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Executive Summary
Mercury (Hg) is a globally distributed pollutant that poses considerable risks to human
and wildlife health. Over the past 150 years since the advent of the industrial revolution,
approximately 80 percent of global emissions have come from anthropogenic sources, largely
fossil fuel combustion. As a result, atmospheric deposition of Hg has increased by up to 4-fold
above pre-industrial times. Because of their isolation, remote high-elevation lakes represent
unique environments for evaluating the bioaccumulation of atmospherically deposited Hg
through freshwater food webs, as well as for evaluating the relative importance of Hg loading
versus landscape influences on Hg bioaccumulation. The increase in Hg deposition to these
systems over the past century, coupled with their limited exposure to direct anthropogenic
disturbance make them useful indicators for estimating how changes in Hg emissions may
propagate to changes in Hg bioaccumulation and ecological risk. In this study, we evaluated Hg
concentrations in fishes of high-elevation, sub-alpine lakes in the Wallowa-Whitman National
Forest in northeastern Oregon and western Idaho. Our goals were to (1) assess the magnitude of
Hg contamination in small-catchment lakes to evaluate the risk of atmospheric Hg to human and
wildlife health, (2) quantify the spatial variability in fish Hg concentrations, and (3) determine
the ecological, limnological, and landscape factors that are best correlated with fish total mercury
(THg) concentrations in these systems. Across the 28 study lakes, mean THg concentrations of
resident salmonid fishes varied as much as 18-fold among lakes. Importantly, our top statistical
model explained 87 percent of the variability in fish THg concentrations among lakes with four
key landscape and limnological variables— catchment conifer density (basal area of conifers
within a lake’s catchment), lake surface area, aqueous dissolved sulfate, and dissolved organic
carbon. The basal area of conifers within a lake’s catchment was by far the most important
variable explaining fish THg concentrations, with an increase in THg concentrations of more
than 400 percent across the forest density spectrum. Across all study lakes, fish THg
concentrations ranged from 0.004 to 0.438 milligrams per kilogram wet weight (mg/kg ww).
Only a single individual fish sample exceeded the U.S. Environmental Protection Agency’s
(USEPA) human health tissue residue criteria of 0.3 mg/kg ww. However, 54 percent of fish
(N=177) exceeded the more stringent tissue residue criteria (0.04 mg/kg ww) adopted by the
Oregon Department of Environmental Quality to better protect subsistence fishers. Additionally,
2 and 10 percent of fish exceeded levels associated with reduced common loon reproduction and
behavior, respectively. Whereas 25 and 68 percent of fish sampled exceeded concentrations
deemed protective of mink and kingfisher, respectively. These results suggest that THg
1

concentrations may be present in these lakes at levels associated with ecological risk. It is
important to note however, that accurate inference on potential impairment cannot be made
within the context of this study design and further research is needed to better quantify these
risks.

Introduction and Objectives
Mercury (Hg) is a globally distributed pollutant that poses considerable risks to human
and wildlife health (Scheuhammer and others, 2007). Under appropriate biogeochemical
conditions in aquatic ecosystems, inorganic Hg is microbially converted to the highly toxic and
bioavailable organic form, methylmercury (MeHg), which biomagnifies through food webs
where it can reach toxicologically relevant concentrations in top predators. As a result, the
ecological risk of Hg is driven by a combination of both inorganic loading, as well as ecological
parameters that facilitate MeHg production and bioaccumulation. Inland lakes are particularly
vulnerable to Hg contamination because they are recipients of transported Hg, and their organic
rich, anoxic sediments can promote MeHg production.
Lakes receive Hg from various sources, including atmospheric deposition, watershed
runoff, and glacial meltwater (St. Louis and others, 1994; Rudd, 1995). Over the past 150–200
years since the advent of the industrial revolution, approximately 80 percent of global emissions
have come from anthropogenic sources, largely fossil fuel combustion (Mason and others, 1994),
but also gold mining, and manufacturing (Pirrone and others, 2010). Mercury also is re-emitted
to the atmosphere from forest fires and agricultural burning (Friedli and others, 2003). As a
result, atmospheric deposition of Hg in remote environments has increased by approximately
3-fold (Lindberg and others, 2007). Importantly, there is substantial variability in the spatial
patterns of anthropogenic Hg releases and deposition at local, regional, and global scales,
associated with coal-fired power plants, industrial activity, and mining (Engstrom and others,
2007), as well as in the propensity of inorganic Hg to be methylated across the landscape.
Therefore, it can be difficult to determine how much of the variability in Hg concentrations
among systems can be attributed to Hg loading relative to in situ MeHg production.
Because of their isolation, remote high elevation lakes represent unique environments for
evaluating the bioaccumulation of atmospherically deposited Hg through freshwater food webs,
as well as for evaluating the relative importance of Hg loading versus landscape influences on
Hg bioaccumulation. The increase in Hg deposition to these systems over the past century
(Phillips and others, 2011), coupled with their limited exposure to direct anthropogenic
disturbance make them useful indicators for estimating how changes in Hg emissions may
propagate changes in Hg bioaccumulation and ecological risk. In this study, we evaluated Hg
bioaccumulation in fishes of high elevation, sub-alpine lakes in the Wallowa-Whitman National
Forest in northeastern Oregon and western Idaho (fig. 1). Our goals were to (1) assess the
magnitude of Hg contamination in a collection of small catchment lakes to evaluate the risk of
atmospherically deposited Hg to human and wildlife health, (2) quantify the spatial variability in
fish Hg concentration across these lakes, and (3) determine the ecological, limnological, and
landscape factors that are most strongly related to fish THg concentrations.
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Methods
Site Description and Field Collection
The Wallowa-Whitman National Forest (WWNF) occupies more than 9,000 km2 of land,
including nearly 2,500 km2 of designated wilderness. The forest is comprised of varied
landscapes including low-elevation grasslands, coniferous forests, and alpine meadows. Highelevation habitats are found in the Elkhorn Mountains, the Wallowa Mountains and Eagle Cap
Wilderness, and the Hells Canyon National Recreation Area. A common feature in the
mountains across the WWNF is small (<0.5 km2), high-elevation (>2,000 m) lakes within
isolated catchments that are (or were historically) stocked for recreational purposes with nonnative salmonid fishes, such as brook trout (Salvelinus fontinalis) or rainbow trout
(Oncorhynchus mykiss) (fig. 2). These lakes are solely catchment or groundwater fed, and Hg
sources are likely limited primarily to atmospheric deposition because they do not have
inflowing streams. The catchments associated with these lakes generally are small (< 5 km), and
are comprised of a combination of open, rocky terrain, and temperate, subalpine coniferous
forest.
Using the U.S. Forest Service limnology database, we selected 28 individual lakes within
5 different regions of the WWNF (table 1, fig. 3). To select lakes for sampling, we identified
those with records of self-sustaining populations of brook trout, rainbow trout, or cutthroat trout
(Oncorhynchus clarkii), and that also occurred within a 1-day hike from a trailhead. We then
divided these lakes into geographic regions: North Elkhorn, South Elkhorn, North Eagle Cap,
South Eagle Cap, and Seven Devils (fig. 3) based on their geography, and randomly selected
7 lakes per region to sample. We targeted 7 lakes per region because our goal was a total of
25 lakes and we assumed that fish may no longer be present in some lakes with historical reports
of fish presence.
Between July 11 and September 1, 2011, fishes were collected in association with
ongoing, regular U.S. Forest Service and Oregon Department of Fish and Wildlife fish
monitoring programs from 28 lakes in the Wallowa-Whitman National Forest. At each lake,
rainbow trout, brook trout, cutthroat trout, or lake trout (Salvelinus namaycush) were sampled
using hook and line and 30 × 2 m variable-mesh gillnets. We wrapped collected fish in clean,
solvent-rinsed aluminum foil and then sealed them in individually labeled polyethylene bags.
Each fish was kept cool on ice or snow until delivery to the laboratory, where they were stored at
-20ºC. At 21 of the lakes, we also collected water samples in 125 mL acid-cleaned amber glass
bottles. To minimize sediment disturbance and contamination of the sample with particulate
material, we sampled from the shoreline of lakes (at the outflow if applicable), making sure we
were standing on an emerging solid object, such as a rock or log. We uncapped each clean bottle
underwater, and rinsed the bottle 3 times with lake water. On our final fill, we capped the bottle
underwater and stored it on ice prior to shipment to the laboratory for filtration and chemical
analysis.
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Fish Sample Processing and Tissue Preparation
In the laboratory, we thawed each fish sample to room temperature, and then measured
standard length to the nearest millimeter on a fish board and mass to the nearest 0.1 g on a digital
balance. We calculated the body condition of each fish using the Relative Condition Factor (Kn),
which accounts for potential changes in shape as fish grow (Anderson and Neumann, 1996). The
relative condition factor was calculated as:
Kn= W/W′,
Where:

