_001.pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c08585?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


stem surface waters (Figure S12A). Concentrations of p.Hg(II)
were notably higher in the irrigation drains (5.99 ± 7.43 ng/L)
relative to the main stem surface waters (Figure S12B), and the
particulate fraction of Hg(II) was linked to the POC load
(Figure S13B). The concentrations of f.Hg(II) in the surface
waters correlated linearly (p-value < 0.001) with DOC (Figure
S13A), attributed to the strong affinity of Hg(II) for thiol
groups in organic matter,43 as has been noted in the Snake
River48,53 and other riverine environments.38,64,65

Methylmercury (MeHg) concentrations−both the filter-
passing (f.MeHg) and particulate (p.MeHg) fractions�
increased in the main stem surface waters from up-to-down
gradient within the Snake River (Figure 3B). The concen-

tration of f.MeHg showed negligible net change between the
starting and ending sampling locations (0.061 ng/L at the
initial sample point, 0.062 ng/L at the final sample point), but
large fluctuations were observed throughout the middle of the
stretch, with a maximum concentration of 0.094 ng/L (Figure
3B). Concentrations of p.MeHg increased dramatically from
the initial upgradient to final downgradient sampling locations,

with a total 2.4-fold increase along the synoptic stretch (Figure
3B). Concentrations of p.MeHg were significantly higher (p-
value < 0.05) in the tributaries (0.162 ± 0.080 ng/L) and
irrigation drains (0.195 ± 0.208 ng/L) relative to the main
stem surface waters (0.050 ± 0.030 ng/L), driven by the
particulate load (Figures S10 and S12C). Gravimetric p.MeHg
exhibited highly variable fluctuations in concentration
throughout the study reach, with a decrease in Section 1
(from 3.45 to 1.75 ng/g) followed by an increase in Section 2
(from 1.75 to 3.17 ng/g) and minor changes in Section 3
(from 2.49 to 3.11 ng/g) (Figure S11E). Due to the
importance of partitioning between aqueous and particulate
phases of Hg(II) and MeHg, and the complications of
differentiating trends of partitioning relative to other gains
and losses on MeHg dynamics,66,67 we evaluated trends in total
MeHg concentration (f.MeHg + p.MeHg) across the surface
waters compared to riparian pore water and sediment (Figure
3B−D). Total MeHg concentration started at 0.090 ng/L,
exhibited a modest decrease in Section 1, increased to a
maximum in Section 2 (0.170 ng/L), and then decreased in
Section 3. The decrease in total MeHg in Section 1 (from
0.090 to 0.060 ng/L) is potentially driven by biotic and abiotic
demethylation processes,68 as well as minor hydrologic
influences of particle settling. Decreases in Section 3 (from
0.161 to 0.132 ng/L) are primarily attributed to particle
settling processes, as corroborated by velocity and particulate
data (TSS, p.MeHg) (Figures S2A,S7,S8 and 3B). Overall, this
variability in MeHg concentrations highlights the complexity of
the hydrologic and biogeochemical factors along the river.

Loads of filter-passing and particulate fractions of Hg(II)
and MeHg exhibited similar trends across all Hg species
(Figures 4 and S14). The measured loads of Hg(II) and MeHg
(both filter-passing and particulate) decreased in Section 1,
then increased in Section 2. In Section 3, the measured load of
f.Hg(II) increased while all other measured loads of Hg
fractions (p.Hg(II), f.MeHg, p.MeHg) decreased. The modest
increase in f.Hg(II) load in Section 3 may be explained, in part,
by oxidative MeHg demethylation in surface waters.68 The
cumulative instream load of each Hg species and fraction
remained constant across Section 1 and increased in Section 2.
Both the p.Hg(II) and f.MeHg cumulative instream loads were
constant in Section 3, whereas f.Hg(II) and p.MeHg displayed
minor increases. Cumulative inflow loads of Hg species and
fractions followed a similar pattern to that of the instream
loads, but at a lower magnitude.

