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ABSTRACT: Water column hypoxia is a key process influencing
methylmercury (MeHg) production and availability in waterbodies
worldwide. During seasonal destratification, large, short-lived pulses of
aqueous MeHg may be released into the subsequently mixed water
column, but little is known about the fate of these pulses, particularly
whether there are concomitant increases in MeHg uptake into aquatic
food webs. We examined the magnitude and timing of MeHg uptake
across several trophic guilds relative to the reservoir stratification
status using biweekly mercury data from water, zooplankton, and fish
(Bluegill, Lepomis macrochirus and Smallmouth Bass, Micropterus
dolomieu). Zooplankton MeHg concentrations increased by up to
250% during destratification, concurrent with increases in aqueous
MeHg concentrations. Zooplankton and filter-passing MeHg concen-
trations were positively correlated when the reservoir was mixed (R2 = 0.95) and destratifying (R2 = 0.57) but not while the reservoir
was stratified (R2 = 0.21). Mercury concentrations in adult bluegill and juveniles of both fish species increased 20−70% following
destratification, with responses lagging 4−8 weeks behind those in water and zooplankton MeHg. Mercury concentrations in
piscivorous adult bass varied little over the course of the study. Our findings demonstrate the responsiveness of reservoir food webs
to pulses in MeHg availability, suggesting that these pulses could play an important role in biotic MeHg exposure within and
downstream of reservoirs.
KEYWORDS: bioaccumulation, bluegill, hypoxia, plankton, Snake River, smallmouth bass

1. INTRODUCTION
Freshwater ecosystems play an important role in the cycling of
environmental contaminants, particularly toxic methylmercury
(MeHg), which is produced in aquatic environments under
specific biogeochemical conditions.1,2 However, these ecosys-
tems are also among the most sensitive to exploitation and
environmental change, responding to shifts in climate,
hydrology, habitat, land use, and chemical inputs, among
many other factors.3,4 Often, these seemingly disparate
influences on aquatic habitats have unforeseen consequences
for other ecosystem properties, complicating identification of
the drivers and processes modulating ecosystem responses or
anticipation of their ultimate effects. Climate change, in
particular, has resulted in a wide array of cascading effects on
aquatic ecosystems,5,6 among which is a global increase in the
occurrence and magnitude of low dissolved oxygen (DO)
conditions,7−11 which in-turn has important implications for a
variety of biogeochemical processes,12 including the produc-
tion and fate of MeHg.13−15

DO plays a critical role in regulating key biological,
chemical, and ecological processes in aquatic ecosystems.16

Hypoxic water conditions, when DO concentrations are less

than 2 mg/L, typically result from organic matter accumulation
and subsequent decomposition, during which microbial
metabolism consumes oxygen.17 Warmer surface water
temperatures,18 eutrophication,19 and shifts in algal community
composition20 have increased aquatic primary productivity as
well as the occurrence of episodic blooms that generate large
quantities of organic matter over very short time periods.21

Decomposition of the resulting organic matter is a key process
driving increased hypoxic conditions in aquatic ecosystems
ranging from small inland lakes and rivers to the world’s
oceans.7,8 Thus, far, research examining the consequences of
more frequent and severe hypoxia in aquatic habitats has
largely focused on changes in greenhouse gas emissions,22

nutrient cycling,23 or lethal effects on aquatic biota,24 while
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effects on contaminants such as MeHg have received relatively
little attention.

Exposure to MeHg results in substantial impairment to
human and wildlife health globally and is the leading cause of
fish consumption advisories in the Unites States.25,26 While
direct anthropogenic releases of MeHg to the environment are
limited, MeHg concentrations in aquatic biota often exceed
benchmarks associated with developmental or reproductive
effects.27 This seeming paradox is because inorganic mercury
(IHg) species, which are less toxic but widely emitted to the
atmosphere and surface waters,25,28 can be readily converted to
MeHg by anaerobic microbes in locations with favorable
biogeochemical conditions, foremost among which is reduced
DO concentrations.1,2 Hypoxic and anoxic (i.e., DO = 0 mg/
L) conditions in aquatic sediments or water columns provide
favorable redox conditions for MeHg production,29,30 while
associated organic matter transports IHg15 and provides a key
natural substrate for diverse microbial organisms capable of
methylating IHg.30 When hypoxia is associated with thermal
stratification, as is often the case,9,10 MeHg can build-up in the
metalimnion and hypolimnion and be subsequently redis-
tributed through the water column during destratifica-
tion.14,31,32 The incorporation of this MeHg pulse into food
webs has been documented;31−34 however, the rate of MeHg
uptake from these pulses and subsequent redistribution
through food webs is not well understood. This represents a
significant knowledge gap since this information is important
for predicting and interpreting the response of biotic MeHg
concentrations to both local (e.g., nutrient reductions) and
global (e.g., Minamata Convention on Mercury) management
actions.27,35,36