W = fish whole body mass, in g and,
W′ = the predicted length-specific mean mass from a predictive length-mass
regression model calculated for each species.

To determine W′ for each species, we used log10-transformed standard length (mm) and
log10-transformed wet mass (g) data for all fish of each species, from all lakes in which they
were captured (brook trout linear regression: n = 230, r2 = 0.96, intercept = -11.646, slope =
3.099; rainbow trout linear regression: n = 85, r2 = 0.91, intercept = -10.696, slope = 2.913;
cutthroat trout linear regression: n = 11, r2 = 0.97, intercept = -10.520, slope = 2.854). We then
removed sagittal otoliths from each fish, cleaned them with deionized water, and stored them in
clean, dry vials until further processing. From each fish, we dissected 5–10 g of skinless axial
muscle, rinsed the muscle tissue in deionized water, blotted it dry with a clean, lint-free wipe,
and weighed it on an analytical balance to the nearest 0.0001 g. We then dried each muscle
sample in a convection oven at 50ºC for 48 h, or until a constant mass was achieved. We
subsequently removed the samples from the drying oven and allowed them to cool to room
temperature in a desiccator. Once cool, we measured the dry mass of each muscle tissue sample
to the nearest 0.0001 g, and ground them to a fine powder in a tissue mill. The homogenized
samples were then stored in a dark desiccator until chemical analyses.

Mercury Determination
We determined total mercury (THg) concentrations on the axial muscle of each fish
sample because most (90–95 percent) of mercury in fish muscle tissue is in the methylmercury
(MeHg) form (Bloom and others, 1992). Total Hg concentrations were determined following
EPA method 7473 (U.S. Environmental Protection Agency, 2000) on a Milestone tri-cell DMA80 Direct Mercury Analyzer (Milestone Inc, Monroe, Connecticut, USA) at the USGS Forest and
Rangeland Science Center’s Contaminant Ecology Laboratory in Corvallis, Oregon. Briefly, we
used an integrated sequence of drying (250ºC for 30s), thermal decomposition (650ºC for 90s),
catalytic conversion, and then amalgamation, followed by cold vapor atomic absorption
spectroscopy. Unless stated otherwise, we analyzed and report all muscle tissue samples on a dry
weight basis in order to control for variable moisture content among individuals, and because it
is a more toxicologically relevant measure of THg concentrations. However, to facilitate
comparison to other studies and to allow conversion to wet weight concentrations we determined
moisture content in each sample. Moisture content in the fish muscle tissue ranged from 74.7 to
85.8 percent with a mean (± standard error) of 79.8 ± 0.1%.
Quality-assurance measures included analysis of two certified reference materials (either
dogfish muscle tissue [DORM-3; National Research Council of Canada, Ottawa, Canada], or
dogfish liver [DOLT-3; National Research Council of Canada, Ottawa, Canada], two system and
method blanks, and two duplicates per batch of 30 samples. Recoveries (± standard error [SE])
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averaged 99.4 ± 1.8 percent (n = 60) and 97.9 ± 0.8 percent (n = 90) for certified reference
materials and calibration checks, respectively. Absolute relative percent difference for all
duplicates averaged 3.4 ± 0.5 percent.