We observed only 10.8% unaccounted load in the f.Hg(II),
with 75.6% attributed to the upgradient Snake River and
tributaries and 13.6% to the irrigation drains (Figure S14A).
The unaccounted portion of f.Hg(II) (10.8%), though
relatively minor, may be explained by uncertainty in our
drain contributions based on estimations in flow for load
analysis and/or associations to riparian production of DOC
and processing of DOM.33,35,36 Additional and unaccounted
sources of f.Hg(II), such as groundwater seeps,48 may also
influence the load but were not accounted for here. Although
loses of Hg(II) by photochemical reduction of Hg(II) to
Hg(0) and subsequent volatilization were not measured,69 it
was considered of minor importance as the majority of
f.Hg(II) load could be explained by hydrologic inputs
(inflowing surface waters, tributaries, and irrigation drains) of
the riverine system. Particulate Hg(II) exhibited a much larger
unaccounted load at 28.5%, with 47.5% of the total load
attributed to the upgradient Snake River and 28.9% attributed

Figure 3. MeHg concentration (A) of all main stem surface waters,
riparian pore waters, tributaries, and irrigation drains, and spatially in
(B) main stem surface waters (blue), (C) riparian pore waters (solid
red), and (D) riparian sediments (brown) over 164 km of the Snake
River. In subplot C, the %MeHg is provided (dashed red). Average
concentrations are presented for field replicates with error bars
presenting the minimum and maximum observed concentrations;
some error bars are smaller than data symbols. Sections 1−3 are
identified by the vertical dashed lines. Tributary confluence locations
are presented as abbreviated names (SC = Succor Creek, OR =
Owyhee River, BR = Boise River, MR = Malheur River, PR = Payette
River, WR = Weiser River).
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to the irrigation drains (Figure S14B). In summary, load
comparisons confirm that hydrologic inputs and particle
behavior govern filter-passing and particulate Hg(II) in the
Snake River, with irrigation drains being a major source of
p.Hg(II).

The unaccounted load for MeHg was much larger than that
for Hg(II). When separated into filter-passing and particulate
fractions, the analysis of f.MeHg identified 52.4% load
contribution from the Snake River and major tributaries and
only 3.1% contributions from the irrigation drains, leaving
44.5% missing source of f.MeHg (Figure S14C). In addition to
the missing source of MeHg production, the river reach acted
as an overall sink for f.MeHg, due to reasons detailed below.
Particulate MeHg exhibited an even larger discrepancy, with
only 30.9% load associated with the upgradient Snake River
and tributaries and 7.3% with the irrigation drains, leaving
61.8% unaccounted (Figure S14D). Along the 164 km stretch
of the Snake River, the total MeHg loads (Figure 4) displayed
a decrease in Section 1, likely associated with water
withdrawals for irrigation, notable increases in Section 2, and
a modest decrease in Section 3. The decrease in the measured
load of total MeHg in Section 3 aligns with marked decreases
in velocity of the Snake River (Figure 4A) as it nears a
downstream reservoir, resulting in particle settling. Both the
cumulative instream and inflow loads of total MeHg in the
surface waters present similar trends, with no change in load
across Section 1, then increases in Section 2, then no change or
minimal change in Section 3. A significant proportion of total
MeHg could not be accounted for by hydrologic inputs in the

surface waters. For the total MeHg load, 57.9% was from the
upgradient Snake River and major tributaries and 7.9% was
from the irrigation drains, with 34.2% unaccounted for (1.65
g/day) (Figure 4B). Overall, the unaccounted MeHg load is
substantial and primarily attributed to gains in MeHg in
Section 2 due to processes investigated below.

3.3. Riparian Pore Waters and Sediments as Location
for MeHg Formation. The chemistry of the pore waters
along the synoptic survey exhibited distinct zones characterized
by a degree of suboxic conditions, sediment chemicals
conditions, and microbial community composition, all of
which played roles in shaping the biogeochemical environ-
ment. Riparian pore water NO3

− concentrations were
significantly lower (0.03 ≤ NO3

− ≤ 1.00) (p-value < 0.05)
than corresponding surface waters (0.89 ≤ NO3

− ≤ 1.30;
Figure S4B), with no spatial patterns along the stretch (Figure
S3D). Spatially, pore water SO4