Riverine impoundments (i.e., reservoirs) are particularly
vulnerable to both climate driven hypoxia and MeHg
impairment.7,37,38 Decomposition of terrestrial vegetation
following initial impoundment or contemporary water level
fluctuations is widely associated with increased biotic MeHg
concentrations in reservoirs.38−40 Many impoundments are
also predisposed to hypoxia as a result of settling watershed
derived and in situ organic matter.41,42 As a result, water
column MeHg production also contributes to, and in some
cases may be the dominate cause of, elevated MeHg risk in
many reservoirs.43 Furthermore, impounded habitats are also
particularly important sources of human MeHg exposure due
to their predominance across the landscape,44−46 highly
productive fisheries,47 and frequent utilization by recreational
and subsistence anglers.48,49 The management and remediation
of reservoirs may benefit from an improved understanding of
the linkages between reservoir hypoxia, MeHg formation, and
MeHg uptake in the aquatic food web. Here, we report on the
magnitude and timing of water column produced MeHg
incorporation into a reservoir food web, a necessary first step
for guiding MeHg remediation efforts in stratified reservoirs.

In this study, we quantify changes in aqueous MeHg during
seasonal stratification and destratification of a reservoir and
quantify the timeframes over which this MeHg is incorporated
into specific components of the reservoir food web. Over a
two-year period, water, zooplankton, three planktivorous fish
groups, and a piscivorous fish were sampled at approximately
two-week intervals to examine whether (1) the pulsed release
of aqueous MeHg from the meta- and hypolimnion during
destratification15,50 corresponded with increases in biotic
MeHg concentrations, and (2) the rate at which pulsed

MeHg is incorporated among various compartments of the
aquatic food web.

2. METHODS
2.1. Study Area. Brownlee Reservoir (Figure S1) is one of

three impoundments on the Snake River along the Idaho-
Oregon border (USA) comprising the Hells Canyon Complex.
Although naturally semiarid, the watershed upstream of the
complex has largely been converted to agriculture near the
Snake River, which contributes nutrients and labile organic
matter (e.g., allochthonous algae) to Brownlee Reservoir.15,51

The structure, watersheds, nutrient inputs, and biogeochemical
processes in the Hells Canyon Complex, and Brownlee
Reservoir in particular, have been characterized in detail
elsewhere.15,30,51−53 Of particular relevance to the present
study, settling and decomposition of watershed and reservoir-
derived algal matter, coupled with Brownlee Reservoir’s depth
(mean = 40 m, maximum = 91 m at full pool) and strong
seasonal thermal stratification, result in large portions of the
water column becoming hypoxic during the summer months.51

This stratification gradually erodes as the temperature of
inflowing water cools, generally beginning in August, with the
water column becoming completely mixed in December or
January (Figure S2).14,51,53 Prior works have demonstrated the
overwhelming importance of this seasonal hypoxia in
determining MeHg production and aqueous MeHg concen-
trations in Brownlee Reservoir.14,15,30,50 These works examined
a broad array of physical, chemical, and microbial data to assess
the mechanisms underlying MeHg production in the reservoir
and concluded that water column MeHg production is driven
by obligate anerobic microbes30 and that the biogeochemical
conditions that facilitate this phenomenon are dependent on
the presence of hypoxic conditions.15 Large MeHg pools build
up in the metalimnion and hypolimnion during stratification
and are subsequently redistributed through the water column
and then exported to the downstream reservoirs and Snake
River during destratification.14,15,30,50 For the current study, we
sampled the furthest downstream 6 km of Brownlee Reservoir
(Figure S1), which encompasses the deepest and strongest
stratifying portion of the reservoir.