Stable Isotope Analysis
Analysis of carbon and nitrogen stable isotope ratios (δ13C and δ15N, respectively),
provide for a time integrated assessment of an organism’s foraging ecology (Hobson and
Bairlein, 2003). Specifically, carbon and nitrogen stable isotope ratios can provide a quantitative
estimate of a fish’s relative reliance on different carbon sources (for example, benthic vs.
pelagic), as well as trophic position (Eagles-Smith and others, 2008). We analyzed stable isotope
ratios of both elements in muscle tissue of each fish sampled. However, isotope ratios at the base
of lake food webs often vary among lakes, making inter-lake comparisons of foraging ecology
difficult using raw data (Post, 2002). Thus, isotope ratios in consumers need to be baseline
adjusted for their specific lake though the analysis of isotope ratios in obligate primary
consumers (Post, 2002). In this study, we were unable to collect adequate primary consumers
across lakes, thus we constrain our interpretation of isotope data only to within-lake comparisons
of individual fishes.
Stable-isotope analysis was performed on a continuous flow isotope ratio mass
spectrometer (IRMS; dualinlet Europa 20/20, PDZ Europa, Crewe, UK) at the University of
California, Davis Stable Isotope Facility. Approximately 0.80–1.20 mg of tissue were weighed
and sealed into tin capsules. Sample combustion to CO2 and N2 occurred at 1,000ºC in an inline
elemental analyzer. A Carbosieve G column separated the gas before introduction into the IRMS.
Standards (PeeDee Belemnite for δ13C and air for δ15N) were injected directly into the IRMS
before and after sample peaks. Isotope ratios are expressed in per mil (‰) notation. Using δ13C
as an example, ratios are defined by the following equation:
δ13C = {[(13C/12C)sample/(13C/12C)standard] – 1} × 1,000.

Otolith Preparation and Fish Age Determination
We prepared otoliths for age determination through polishing in order to remove coarse
material that can interfere with identifying annuli. We first mounted each otolith, with the sulcus
facing up, to clear glass microscope slides using Loctite® cyanoacrylate adhesive. We polished
each otolith with a series of sanding and polishing discs in order to remove overburden and
expose the growth increments. We started with the coarse removal of external calcification and
excess glue using 600 or 400 µm grit wet/dry sandpaper. Once the delicate internal structure of
the otolith was revealed, we applied a sequential gradient of polishing paper (30, 15, 9, 2, 1 µm
grit) to prepare the surface for visual assessment. Throughout the polishing step, we inspected
the polished face of each otolith under a compound microscope (2.5× and 10× magnification) to
ensure that sufficient polishing was occurring, and that otoliths were not overpolished, which
results in reduction of growth increment visibility. Polishing was considered complete when
growth increments were clearly visible from the margins to the nucleus. After polishing, we
captured digital images of each otolith (fig. 4) at 10× magnification using a compound
microscope equipped with a Leica® digital inline camera, connected to a desktop computer. We
subsequently adjusted image quality as necessary using ImageJ software (Rasband, 1997) to
facilitate identification of annual increments. We estimated the age of each fish by counting the
sequence of transparent and opaque annuli along a plane from the nucleus to the margin,
5

following Secor and others (1991). Two independent, blind readings were made, each by
different people, and the age estimates were compared. Any otoliths with age estimates that were
not in agreement were then interpreted by a third person. If the third reading was in agreement
with either of the other two, then that age was accepted. If all three readings were different, then
we used the mean age for the three readings.

Water Chemistry
All water samples were shipped immediately to the USDA Forest Service Air Program
Biogeochemistry Laboratory in Fort Collins, Colorado. Prior to analysis water samples were
filtered through 0.7-µm glass fiber filters under gentle vacuum. Conductivity and pH were
determined with a Metrohm/Brinkman Model 712 conductivity meter and Metrohm/Brinkman
Model 809 pH meter, respectively. Acid neutralizing capacity (ANC) was determined using the
Gran analysis technique (Gran, 1952). Anions (F-, Cl-, NO2-, NO3-, SO42-) and cations (Na+,
NH4+, K+, Mg2+, Ca2+) were measured with a Metrohm Model 838 Compact Ion
Chromatograph). Dissolved organic carbon (DOC) was quantified on a Shimadzu TOC-5000
analyzer.

Geospatial and Remote Sensing Analysis
We characterized the spatial and physical attributes of the study lakes and their
catchments using ArcMap 10 (ESRI, Redlands, California, USA). We first combined 10-m
resolution digital elevation models (DEM) and the National Hydrologic Dataset within the
Spatial Analyst tool framework and then delineated areas of internal drainage and water
accumulation in the DEM in order to assign a flow path to each grid cell. These estimates of flow
direction and accumulation were integrated across the DEM and overlaid on the National
Hydrological Dataset layer to determine “pour points” for delineating catchments. We used this
approach to delineate the catchments for each lake, and then we reviewed those generated
polygon boundaries against 1:24,000 USGS topographic maps and aerial photography to ensure
accuracy. Within each catchment, we extracted lake elevation from the DEM and determined
lake morphometry (lake surface area, maximum length, and perimeter) from the National
Hydrological Dataset. Although it is well established that percent wetland area within a
catchment can be an important driver of lake MeHg concentrations (Shanley and others, 2005),
many of these catchments had limited wetland coverage, and geospatial wetland inventories
lacked the resolution necessary to conduct statistically robust analyses. Therefore, we did not
address wetland influences in this study.
In order to assess landscape-level influences on fish THg concentrations, we estimated
forest structure within the catchment of each lake. We used 30-m resolution grid-based forest
composition and structure data derived from the Gradient Nearest Neighbor imputation methods
of Ohmann and Gregory (2002). Data were acquired from the Landscape Ecology, Modeling,
Mapping, and Analysis team (http://www.fsl.orst.edu/lemma/). The Gradient Nearest Neighbor
models provide estimates for forest parameters, such as basal area, tree density, stand age, and
cover class (fig. 5). Using the output from these geospatial models, we characterized the total
basal area (m2/ha) of conifers (≥ 2.5 cm diameter at breast height [dbh]) within the catchment of
each lake (fig. 6). Basal area is a common metric of forest structure that is related to both the
density and size distribution of trees in an area. Basal area is generally correlated with canopy
cover, but can be a better estimate of tree biomass because it is less sensitive to variation due to
crown overlap.
6