2− showed high concentrations
(>200 mg/L) at two locations in the upgradient sample sites,
but concentrations at other locations were comparable to
surface waters (36.7 ≤ SO4

2− ≤ 58.2; Figures S15A and S4C).
Sulfide (S(-II)) concentrations, attributed to dissimilatory
SO4

2− reduction in riparian sediments,30 were highest in
Section 1 (0.42 ≤ S(-II) ≤ 8.8 mg/L) and lower but above the
detection limit (0.01 mg/L) in Section 2 and 3 (0.11 ≤ S(-II)
≤ 4.67 mg/L; Figure S15B). Further, pore water concen-
trations of filter-passing Fe and Mn (f.Fe, f.Mn) were
significantly elevated compared to all the surface water samples
(p-value < 0.05; Figure S16), interpreted to be the result of
reductive dissolution of Fe(III) and Mn(IV/III) oxides.70

Figure 4. MeHg loadings along the study reach. (A) Velocities and (B) total MeHg loads of the Snake River including the cumulative instream
(red), cumulative inflow (green), and measured instantaneous load (blue) over 164 km. In plot B, differences between cumulative instream and
cumulative inflow represent the missing MeHg load, indicated by the shaded gray region. Sections 1−3 are identified by the vertical dashed lines.
Propagated uncertainties associated with discharge measurements and replicate field measurements are shown with the measured load. Tributary
names indicate their confluence point with the Snake River.
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Collectively, these measurements reaffirm the existence of
highly reduced riparian sediments throughout the 164 km
reach of the Snake River. Riparian pore waters exhibited, in
general, higher DOC concentrations (Figures S4D and S6C)
and DOM of greater aromaticity (based on SUVA254; Figure
S6D)34 and molecular weight (based on SR; Figure S6B)63

relative to surface waters. This may explain the observed
monotonic increases in DOC concentration and DOM
SUVA254 in surface waters (Figure 2C,D) and increasing
DOC loads (Figure S5D). These observations are consistent
with previous studies on riparian DOM, which identify riparian
zones as key areas for DOC export32 and alteration of DOM
composition.33 Pore water f.Hg(II) concentrations increased
steadily across the three sections of the Snake River, with a 5.2-
fold increase across the synoptic survey (Figure S11C). Thus,
riparian pore waters were reduced based on geochemical
measurements and exhibited higher DOC concentration and
greater DOM aromaticity, which leads to enhanced mobility
(solubilization of particulate-bound Hg(II) to the aqueous
state change) and bioavailability of Hg(II) for methylation by
anaerobic microorganisms.40,41,45

Pore water concentrations of f.MeHg were significantly
elevated compared to Snake River surface waters, irrigation
drains, and tributaries (p-value < 0.05; Figure 3A) and
increased systematically through the 164 km reach (Figure 3C)
similarly to increases in surface water f.MeHg (Figure 3B).
Pore water f.MeHg concentrations were low in Section 1
(f.MeHg ≤ 0.038 ng/L), showed a marked increase in Section
2 (0.22 ≤ f.MeHg ≤ 0.59 ng/L), and plateaued in Section 3
(0.38 ≤ f.MeHg ≤ 0.60; Figure 3C). The percentage of pore
water total Hg as f.MeHg (%MeHg), a proxy for contemporary
local MeHg production,71−74 increased dramatically from 2.5%
to 38% along the synoptic reach (Figure 3C). Spatial trends in
sediment MeHg concentrations were similar to pore water
f.MeHg trends, with low concentrations across Section 1, a 3.1-
fold increase in Section 2, and relatively high but fluctuating
levels in Section 3 (Figure 3D). The macrophytes collected
within the riparian zones exhibited the same trend (Figure
S17). Strong connectivity was observed across all riparian
zones in MeHg concentrations (i.e., between pore waters,
sediments, macrophyte) (Figure S18), and all reflect trends in
net MeHg accumulation in the riparian zone along our study
transect. While the contribution of MeHg from surface waters
and associated macrophyte to pore water MeHg cannot be
discounted, the sediment MeHg concentrations are most
reflective of new MeHg production based on the high
concentrations observed in the first 2 cm of the sediments
(Figure S19) which maintained a high degree of connectivity
to the pore waters. MeHg formation is likely facilitated by
diverse microorganisms, as supported by the geochemical
measurements of riparian pore waters (Figures S15 and S16)
and environmental studies on the bacteria and archaea that
possess the prerequisite hgcAB genes.7−9 In summary, riparian
pore waters and sediments in Section 2 exhibited elevated
MeHg concentration (and % MeHg) that coincide with
increases in surface water MeHg concentrations (Figure 3B)
and the region of the river of increasing loads of MeHg not
accounted for by tributary or agricultural drain inputs (Figure
4B).