2.2. Sample Collection, Processing, and Chemical
Analyses. We collected water, zooplankton, and two species
of fishes from Brownlee Reservoir approximately biweekly
between June 2018 and March 2020. Detailed water collection
methods are provided elsewhere,14 but consisted of depth-
integrated samples collected at the thalweg of Brownlee
Reservoir’s outflow from a bridge using a DH-95 sampler and
Teflon bottle and nozzle. This location was selected because
the outflow of Brownlee Reservoir represents a well-mixed
sample of Brownlee Reservoir water drawn from the upper
25−40 m (depending on water elevation and flow conditions)
of the water column51,53 and water could be collected
throughout the year, even when depth-integrated water
sampling of the reservoir water column was impractical or
impossible. Within 24 h of collection, water samples were
filtered through 0.7 μm pore size quartz fiber filters (QFF;
precombusted to 550 °C) into precleaned Teflon bottles and
then acidified to 1% volume-to-volume with ultraclean
hydrochloric acid. We only present results from filtered
water because prior work in this system has shown that
aqueous filter-passing MeHg concentrations are most directly
linked to in situ MeHg production and uptake into the
reservoir food web.14,15,30,50
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We collected bulk plankton from the upper 10 m of the
water column using a 1 m diameter conical plankton net with a
153 μm mesh collection cup. Plankton were placed in PETG
sample jars and kept on ice while in the field (≤10 h).
Immediately following collection events, we rinsed samples
through a 500 μm stainless steel mesh sieve to separate large-
bodied zooplankton ≥500 μm, the size primarily targeted by
most fishes, from bulk plankton. Microscopy indicated these
samples were dominated by large Cladocera (50−99%, median
= 84%), particularly Daphnia galeata mendotae. Zooplankton
samples were frozen at −20 °C until processing for Hg
analysis. During some sampling events (n = 26) we were not
able to collect zooplankton directly from the reservoir. For
these events we used the regression between MeHg
concentrations in zooplankton samples concurrently collected
from the reservoir and the outflow of Brownlee Reservoir (n =
14, R2 = 0.96, p < 0.001) during other events to estimate
reservoir zooplankton concentrations.14 In the laboratory, we
lyophilized frozen zooplankton samples at −40 °C, ground the
dried samples to a fine powder using a ceramic mortar and
pestle, and then stored the tissue in airtight scintillation vials
until analysis.

Fishes (Bluegill, Lepomis macrochirus; and Smallmouth Bass,
Micropterus dolomieu) were collected from Brownlee Reservoir
via boat-based electrofishing. These species were selected
because they are abundant, frequently targeted by anglers, and
represent distinct trophic ecologies.54 At each sampling event,
we targeted 10 individuals of each species with two size-classes
per species: Bluegill ≤100 mm and bass ≤150 mm were
collected to represent juveniles of each species, whereas fish
≥125 mm and ≥250 mm were targeted to represent adult
Bluegill and bass, respectively.54 All fish were euthanized with
buffered MS-222, placed in polyethylene bags, stored on ice
while in the field (≤6 h), and then frozen at −20 °C until
processing for Hg analysis. All fish collections were in
accordance with Idaho Department of Fish and Game and
Oregon Department of Fish and Wildlife permits, and animal
care approvals issued to Idaho Power Company. In the
laboratory, we measured the total length of each thawed fish to
the nearest mm before removing an aliquot (ca. 5 g) of skinless
axial muscle. Muscle samples were weighed to the nearest
0.0001 g, oven-dried at 50 °C (ca. 48 h), reweighed to
determine percent moisture, and then homogenized to a fine
powder using a ceramic mortar and pestle. Prior to analysis we
stored dried-ground muscle samples in airtight scintillation
vials.

Filtered water samples were analyzed for MeHg at the U.S.
Geological Survey (USGS) Mercury Research Laboratory
(MRL; Madison, WI) following USEPA Method 1630,55 with
modifications by the MRL.56 The average daily detection limit
for filter-passing aqueous MeHg was 0.013 ± 0.0012 ng/L, and
we used the raw, uncensored data for any samples with
concentrations less than the associated detection limit (n =
6).57,58 Quality assurance for aqueous MeHg (mean ±
standard error) included analysis of field blanks (0.005 ±
0.0126 ng/L; n = 40) and sample replicates (n = 39; mean
relative percent difference [RPD] = 24.4%). Quality assurance
results are summarized in Table S1.

Zooplankton samples were analyzed for MeHg at the USGS
Contaminant Ecology Research Laboratory (CERL; Corvallis,
OR) using a MERX-M (Brooks Rand Instruments, Seattle,
Washington) automated MeHg analyzer and following EPA
method 1630.55 The average detection limit for tissue MeHg

was 2.8 ± 0.01 ng/g dw. Quality assurance for tissue MeHg
included analysis of calibration standards, certified reference
materials (CRM; IAEA-452, IAEA-407), method blanks, and
sample duplicates. Quality assurance results are summarized in
Table S1.