Statistical Analyses
Our statistical approach was designed to both quantify the spatial variability of fish THg
concentrations among lakes and regions in the WWNF, and to evaluate the relationships between
fish THg concentrations and key ecological, limnological, and landscape variables across the
study lakes. To do this, we employed a 2-tiered statistical approach using mixed-effects general
linear models. This process allowed us to statistically control for individual-level factors that
influence fish THg concentrations (such as species, fish size, and body condition) in order to
generate comparable model estimates of lake-specific least-square mean fish THg
concentrations. These lake-specific means could then be used to test relative importance of the
landscape and limnological variables on those THg concentrations.
Our primary goal in our first tier analysis was to make comparisons of fish THg
concentrations among lakes. To do this we needed to statistically control for the effects of
species, fish length, and fish body condition. We excluded lake trout (N=1 from a single lake)
and cutthroat trout (N=11 from a single lake) from the analysis because they only were sampled
from one lake and we could not make inferences across the sampling area. We used a mixedeffects, nested general linear model with region and lake (nested within region) included as fixed
factors, and relative condition factor (Kn), standard length (SL), and δ13C as covariates. We also
included a species x SL interaction term in the model in order to test whether the relationship
between THg concentrations and fish size differed among species. Species was included as a
random effect because we were limited in the number of lakes from which rainbow trout and
brook were sampled together. Because our primary goal was to make comparisons of fish THg
concentrations among lakes, and not necessarily to compare Hg concentrations between species,
we simply needed to statistically control for the effect of species across lakes. Doing so using a
fixed-effects model would have biased our lake-specific least-square mean estimates. However,
we also were interested in testing for differences in THg concentrations between species where
they co-occurred. Therefore, we constructed a second, fixed-effects model using a subset of the
data from lakes where rainbow trout and brook trout co-occurred. Although we measured δ15N
ratios in the muscle fish samples, we were unable to collect baseline invertebrate samples for
each lake, and thus could not make estimates of δ15N-derived trophic level effects on fish THg
concentrations among lakes (Post, 2002). Therefore, we excluded δ15N from our primary model,
and instead evaluated the relationship between δ15N and THg concentrations on an individuallake basis using linear regression.
In order to examine the relationships between landscape factors and fish THg
concentrations, we used the lake-specific least-square mean fish THg concentrations from the
primary global model described above to statistically account for the simultaneous varying
effects of fish species, fish size, and body condition, providing standardized estimates of fish Hg
concentrations among lakes. We used these estimates as the response variables in general linear
models, following an information-theoretic framework (Burnham and Anderson, 2002) using
R software (R Development Core Team, 2011), to determine the model structure and variables
that most influenced Hg bioaccumulation in these subalpine lakes. We built and ranked separate
competing a priori candidate models to understand how fish THg concentrations varied in
response to select physical and chemical variables of lakes and their catchments. Physical
variables included lake surface area (km2), lake elevation (m), lake catchment area (km2), and the
lake area:catchment area ratio. We also included the remotely sensed estimates of the basal area
(m2/ha) of conifers ≥2.5cm dbh within each lake’s catchment. This commonly used silvicultural
index integrates conifer stand density, age, and size to provide an approximation of conifer
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biomass within lake catchments. Lake chemical variables included pH, acid neutralizing capacity
(ANC; µeq/L), sulfate (SO4; mg/L), and dissolved organic carbon (DOC; mg/L). We also
included an intercept only model and a global model. Mercury concentrations were natural log
transformed to improve residual normality. Because we lacked water chemistry data from
30 percent of our lakes, we first considered models from the reduced sample size where we had
both chemical and physical data (N=18). We then conducted a similar analysis using the larger
lake sample size for which we had only the physical parameter measurements (N=26).
We used Akaike’s information criterion adjusted for small samples sizes (AICc) and
considered the model with the lowest AICc value to be the most parsimonious (Burnham and
Anderson, 2002). We included all possible variable combinations to ensure a balanced design to
facilitate comparison of variable weights. However, to ensure that the number of parameters in
each model did not exceed what was appropriate for our samples size, we limited the total
number of variables simultaneously included in any given model to four. We determined the
relative ranking of each model by subtracting each candidate model’s AICc value from the best
model (ΔAICc). Candidate models were considered to be competitive when ΔAICc ≤ 2.0. We
calculated Akaike weights (wi) to assess the weight of evidence that the selected model was the
best candidate model (Burnham and Anderson, 2002). We also calculated variable weights by
summing Akaike weights across all models that included the variable to assess the relative
importance of each variable. We calculated model-averaged beta coefficient estimates from all
candidate models (Burnham and Anderson, 2002).
Unless stated otherwise, all data are presented as back-transformed least-square means
from model output, and standard error values are estimated using the Delta method (Williams
and others, 2002).

Results
Descriptive Summary Results
We collected and analyzed a total of 327 fish, comprised of 4 species from 28 individual
lakes, across 5 regions in the WWNF (table 2). Across all regions, lakes, and fish lengths, the
geometric mean (± standard error) fish THg concentrations (µg/g dw) were 0.23±0.01 in brook
trout (N=230), 0.17±0.01 in rainbow trout (N=85), 0.24±0.03 in cutthroat trout (N=11), and 2.13
in lake trout (N=1). We found substantial variation among lakes in the univariate relationships
between THg concentrations and fish length (fig. 7), age (fig. 8), relative condition (Kn; fig. 9),
δ13C (fig. 10), and δ15N (fig. 11). In general, we found positive correlations with δ15N, fish
length, and age, but the relationships were inconsistent across lakes. Conversely, we generally
found negative correlations with Kn. The lack of consistency in these relationships is likely due
to the fact that each of these important factors were not simultaneously accounted for in the
univariate analyses due to limited statistical power.