The unaccounted load of MeHg at each of the 16 sites
(Figure 4) correlated positively with the concentration of
MeHg in the riparian pore waters (p-value = 0.0012; Figure
5A). In Section 1 of our synoptic stretch, concentrations and

loads of MeHg declined in surface waters attributed to sink
processes (e.g., water withdrawals, particle settling), there was
no unaccounted MeHg load, and riparian pore water were low
in MeHg (black-filled symbols in Figure 5A). In Section 2, a
strong positive correlation is observed between pore water
f.MeHg concentration and the unaccounted surface water
MeHg load (gray-filled symbols in Figure 5A). In Section 3,
where pore water f.MeHg concentrations were relatively
uniform, the data points closely reflected the overall regression
trend (white-filled symbols in Figure 5A). Riparian sediment
and macrophyte MeHg concentrations also correlated
positively (p-value ≤ 0.038) with the unaccounted MeHg
load in the main stem surface waters (Figure S20), although
the coefficients of determination (R2 values) were lower.
Therefore, we attributed the missing cumulative 1.65 g MeHg/
day in the Snake River to internal production within the
riverine riparian zone (Figures 4 and 5A), which is a
conservative estimate given that biotic and abiotic MeHg
loss terms (e.g., photodemethylation) could not be accounted
for and offset internal production. We cannot discount the
possibility that the increase in MeHg load was influenced by
MeHg formation in the hyporheic zone,11−13 but this study did
not measure hyporheic pore water. The findings reinforce the
significance of riparian areas in MeHg production and
transport.75 We assert that MeHg formed in riparian pore
waters is exchanged with surface waters through hydrologic
forcing and molecular diffusion, which occurs at a slower rate
than advective flow. This formation and exchange of MeHg is
likely facilitated by Hg speciation, microbial activity, sediment
composition, and partitioning behaviors of THg and MeHg

Figure 5. Linear correlations between MeHg sources in the study
reach. Correlations between the (A) unaccounted load of MeHg in
the main stem Snake River surface waters and the concentrations of
MeHg in the riparian pore waters (p-value = 0.001), and the
concentration of MeHg in the main stem surface waters to benthic
(B) clams (p-value = 0.0003) and (C) snails (p-value = 0.002). The
data point colors correspond to the sections of the Snake River in
Figures 1−4: Section 1, Section 2, and Section 3. The blue line is the
linear fit to observed data and shaded blue area correspond to the
95% confidence intervals of the fit.
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influenced by pore water DOC and S(-II).66 The conclusions
drawn here identify riparian zone production as the missing
sources of MeHg identified in a previous investigation of the
same section of the Snake River.48

It is unclear why MeHg concentrations in riparian pore
waters and sediments exhibited clear zonation interpreted to
reflect low (Section 1) and high Hg(II) methylation (Section
2) (Figure 3), as the riparian redox state, concentrations of
terminal electron acceptors (NO3

− and SO4
2−), and by-

products of heterotrophic microbial activity (f.Fe, f.Mn) were
not drastically different in pore waters across the three sections
of the river (Figures S3D,S15A and S16). Higher concen-
trations of f.Hg(II) in surface and pore waters in Section 2−3
(Figure S11B,C), driven by progressive increases in DOC
concentration and DOM SUVA254 (Figure 2C,D), may in part
contribute to greater MeHg formation along this section of
river. Further, the low MeHg levels in Section 1 may be
explained by elevated S(-II) concentrations (Figure S15B),
which could have been sufficiently high to inhibit Hg(II)
methylation by promoting the formation of crystalline
nanocolloidal β-HgS47,76 of lower potential for methylation.45