We analyzed THg in fish muscle at CERL using a Nippon
MA-3000 (Nippon Instrument Corporation, Osaka, Japan) Hg
analyzer and following EPA method 7473 (U.S. Environmental
Protection Agency, 2000). The average detection limit for
THg was 0.002 ± 0.0001 mg/kg dw. Quality assurance for
tissue THg included analysis of calibration standards, CRMs
(DORM-4, TORT-3), method blanks, and sample duplicates.
Quality assurance results are summarized in Table S1. We also
analyzed a subset of fish samples spanning species, size-classes,
sampling dates and THg concentrations for MeHg at CERL
using the methods outlined above and calculated the
percentage of THg represented by MeHg for this subset of
fish (Bluegill: 96.8 ± 1.8%, n = 43; Smallmouth Bass: 88.5 ±
1.1%, n = 45) to confirm THg concentrations were an effective
proxy for MeHg concentrations in these species.

2.3. Statistical Analyses. We analyzed all tissues dry and
present concentrations on a dry-weight basis. All Hg data were
natural-log transformed to meet the assumptions of normality
and homogeneity of variance. We performed statistical analyses
in JMP59 and unless otherwise noted, Hg data are presented as
least-squares or geometric means with standard errors
estimated using the delta method.60

We calculated size standardized THg concentrations for fish
because raw THg concentrations were correlated with total
length (Figure S3). Specifically, for each species and size-class,
we standardized THg concentrations to the median length
(juvenile Bluegill = 72 mm, adult Bluegill = 131 mm; juvenile
bass = 89 mm, adult bass = 290 mm) using species-specific
THg-length regressions (incorporating the entire sampled size
range of each species) and the individual-specific residuals.61

We size standardized juveniles and adults of each species
separately because MeHg bioaccumulation is often influenced
by biological, ecological, and habitat differences among age-
classes.34 Size standardized THg concentrations were used in
all subsequent analyses.

We used regression with Pearson’s correlation coefficients to
assess the relationships between paired fish, plankton, and
water Hg concentrations. We also evaluated whether there
were temporal lags in the relationships between filter-passing
aqueous MeHg and zooplankton MeHg and between
zooplankton MeHg and fish THg, using cross-correlation
analysis.62 To examine the role of stratification status on Hg
bioaccumulation, we classified the stratification status during
each sampling event as stratified/stratifying, destratifying, or
mixed determined by Baldwin et al.14 during the period of
sampling for the current study. Differences in lag-adjusted Hg
concentrations among stratification categories were tested
using matrix-specific analysis of variance (ANOVA) with
Tukey Honestly Significant Difference (HSD) post hoc
multiple comparisons. Differences in aqueous MeHg−
zooplankton MeHg and zooplankton MeHg−fish THg
relationships among stratification statuses was tested using
general linear models with stratification status as a fixed effect,
either aqueous MeHg (for plankton model) or zooplankton
MeHg (for fish models) as a covariate, and the interaction
between stratification status and the covariate.
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3. RESULTS AND DISCUSSION
3.1. Seasonal Variation in Hg Concentrations. Between

June 2018 and March 2020, filter-passing MeHg varied by 11-
fold, with the largest fluctuations associated with destratifica-
tion, when MeHg accumulated in meta- and hypolimnions
during summer stratification is mobilized throughout the water
column (Figure 1A).31,32,50 In 2018, destratification coincided
with a 6.6-fold increase in aqueous MeHg concentrations,
whereas in 2019 concentrations were similarly variable before
and after destratification (Figure 1A). Across both years, filter-
passing MeHg concentrations differed among stratification
classifications of Brownlee Reservoir (F2,12.0 = 25.2, p < 0.001;
Table 1), with the highest concentrations observed during
periods when the reservoir was destratifying (0.039 ± 0.002
ng/L; n = 21), intermediate concentrations during stratifica-
tion (0.030 ± 0.002 ng/L; n = 12), and the lowest

concentrations when the reservoir water column was mixed
(0.019 ± 0.002 ng/L; n = 9; Tukey HSD p < 0.05).