Spatial Patterns and Size Effects
Fish THg concentrations differed among regions (F4, 262.7 = 60.26, P < 0.001), as well as
among lakes nested within region (F22,252.3 = 15.62, P < 0.001). Fish THg concentrations were
highest in the North Elkhorn (0.367 ± 0.032) and Seven Devils (0.320 ± 0.035) regions and
lowest in the North Eagle Cap region (0.129 ± 0.011; fig. 12).
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Lake-specific THg concentrations ranged from 0.040 ± 0.007 in Aneroid Lake (North
Eagle Cap) to 0.718 ± 0.111 in Black Lake (North Elkhorn). Variation in fish THg
concentrations generally was high in lakes both within, and among regions. Within regions, THg
concentrations varied by approximately 5.6-fold in North Eagle Cap lakes, 5-fold in North
Elkhorn lakes, 2.6-fold in South Elkhorn lakes, 2.4-fold in South Eagle Cap lakes, and 1.7-fold
in Seven Devils lakes (fig. 13). In fact, even some lakes within less than 1 km from each other
differed by up to a factor of 2.
After statistically controlling for the simultaneous effects of lake, region, standard length,
13
and δ C, fish THg concentrations were negatively correlated with the relative condition factor of
individual fish (F1,282.8 = 25.96, P < 0.001; fig. 14). In fact, modeled THg concentrations
decreased 3-fold across the range of fish condition factors. Across species, we did not find a
relationship between THg concentrations and fish standard length (F1,272.2 = 0.64, P = 0.43).
However, the significant species x SL interaction term (F1,177.8 = 7.19, P = 0.008), indicates that
the rate of increase in Hg per unit length of fish differed between brook trout and rainbow trout.
Finally, we found no influence δ13C on fish THg concentrations across the study area (F1,282.9 =
0.56, P = 0.45), indicating that bentho-pelagic coupling was relatively unimportant to fish Hg
bioaccumulation in these lakes.
When we applied a modified version of the model above (including species as a fixed
effect, and adding a species x lake interaction) to a subset of lakes (Crater Lake, Fish Lake,
LaGrande, Ruth Lake, and Van Pattern Lake) for which we had adequate sample sizes of brook
trout and rainbow trout, we found that THg concentrations differed between species (F1,88 =
10.69, P = 0.0016), but the significant interaction between species and lake (F4,88 = 34.05,
P <0.0001) confounded our ability to appropriately interpret the main effect of species. Instead,
Tukey’s pairwise tests indicate that THg concentrations were higher in brook trout than rainbow
trout from Fish Lake and Ruth Lake, whereas they were higher in rainbow trout than brook trout
in La Grande Reservoir. We found no statistical difference between species from Van Patten or
Crater Lakes (fig. 15).

Landscape and Lake Effects
The most parsimonious model explaining least-squares mean fish THg concentrations in
lakes of the WWNF contained basal area of conifers within a lake’s catchment, SO4, lake area,
and DOC. No other models were well supported (all ΔAICc > 2), the top model had an Akaike
weight of 0.56 and was 1.6 times more likely than the next model, which was identical to the top
model with the exception that it did not include DOC (table 3).
Additionally, 87 percent of the variability in our data could be explained using the top
model, whereas the next best model explained only 71 percent. Using variable weights to assess
the relative importance of each variable (Burnham and Anderson, 2002), models containing basal
area of conifers had a combined AICc weight of 0.99, followed by SO4 (0.96), and lake area
(0.93), with moderate model support for DOC (0.57), and little evidence for effects of ANC
(0.10), catchment area (0.06), pH (0.05), elevation (0.03), or the lake area to catchment ratio
(0.03).
Although the variable weight for DOC was moderate, the model averaged beta
coefficient estimates for this variable had 95-percent confidence intervals that slightly
overlapped zero indicating that DOC (β = -0.141 ± 0.172) had a smaller effect on fish THg
concentrations than did basal area (β = 0.075 ± 0.032), SO4 (β = -0.329 ± 0.150), or lake area
(β = -4.855 ± 2.803). Using model-averaged estimates, the average basal area within a lake’s
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catchment had an overriding influence on the fish THg concentrations, resulting in a 428 percent
increase in fish THg concentrations from the catchment with the lowest to the catchment with the
highest conifer biomass (fig. 16). Mercury concentrations also decreased by 24, 72, and 30
percent across the observed ranges of lake area, SO4, and DOC data, respectively (fig. 17).
Because we had a larger dataset of lakes for which only physical variables were available
(N=26 vs. N=18), we also examined the influence of physical variables alone on the larger
dataset. In this case, the most parsimonious model explaining fish THg concentrations again
contained catchment basal area and lake surface area (table 4). No other models were well
supported (all ΔAICc > 2), the top model had an Akaike weight of 0.51 and was more than 4
times more likely than the next best model, which also included the ratio of lake area to
catchment area (table 4). Models containing catchment basal area had a combined AICc weight
of 0.97, followed by lake area (0.94), highlighting the overriding importance of those two
variables in controlling fish THg concentrations in the absence of lake chemistry information.
We found little evidence for effects of catchment area (0.19), elevation (0.18), or the lake
area:catchment ratio (0.18). Importantly, by excluding the lake chemistry data, we reduced the
predictive power of our model to explain only 47 percent of the variability in the data.