Although geochemical modeling was not performed here, the
S(-II) and DOC concentrations of pore waters are within the
range of conditions for which nanocolloidal β-HgS formation
has been documented by X-ray absorption spectroscopy.47,76 It
is also possible that the microbial potential for methylation
(i.e., hgcAB gene expression) was lower in Section 1 than
Section 2, as has been shown to influence MeHg production in
some natural and engineered wetlands.41,77 Lastly, differences
in hydrologic gradients (e.g., gaining vs losing reaches of the
river) can be spatially variable depending on topography,
connections to both local and regional groundwater systems,
and proximity to locations of agricultural water withdrawal and
application, all of which can impact the transport of Hg and
MeHg into and out of the system.

3.4. MeHg Uptake in the Aquatic Food Web.
Concentrations of MeHg in filter-feeding and grazing benthic
invertebrates (clams and snails, respectively) collected within
riparian areas along the synoptic reach of the Snake River were
significantly correlated (p-value < 0.05) to cocollected surface
water MeHg concentrations (Figure 5B,C). The spatial trends
in these biota thus followed similar trends as MeHg in surface
water, riparian pore water, and sediment (Figures 3 and S21),
with decreasing MeHg concentrations along Section 1 (clams:
Figure S21A; snails: Figure S21B), increasing concentrations in
Section 2, and a decline in Section 3. Bivalves are known to
respond rather quickly to changes in MeHg availability78,79 and
assimilate aqueous MeHg as opposed to legacy sediment
MeHg.80 These correlations provide strong support of the
assimilation of riparian-produced MeHg into Snake River
aquatic food webs. Notably, correlations in both clams and
snails support the incorporation of riparian derived MeHg into
both particulate-based and periphyton-based portions of the
food web, which together underpin most production in riverine
systems, highlighting the importance of riparian MeHg
production to subsequent exposure in higher trophic levels
such as subsistence and recreationally harvested fish.18

4. IMPLICATIONS FOR RIVERINE SYSTEMS
This study presents a comprehensive assessment of the
hydrologic and biogeochemical processes governing MeHg
sources within a dynamic riverine system and identifies internal
production of MeHg in riparian zones as a significant source of

MeHg (34.2%) to the Snake River (Figure 4). Significant
correlations were observed between the missing load and the
concentrations of f.MeHg in the riparian pore waters (Figure
5A), and between concentrations of surface water MeHg and
benthic organism MeHg (Figure 5B,C), confirming riparian
zones are an important location for MeHg production and
contributing source of MeHg to both the surface waters and
local aquatic food webs. Inputs of POC, NO3

− and SO4
2−

support highly reduced conditions in riparian areas along the
Snake River and subsequent redox transformations and DOC
production create methylation hotspots within the riparian
zones, leading to enhanced production of MeHg that is
exchanged with neighboring surface waters. Riparian zone
production of MeHg contributed a minimum of 1.65 g MeHg/
day to surface waters of the Snake River in summer, baseflow
conditions, which equates to approximately 38% of the mean
daily load of MeHg entering the downstream Brownlee
Reservoir of the Hells Canyon Complex (∼4.4 g/day),49,53,81

Over the section of the Snake River with the greatest increase
in MeHg load (Section 2), we estimate that 0.010 g MeHg·
km−1·day−1 of MeHg was produced under the observed flow
conditions. The hydrologic inputs of inflowing surface waters
(main stem surface waters and tributaries), and, to a lesser
extent, irrigation drains to the Snake River were also
contributing sources to MeHg loads (57.9 and 7.9%
respectively). Irrigation drains were important sources of
nutrients, DOC, and Hg(II) that could further promote
microbial methylation within the anaerobic riparian zones of
the river. The riparian production of MeHg can be an
important source to riverine systems and may be a critical
consideration in the development of management and
mitigation efforts, such as nutrient reductions to limit the
onset of anoxia or watershed stewardship programs, aimed at
reducing MeHg in aquatic food webs, especially in regions with
intensive agricultural activities influencing riparian zones.
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