Zooplankton MeHg concentrations varied by over 53-fold
over the course of sampling (Figure 1B). As with aqueous
MeHg, zooplankton MeHg concentrations varied seasonally,
with the highest concentrations coinciding with destratification
(Figure 1B). During the initial erosion of the metalimnion in
late August through September, zooplankton MeHg concen-
trations increased by 24-fold in 2018 and 13-fold in 2019.
Overall, mean MeHg concentrations in zooplankton were
higher during destratification (123.3 ± 11.7 ng/g dw) than
during mixed or stratified periods (67.7 ± 10.0 and 55.3 ± 7.1
ng/g dw, respectively; F2,167 = 13.7, p < 0.001; Table 1);
however, like aqueous MeHg, the magnitude of this increase
differed between years (F2,167 = 7.9, p < 0.001). During the
2018 sampling year (June 2018 − March 2019), the mean
MeHg concentration during destratification (220.1 ± 25.3 ng/

Figure 1. Methylmercury (MeHg) or total mercury (THg) concentrations (±standard error) in (A) filter-passing water; (B) zooplankton; (C) two
sizes (72 mm and 131 mm) of Bluegill; and (D) two sizes (89 mm and 290 mm) of Smallmouth Bass from Brownlee Reservoir between June 2018
and March 2020. Yellow shading indicates the approximate destratification period for Brownlee Reservoir in each year. Blue shading indicates
typical spawning period for Bluegill and Smallmouth Bass in Brownlee Reservoir.
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g dw) was 3.5-fold higher than the mean MeHg concentration
when stratified (62.8 ± 11.4 ng/g dw), and 1.8-fold higher
than the mixed period mean MeHg concentration (123.2 ±
20.0 ng/g dw). In 2019, the highest mean MeHg concentration
was also observed during destratification (70.6 ng/g dw),
although this mean was not statistically different than the mean
concentration during the stratified period (51.9 ± 6.7 ng/g dw;
Tukey HSD p > 0.05). The mixed period in 2019 had the
lowest mean MeHg concentration (32.0 ± 5.8 ng/g dw);
approximately half the concentration observed during
destratification.

We examined seasonal patterns in the THg concentrations
of juvenile and adult Bluegill and Smallmouth Bass from
Brownlee Reservoir. As with water and zooplankton, there was
substantial variation in fish THg concentrations over the
sampling period (2- to 13-fold depending on species and size-
class; Figure 1C,D). Specifically, across the nearly two years of
biweekly sampling, THg concentrations in adult bass varied
relatively little (<2-fold) and did not differ with reservoir
stratification status (Figure 1D; Table 1). In contrast, THg
concentrations in adult Bluegill, juvenile Bluegill, and juvenile
bass varied by 5-fold, 3-fold, and 13-fold, respectively, over the
sampling period. Although seasonal patterns differed among
species and size-classes (Table 1), much of the variation
observed was associated with destratification, during which
mean THg concentrations increased between 3-fold in Bluegill
and 11-fold in juvenile bass during destratification (Figure
1C,D). Concentrations of THg in Bluegill and juvenile bass did
not immediately decline following destratification, instead
remaining elevated through the winter and early spring, until
early summer when concentrations gradually (Bluegill) or
abruptly (juvenile bass) declined (Figure 1C,D).

Our results across multiple matrices implicate the buildup of
aqueous MeHg produced in the meta- and hypolimnion−and
subsequent mixing through the water column during
destratification−as a key process influencing seasonal patterns
of MeHg within Brownlee Reservoir15,50 and MeHg exposure
to the reservoir’s food web.31,32,34 The seasonal increase in
zooplankton MeHg concentrations that coincided with
destratification may be of particular influence because the
initial incorporation of MeHg at the base of food webs often
represents the largest increase in concentrations between
trophic steps63 and can determine MeHg exposure to higher
trophic positions.64,65 Two prior studies have reported a
similar range of increases in zooplankton and planktivorous
fish MeHg during destratification, with 1.3 to 4.0 times higher
concentrations than during stratified or mixed sampling
periods.31,32 Further, the accumulation of MeHg in lower
trophic position biota also affects the export of MeHg through
the dam to downstream habitats, particularly via plankton,
which represent the largest biotic pool of exported MeHg,14,66

and likely contribute disproportionally to elevated MeHg
concentrations in downstream fisheries.33,34,66

Across matrices, the 2019 change in MeHg concentrations
associated with destratification was muted compared to the
change in 2018. This observation coincides with approximately
25% lower peak volume of hypoxic water in 2019 compared
with in 2018 (Figure S2),14 and 2019 having among the lowest
volume of hypoxic water recorded since 1998.51 The extent of
hypoxia is known to influence the production and accumu-
lation of aqueous MeHg within the water column,15,30 with
implications for MeHg bioaccumulation. For example, Herrin
et al.31 found that the increase in biotic MeHg concentrations
associated with destratification was negatively correlated with
hypolimnetic DO concentrations and positively correlated with
the mass of MeHg accumulated in the hypolimnion prior to
turnover. Similarly, the annual volume of hypoxic water in
Brownlee Reservoir is positively correlated with maximum
aqueous MeHg concentrations during destratification and the
export of MeHg from the reservoir.14 This interannual
variation in the severity of hypoxia is the cumulative effect of
differences in incoming flows, water temperatures, nutrient
concentrations, and organic matter delivery among years.51