Discussion
Across the 28 subalpine lakes that we sampled in the WWNF, we found wide variation in
THg concentrations of fishes, both within and among lakes. We evaluated the individual
variation in fishes within lakes in the context of ecological and physiological drivers, such as
foraging ecology (stable isotope-based indices) and body condition, and the among-lake
differences within the context of limnological and catchment drivers, such as water chemistry
and catchment forest structure. Using this hierarchical approach, we found that drivers at both
scales are important in determining fish Hg bioaccumulation and risk to wildlife and humans.
Additionally, these findings suggest that management options may exist at both scales that could
be implemented to address mercury issues in lake ecosystems. However, further research is
needed in order to better develop and test these approaches, and identify the circumstances in
which they may be successful. Finally, fish THg concentrations were relatively low in WWNF
lakes and comparable to other high elevation sites worldwide, but there were still common
exceedances of some wildlife risk thresholds.
Mercury bioaccumulation in fishes can be influenced by a broad range of ecological and
biological factors. The propensity of MeHg to bind strongly with sulfhydryl proteins in
biological tissue results in long-term accumulation in protein rich tissues, such as muscle, driving
a positive relationship between Hg and fish age (Evans and others, 2005). Many fish species also
undergo ontogenetic diet shifts as they grow (Luczkovich and others, 1995), enabling them to
target larger prey that often have higher Hg concentrations. Thus, the relationship between fish
size and Hg concentrations generally is influenced by both age and trophic position (Wiener and
others, 1990; Cabana and Rasmussen, 1994). However, fish Hg concentrations also are
influenced by a fish’s growth rate (Trudel and Rasmussen, 2006), and thus their body condition.
Specifically, THg concentrations in fishes decline with faster growth because the rate of biomass
accretion exceeds the assimilation and retention of dietary Hg (Stafford and others, 2004). This
means that even if two fish accumulate the same total burden of Hg, the faster growing fish will
have lower concentrations due simply to dilution with its own biomass (Stafford and others,
2004). Similarly, fish condition (mass relative to length) also can influence Hg concentrations by
concentrating or diluting Hg burdens. Importantly, a common complication in interpreting fish
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THg concentrations is the fact that fish age, body size, trophic position, and body condition are
often correlated with one another to different degrees, meaning that they can influence the
apparent relationships between each of these factors and fish THg concentrations. This is
apparent here where we found inconsistent relationships between THg concentrations and age,
length, δ15N, and relative condition factor across the WWNF lakes we sampled. However, after
controlling for size, trophic, and site effects, we found a consistent and strong relationship
between fish body condition and THg concentrations across the study region. Our results show
that regardless of species, THg concentrations decreased with increasing body condition. In fact,
across a 2.2-fold range of relative condition factors (0.64–1.42), we found nearly a 3-fold
decrease in fish THg concentrations. This highlights the potential importance of fish body
condition in determining THg concentrations, as well as the need to use care in interpreting Hg
concentrations in fish populations without information on the variability in body condition. This
is a notable finding because body condition in fishes varies with many factors, such as stocking
density, food availability, and water quality. These factors, along with body condition itself, are
commonly targeted for fisheries management, providing a potential opportunity for management
applications that address both fisheries and Hg risk needs. This could be particularly valuable in
environments such as subalpine lakes where Hg loading is primarily from atmospheric sources
that cannot be readily managed at a local or regional scale, or in other habitats where there are
logistical impediments to managing factors related to MeHg production.
Atmospheric deposition is the primary source of Hg to remote areas, such as the WWNF
(Phillips and others, 2011). This is particularly true of high-elevation lakes that are largely rain
and snow-fed, and lie within relatively small catchments with limited upland transport from
stream networks. Mercury deposition within the region containing the WWNF has not been
directly measured, but models suggest that it is elevated in comparison to much of the Pacific
Northwest (U.S. Environmental Protection Agency, 2008). This is likely due to both elevated
precipitation associated with orographic effects, as well as a mixture of the global background
signal with more regional and localized sources. Notably, the Ash Grove cement plant in Durkee,
Oregon lies within the region surrounding the WWNF, and is approximately 60 km from the
closest study lake. Prior to the recent implementation of Hg controls in their processes, the plant
was among the largest emitters of Hg in the western United States (Schmeltz and others, 2011).
However, the magnitude of current or historical Hg deposition from the plant to the subalpine
catchments of the WWNF is unclear because no direct deposition measurements are available.
Moreover, atmospheric deposition models such as REMSAD (U.S. Environmental Protection
Agency, 2008), provide only a 12 km resolution, which is too coarse to incorporate lake-specific
deposition estimates into our modeling results. Importantly, spatial variability in fish THg
concentrations was substantial among WWNF lakes. Least-square mean fish THg concentrations
in lakes (statistically controlling for species and size effects) varied by nearly 3-fold within
regions, and by 18-fold across the entire study area. However, it is uncertain whether Hg
loadings to the lakes exhibit similar variability, which would indicate very dynamic atmospheric
vectors of Hg deposition. An important next step is to determine if sediment Hg concentrations
mimic the trends in fish THg concentrations. Certainly source magnitude is an important driver
of Hg bioaccumulation in aquatic food webs, but as these data suggest, only within the context of
the ecological and biogeochemical factors driving MeHg production and the speciation of
inorganic Hg.
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The physical and chemical characteristics of lakes and their catchments have long been
linked with fish Hg concentrations because of their role in facilitating MeHg production, or in
controlling Hg entry and transport through the food web (Snodgrass and others, 2000). Factors
that are commonly important include wetland area, lake size, lake productivity, forest coverage,
DOC, pH, and sulfate (Greenfield and others, 2001; St. Louis and others, 2004; Hall and others,
2005; Driscoll and others, 2007; Shanley and others, 2012). However, aside from percentage of
wetland area and pH, conflicting data exist on the degree and direction of impact for many of the
other parameters. Consistent with other studies, fish THg concentrations from lakes in the
WWNF were strongly predicted by a combination of landscape and limnological factors. In fact,
87 percent of the variability in lake-specific least-squares mean fish THg concentrations could be
explained using a model containing (1) lake water DOC concentrations, (2) lake water sulfate
concentrations, (3) lake surface area, and (4) average basal area of conifers within the lake’s
catchment. Interestingly, we found negative relationships between fish THg concentrations and
both sulfate and DOC. Because sulfate is a key component in the MeHg production process,
dissolved SO4 concentrations are often positively correlated with MeHg concentrations in water,
sediments, and biota (Mitchell and others, 2008). However, at high sulfate concentrations in
reducing conditions, the rapid reduction to sulfide can subsequently inhibit MeHg production,
resulting in a negative correlation (Benoit and others, 1999; Mehrotra and Sedlak, 2005;
Windham-Myers and others, 2009). Interestingly, the sulfate concentrations in WWNF lakes
ranged from 0.17 to 7.9 mg/L, with a median concentration of only 0.36 mg/L, making this an
unlikely explanation. Thus, more intensive limnological and geochemical research across the
study lakes would be necessary to more fully explain this relationship.
The role of DOC in the Hg cycle is complex (Lambertsson and Nilsson, 2006). Dissolved
organic matter not only facilitates Hg transport through watersheds (Shanley and others, 2008),
but also can enhance or reduce biological uptake (Wiener and others, 2006; Dutton and Fisher,
2012), as well as serve as a carbon source for microbial activity, increasing MeHg production
rates (Lambertsson and Nilsson, 2006). The complexity of the role played by DOC in these
processes is driven by both its quantity and composition (Shanley and others, 2012). We found
negative correlations between DOC and fish THg concentrations across our study lakes, which is
consistent with studies in midwestern seepage lakes where DOC in the water column commonly
inhibits biological uptake of MeHg (Wren and others, 1991). This result by itself is not
surprising given the fact that the lakes we studied in WWNF lacked inflowing streams and were
primarily fed through precipitation, catchment snowmelt, and groundwater. However, the strong
positive influence of catchment vegetation (conifer basal area) on fish THg concentrations
suggests the potential for a greater catchment influence, one where carbon supplied to the lake by
the catchment may drive Hg bioaccumulation. Specifically, conifer basal area within a lake’s
catchment was overwhelmingly the most important factor that we measured in driving the
variation in fish THg concentrations among lakes. In fact, model-averaged fish THg
concentrations ranged from 0.11 to 0.58 µg/g dw between the lakes with the lowest and highest
basal areas. This is a novel finding with the potential for wide-ranging implications in the
management of Hg in forested catchments.
Previous studies have identified forests as important components to the Hg cycling at the
landscape scale, where Hg varies positively with percentage of area of large watersheds that are
forested (Driscoll and others, 2007). Trees accumulate Hg from the atmosphere within their leaf
tissue and also provide surface area for Hg deposition and adsorption to leaf surfaces (Graydon
and others, 2009; Tebatchnick and others, 2012). Additionally, the organic and litter horizons in
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forest soils are major sites of Hg storage, particularly in association with soil organic matter
(Obrist and others, 2011). To our knowledge no other study has quantified a key forest structure
metric such as basal area at such a fine spatial resolution within a catchment in relation to
biological Hg concentrations. The mechanism behind this relationship is not yet clear, but may
be due to either enhanced carbon delivery associated with more organic-rich soils, elevated Hg
scavenging from the atmosphere in tree needles, or a combination of both. It is beyond the scope
of this work to determine these mechanisms, but clearly identifies a key need for future research
in forested watersheds.
Organisms, such as fish from high-elevation lakes, serve as important indicators for
understanding how background concentrations and atmospheric deposition may be influencing
remote environments. Additionally, they provide a unique opportunity to test for the influence of
natural landscape characteristics on Hg cycling within lakes. The THg concentrations of fishes
from lakes in the WWNF generally are lower than those of other remote, high-elevation lakes
worldwide (fig. 18). Interestingly, in comparison with other high-elevation lakes from National
Parks in the western United States, average concentrations in WWNF fishes ranged from 1.4
times higher than fish Glacier National Park, to 2.2 times lower than fish from Mount Rainier
National Park. The causes for these differences are unclear, but given our results on the
importance of lake chemistry and catchment characteristics, they could be due some combination
of these factors as well as differences in Hg deposition flux.
Further research is needed in order to better understand the relative importance of those
other drivers, particularly interdisciplinary studies that incorporate measurements of Hg
deposition, flux and speciation in the abiotic components of each catchment in combination with
bioaccumulation dynamics. The THg concentrations in WWNF fishes were all below the EPA’s
human health criteria of 0.3 µg/g ww in the fillet, except for the lone lake trout sampled from
Lookinglass Lake. However, when assessed relative to a suite of wildlife health thresholds, 2, 10,
25, and 68 percent of fishes sampled exceeded the whole body (ww) thresholds for common loon
reproductive impairment (0.18 µg/g ww; Depew and others, 2012), common loon behavioral
alterations (0.1 µg/g ww; Depew and others, 2012), and protection of mink (0.7 µg/g ww;
Lazorchak and others, 2003), and kingfisher (0.03 µg/g ww; Lazorchak and others, 2003),
respectively. Whether there are taxa within the forest that are being impacted, and the potential
degree of impact is uncertain and would require further study.
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Figure 1. Map of the Wallowa-Whitman National Forest in northeastern Oregon and western Idaho.
Colored symbols represent lakes sampled in various regions of the National Forest.
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Figure 2.