Specifically, lower flows, higher inflowing water temperatures,
and higher nutrient concentrations or allochthonous organic
matter result in larger meta- and hypolimnions, facilitating
water column MeHg production.15,30,50,51,53 Interestingly,
reservoirs that develop sulfidic conditions in hypoxic portions
of the water column and in which MeHg production occurs
predominately in sediments, may respond differently to similar
hydrologic controls. Under those conditions, rapid develop-
ment of hypoxia in low water years may limit MeHg
production in the water column.43,67 Together, these data
provide further compelling evidence of the complex linkages
between physical and biogeochemical water column con-
ditions, MeHg production, and MeHg bioaccumulation in
reservoir food webs.15,31,32

3.2. Temporal Integration across Matrices. To better
understand the rate at which MeHg mobilized from the
hypoxic portion of the water column was incorporated into
reservoir food webs, we tested for temporal lags between water
MeHg and zooplankton MeHg, and between zooplankton
MeHg and THg in each fish species and size class.
Zooplankton MeHg corresponded best with water concen-
trations at the time of sampling, indicating that zooplankton

Table 1. Statistical Results of Models Testing the Effect of
Stratification Status on Aqueous and Biological
Methylmercury (MeHg) and Total Mercury (THg) in
Brownlee Reservoir, USA

model term DF F ratio p-value

Aqueous MeHg
stratification status 2, 10.9 33.34 <0.001
year 1, 3.2 19.45 <0.001
year X stratification status 2, 5.8 17.72 <0.001

Zooplankton MeHg
stratification status 2, 22.2 21.09 <0.001
year 1, 28.2 53.57 <0.001
year X stratification status 2, 8.3 7.86 <0.001

Bluegill THg − juveniles
stratification status 2, 0.9 2.98 0.064
year 1, 1.1 7.24 0.011
year X stratification status 2, 2 6.45 0.004

Bluegill THg − adults
stratification status 2, 1.3 5.57 0.008
year 1, 1 8.58 0.006
year X stratification status 2, 1.8 7.94 0.001

Smallmouth Bass THg − juveniles
stratification status 2, 1.4 1.89 0.166
year 1, 1.7 4.81 0.035
year X stratification status 2, 4.5 6.23 0.005

Smallmouth Bass THg − adults
stratification status 2, 0.2 2.98 0.072
year 1, 0 0.00 0.949
year X stratification status 2, 0.1 1.28 0.299

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

https://doi.org/10.1021/acs.est.4c10719
Environ. Sci. Technol. 2025, 59, 3884−3894

3888

https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c10719/suppl_file/es4c10719_si_001.pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c10719?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


incorporated aqueous MeHg in less than the two-week interval
between sampling events (Figure 2A). Consequentially, across
all sampling dates, zooplankton MeHg concentrations were
positively correlated with filter-passing MeHg concentrations
(R2 = 0.51, F1,40 = 40.8, p < 0.001; Figure S4). However, the
relationship between aqueous and zooplankton MeHg
concentrations varied with the stratification status of the
reservoir (F1,2 = 3.6, p = 0.028; Figure 3). Water and
zooplankton MeHg concentrations were most strongly
correlated when the reservoir was fully mixed (R2 = 0.95,
F1,7 = 130.0, p < 0.001) or destratifying (R2 = 0.57, F1,19 = 24.8,
p < 0.001), but not when the reservoir was stratified (R2 =
0.20, F1,10 = 2.5, p = 0.145). The apparent decoupling between
aqueous and zooplankton MeHg concentrations during
stratified periods could result from our pairing epilimnetic
(<10 m) zooplankton concentrations with concentrations in
water flowing through the dam, which is drawn from a portion
of the water column spanning approximately 25−40 m below
the surface (at full pool).53 When the reservoir is fully
stratified, there may be sufficient isolation between these strata
to weaken the relationship between the two matrices.
However, several additional processes could also contribute
to these findings. Increased primary productivity and differ-

ences in plankton communities during the summer growing
season may obscure relationships with aqueous MeHg
availability and alter MeHg bioaccumulation.65,68 In particular,
localized, episodic cyanobacteria blooms in the reservoir or
upstream Snake River during the summer could moderate the
net accumulation of aqueous MeHg into zooplankton since the
cyanobacteria readily accumulate MeHg63 but are rarely
consumed by most zooplankton,69 thus effectively sequestering
the accumulated MeHg from the larger reservoir food web
until the MeHg is released during decomposition.

Fish THg concentrations exhibited a temporal lag in
response to seasonal fluctuations in aqueous and zooplankton
MeHg concentrations. In planktivorous fishes (Bluegill and
juvenile bass), THg concentrations lagged water and
zooplankton concentrations by between four (in juvenile
bass) and eight weeks (in juvenile Bluegill; Figure 2B,C). This
rapid uptake of MeHg by planktivorous fish provides further
support that the pulse of MeHg associated with destratification
is readily bioavailable and a potentially important source of
MeHg to reservoir food webs.31,32 After accounting for this
temporal lag, THg concentrations in Bluegill (R2 = 0.50, p <
0.001 for both size-classes) and juvenile bass (R2 = 0.29, p <
0.001) were correlated with zooplankton concentrations
(Figure 4A−C). It is likely that the lower coefficient of
determination between zooplankton and juvenile bass reflects
ontogenetic shifts toward alternative prey (e.g., benthos or
small fishes) in larger individuals.70 In comparison to the
planktivorous fishes, piscivorous adult bass were not correlated
with zooplankton concentrations (R2 < 0.01, p = 0.926; Figure
4D), although there was some evidence that adult bass
concentrations were influenced by zooplankton concentrations
over longer time frames (i.e., 20 or more weeks; Figure 2C).
The lack of an immediate response in adult bass is consistent
with their large body size integrating trends in MeHg
availability that span the seasonal pulses associated with
reservoir destratification.71,72 For example, populations of
large-bodied fishes exposed to isotopically enriched Hg in a

Figure 2. Cross-correlation functions assessing temporal lags between
(A) filter-passing water methylmercury (MeHg) and zooplankton
MeHg; (B) zooplankton MeHg and putative juvenile (72 mm; red
line) or adult (131 mm; black line) Bluegill total mercury (THg); and
(C) zooplankton MeHg and putative juvenile (89 mm; red line) or
adult (290 mm; black line) Smallmouth Bass THg. Solid lines indicate
statistically significant (p ≤ 0.05) temporal lags, dashed lines indicate
nonsignificant lags. For each function, the lag with the highest
correlation coefficient is indicated by the dotted lines.

Figure 3. Relationships between methylmercury (MeHg) concen-
trations in filter-passing water and zooplankton from Brownlee
Reservoir during destratifying, mixed, and stratified periods.
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whole-ecosystem (e.g., a lake and surrounding watershed)
experiment required more than three years to reach steady
state with the addition, and eight years to fully depurate the
enriched Hg following the cessation of Hg additions.73,74 In
contrast, small, planktivorous fish fully reflected Hg from the
additions within two months and started to decline within a
year of additions stopping.73,74 However, this is not to suggest
adult bass are unaffected by seasonal destratification. Total Hg
concentrations in adult bass were higher in stratifying
reservoirs than reservoirs that do not stratify and the greatest
differences in concentrations observed in the largest size-class
of bass,34 suggesting the effects of seasonal exposure during
destratification accumulate over the lifespan of individuals. The
cumulative effects of multiple destratification events may also
contribute to higher THg concentrations in reservoirs with less
stable stratification.34,75 Lakes, reservoirs, and rivers display a
wide range of stratification regimes. Although some, like
Brownlee Reservoir, exhibit consistently strong seasonal
stratification, others have less consistent stratification patterns
and may experience multiple destratification events−and
associated MeHg pulses−within a year.8,76,77 Food webs
experiencing such conditions could be regularly exposed to
MeHg from these pulses, resulting in accumulation of higher
MeHg concentrations, as has been observed in biota from
reservoirs with inconsistent stratification regimes.34,75

Bluegill and juvenile bass THg concentrations remained
elevated through winter and the start of summer before
declining (Figure 1C,D). The causes of these declines were not
specifically evaluated in this study, although three mechanisms
are likely to have contributed: (1) consumption of lower Hg
prey,78 (2) somatic growth dilution,79 and (3) demographic
changes in the population sampled.80,81 The drop in Bluegill
and juvenile bass THg concentrations followed several months