Goodrich Lake and its catchment in the South Elkhorn Range. Inset: Sampled brook trout.
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Figure 3. Locations of study lakes and their respective catchments (defined by colored polygons) within
each region (N. Elkhorns [red], S. Elkhorns [blue], N. Eagle Cap [ green], S. Eagles Cap [orange], and
Seven Devils [yellow]) in the Wallowa-Whitman National Forest, northeastern Oregon and western
Idaho.
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Figure 4.

Digital image of a brook trout sagittal otolith, showing annular rings.
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Figure 5. Visual examples of gradients in catchment forest structure in the Wallowa-Whitman National
Forest, northeastern Oregon and western Idaho.

22

La Grande
Reservoir

Lilypad

NE

NE

Crawfish

NE

Dutch Flat

NE

Rock

SE

Twin up

SE

Hoffer
Black

Van Patten

NE

Baldy

SE

Twin low
(includes Twin up)

Goodrich

Mirror

SE

Legore

NEC

NEC

Aneroid

NEC

Long

NEC
Steamboat

Arrow

SEC

Granite

SEC

NEC

Culver

Lookingglass
Heart

Crater

Basin

Shelf

SEC

SD

Fish

SEC

Twin mid

Figure 7. Conifer density measured as basal
area (m2/hectare) of all conifers >2.5 cm
dbh for Wallowa Whitman National Forest
lake catchments. Regions in bold:
NE=North Elkhorn; SE=South Elkhorn;
NEC=North Eagle Cap; SEC=South Eagle
Cap; SD=Seven Devils. Note, incomplete
data for Ruth Lake catchment.
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Figure 6.
Conifer density measured as basal area (m2/hectare) of all conifers >2.5 cm dbh for WallowaWhitman National Forest lake catchments, northeastern Oregon and western Idaho. Regions in bold:
NE=North Elkhorn, SE=South Elkhorn, NEC=North Eagle Cap, SEC=South Eagle Cap, SD=Seven
Devils. Note, incomplete data for Ruth Lake catchment.
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Figure 7.
Linear relationships between total mercury (THg) concentrations (dw = dry weight
concentration) in fish muscle, and fish size (standard length) from different lakes in the WallowaWhitman National Forest, northeastern Oregon and western Idaho. Closed circles represent brook trout
(Salvelinus fontinalis), and open circles represent rainbow trout (Oncorhynchus mykiss).
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Figure 8. Linear relationships between total mercury (THg) concentrations (dw = dry weight) in fish
muscle, and fish age (estimated by counting sagittal otolith annuli) from select lakes in the WallowaWhitman National Forest, northeastern Oregon and western Idaho. Results are provided for 21 lakes
because some lakes did not contain brook trout.
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Figure 9. Linear relationships between total mercury (THg) concentrations (dw = dry weight) in fish
muscle, and relative condition factor from different lakes in the Wallowa-Whitman National Forest,
northeastern Oregon and western Idaho. Closed circles represent brook trout (Salvelinus fontinalis),
and open circles represent rainbow trout (Oncorhynchus mykiss).
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Figure 10. Linear relationships between total mercury (THg) concentrations (dw = dry weight) in fish
muscle, and stable carbon isotope ratios from different lakes in the Wallowa-Whitman National Forest,
northeastern Oregon and western Idaho. Closed circles represent brook trout (Salvelinus fontinalis),
and open circles represent rainbow trout (Oncorhynchus mykiss).
27