of declining MeHg concentrations in zooplankton prey (Figure
1B), suggesting reduced dietary exposure, an important factor
influencing bioaccumulation.64 Further, the influence of lower
prey MeHg concentrations was likely compounded by
increased feeding and growth rates through the spring and
early summer,82,83 potentially exacerbating declines in fish
THg via somatic growth dilution.79 Together, these processes
likely account for the gradual declines observed in THg of both
Bluegill size classes. In contrast, the substantial drop observed
in THg concentrations of juvenile Smallmouth Bass appears to
reflect the recruitment of a new cohort into the population that
has not been exposed to a MeHg pulse yet, as the decline
occurred shortly after the typical bass spawning period in
Brownlee Reservoir (Figure 1D)54 and was accompanied by a
reduction in the average size of sampled bass from 100 to 50
mm, which correspond to age-1 and age-0 Smallmouth Bass,
respectively, in Brownlee Reservoir.54,83 Unlike Smallmouth
Bass, which have a short, synchronized spawning period and
distinct age cohorts, Bluegill spawn over a protracted period
and young-of-year display a continuum of size that often
overlap among age-classes,84,85 making it difficult to detect a
similar cohort effect in Bluegill. Further, Bluegill reach sexual
maturity at a younger age and wider range of sizes than
Smallmouth Bass,84,86 and it is likely that some of the
“juvenile” Bluegill sampled were mature individuals. This may
have also contributed to the lack of an obvious cohort effect in
Bluegill as well as the similarity in patterns for the two Bluegill
size-classes.

3.3. Implications. Through high-frequency, biweekly
sampling over nearly two years we demonstrate substantial
seasonal variability in Hg concentrations within the reservoir
that are consistent among matrices (water, zooplankton, fish).
Given the timing of changes in MeHg concentrations across
matrices, our findings suggest that destratification results in
pulses of bioavailable MeHg from hypoxic portions of the
water column that are readily incorporated into plankton and
planktivorous fishes. Understanding the magnitude and timing
of responses in biotic Hg concentrations to changes in MeHg
exposure is an important component of developing and
evaluating the effectiveness of management actions. The
protracted integration of MeHg into large, piscivorous fishes
complicates the assessment of trends and in many cases
precludes the attribution of changes to short-term, or one-time
management actions.35,36,74 In contrast, our findings indicate
that smaller, lower trophic level species (such as planktivorous
fishes) may be more effective indicators of discrete manage-
ment actions because they respond more rapidly to changes in
MeHg exposure and often reflect seasonal or interannual
variation in the conditions influencing Hg cycling.36,87

The processes examined in this study are dynamic and
sensitive to local, regional, and global changes in hydrologic
and climatic conditions. In fact, the occurrence and duration of
hypoxic conditions are increasing in lakes, reservoirs, and rivers
around the globe,7−11 with effects on a variety of
biogeochemical and ecological processes.12 The increasing
occurrence of short-term−lasting from days to months−
hypoxia in waterbodies that did not historically develop
hypoxia7,8 may be of particular note since the more frequent
breakdown in stratification could exacerbate MeHg accumu-
lation in biota.34,75 MeHg bioaccumulation could also be
facilitated by an increased duration or volume of hypoxia even
in those waterbodies that have traditionally experienced
hypoxic conditions. Understanding the changes in stratification

Figure 4. Relationships between zooplankton methylmercury
(MeHg) concentrations and total mercury (THg) concentrations in
(A) putative juvenile (72 mm) Bluegill; (B) adult (131 mm) Bluegill;
(C) putative juvenile (89 mm) Smallmouth Bass; and (D) adult (290
mm) Smallmouth Bass from Brownlee Reservoir between June 2018
and March 2020. Relationships account for the temporal lags
identified in cross-correlation analysis.
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regimes and associated impacts to MeHg production and
bioaccumulation are key components to predicting and
managing the broader impacts of global change on Hg
cycling.88

Our results highlight the how the well-established linkages
between nutrient and organic matter loading, physical water
column structure, and biogeochemical processes in the
formation of MeHg15,30 can dictate MeHg bioaccumulation
in some aquatic food webs. These findings suggest that
reducing MeHg concentrations in fish from these habitats may
require a more holistic approach that addresses the
associations among these processes and extends beyond an
individual waterbody. For example, from 1995 to 2021, efforts
to improve water quality in the Snake River decreased nutrient
and chlorophyll a concentrations flowing into Brownlee
Reservoir, leading to a 33% reduction in the volume of
hypoxic water in the reservoir.51 Given the demonstrated
importance of hypoxic conditions to water-column MeHg
production in Brownlee Reservoir,15,30 these changes have
implications for MeHg loads and transport through the Hells
Canyon Complex,14,50 as well as, influences on MeHg
concentrations in reservoir and downstream fishes.34 The
combined results of these and the current study, highlight the
value of an integrated, process-driven management strategy for
the mitigation of MeHg risk to ecosystem and human health.
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