Figure 11. Linear relationships between total mercury (THg) concentrations (dw = dry weight) in fish
muscle, and stable nitrogen isotope ratios from different lakes in the Wallowa-Whitman National Forest,
northeastern Oregon and western Idaho. Closed circles represent brook trout (Salvelinus fontinalis),
and open circles represent rainbow trout (Oncorhynchus mykiss).
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Figure 12. Back transformed least-square mean fish muscle total mercury (THg) concentrations for the 5
study regions in the Wallowa-Whitman National Forest. Differing letters among bars indicate
statistically significance differences in THg concentrations at alpha = 0.05
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Figure 13. Back transformed least-square mean fish muscle total mercury (THg) concentrations for the 27
study lakes in the Wallowa-Whitman National Forest, northeastern Oregon and western Idaho.
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Figure 14. Partial residual plot of fish total mercury (THg) concentrations in relation to relative condition
factor. Solid circles indicate brook trout, open circles represent rainbow trout. Partial residuals are
derived from the global mixed-effects general linear model that includes lake, region, fish length, and
δ13C.

Figure 15. Fish muscle total mercury (THg) concentrations in brook trout (Salvelinus fontinalis; black bars)
and rainbow trout (Oncorhynchus mykiss; gray bars) from five lakes where they co-occurred in the
Wallowa-Whitman National Forest, northeastern Oregon and western Idaho.
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Figure 16. Relationship between conifer (>2.5 cm diameter at breast height) basal area within a lake’s
catchment on fish THg concentrations. Data are plotted as partial residuals from the best model to
adjust for the effects of other independent factors on fishTHg concentrations. Each data point
represents a single lake.
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Figure 17. Influence of (A) lake surface area, (B) dissolved sulfate, and (C) dissolved organic carbon on
fish THg concentrations in the Wallowa-Whitman National Forest, northeastern Oregon and western
Idaho. Data are plotted as partial residuals from the best model to adjust for the effect of other
independent factors on fish THg concentrations.
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Figure 18. Mean total mercury (THg) concentrations in salmonid fishes from other high-elevations lakes in
comparison to this study. 1Landers and others, 2008; 2Marusczak and others, 2011; 3Jenssen and
others, 2010; 4Moran and others, 2007; 5Blais and others, 2006.
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Table 1. Chemical and physical attributes of study lakes and their catchments in the Wallowa-Whitman National Forest,
northeastern Oregon and western Idaho.
[a% of catchment area; bbm2/ha, diameter at breast height >2.5cm; BRTR = Brook trout, RATR = Rainbow trout, LATR = Lake trout,
CUTR = Cutthroat trout]
Region
N. Eagle Cap
N. Eagle Cap
N. Eagle Cap
N. Eagle Cap
N. Eagle Cap
N. Eagle Cap
N. Elkhorns
N. Elkhorns
N. Elkhorns
N. Elkhorns
N. Elkhorns
N. Elkhorns
N. Elkhorns
S. Eagle Cap
S. Eagle Cap
S. Eagle Cap
S. Eagle Cap
S. Eagle Cap
S. Eagle Cap
S. Eagle Cap
S. Elkhorns
S. Elkhorns
S. Elkhorns
S. Elkhorns
Seven Devils
Seven Devils
Seven Devils
Seven Devils

Lake Name
Aneroid Lake
Granite/Hawk Lake
Legore Lake
Long Lake
Mirror Lake
Steamboat Lake
Black Lake
Crawfish Lake
Dutch Flat Lake
Hoffer Lake
LaGrande Reservoir
Lilypad Lake
Van Patten Lake
Arrow Lake
Crater Lake
Culver Lake
Fish Lake
Heart Lake
Lookinglass Lake
Twin Lakes
Baldy Lake
Goodrich Lake
Rock Creek
Twin Lakes_Lower
Basin Lake
Emerald Lake
Ruth Lake
Shelf Lake

Latitude

Longitude

45.208873
45.231943
45.310301
45.233449
45.178258
45.229967
44.954079
44.935206
44.930837
44.949454
45.137065
44.957612
44.955503
45.109944
45.058066
45.093022
45.046502
45.105766
45.080028
45.080853
44.845230
44.809660
44.822190
44.808119
45.344960
45.212100
45.242100
45.342280

-117.203488
-117.330740
-117.346113
-117.439989
-117.309000
-117.417914
-118.220636
-118.265268
-118.220282
-118.236193
-118.201446
-118.226323
-118.185464
-117.393089
-117.275198
-117.348249
-117.092215
-117.387880
-117.363020
-117.054626
-118.313904
-118.060431
-118.109395
-118.086737
-116.555504
-116.570336
-116.556800
-116.550757

Elevation
(m)
2286
2436
2725
2169
2315
2244
2240
2101
2238
2278
1558
2179
2254
2386
2301
2146
2031
2228
2226
1962
2171
2094
2338
2335
2250
2072
2215
2275
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Lake Surface
Area (km2)

Catchment
Area (km2)

Canopy
Covera

Basal
Areab

0.1531
0.0131
0.0116
0.1479
0.1007
0.1602
0.0169
0.0559
0.0152
0.0096
0.1189
0.0084
0.0593
0.0051
0.0458
0.0272
0.2564
0.0116
0.0989
0.0237
0.0672
0.0661
0.0968
0.0286
0.0257
0.0808
0.0326
0.0327

5.425
0.263
0.130
4.763
1.876
2.132
0.499
0.368
0.769
0.864
31.891
0.071
0.971
0.099
0.209
0.527
2.991
0.195
0.747
0.071
0.601
1.266
0.924
0.631
0.670
4.456
0.476
1.511

44.73
31.88
27.12
45.39
38.42
47.86
55.08
59.19
45.91
53.03
52.86
60.97
51.67
30.72
45.37
51.98
62.16
45.11
52.91
44.08
58.71
41.65
40.7
33.95
57.62
52.1
NA
52.67

15.59
9.75
8.63
16.22
12.85
17.05
21.68
28.61
20.35
18.36
25.01
28.96
20.58
9.94
18.73
18.21
30.70
15.52
19.71
22.31
28.74
16.47
14.79
12.94
23.62
22.12
NA
21.47

Fish Species
BRTR, RATR
RATR
RATR
BRTR
BRTR
BRTR
BRTR
BRTR
BRTR
BRTR
BRTR, RATR
BRTR
BRTR, RATR
RATR
BRTR, RATR
BRTR
BRTR, RATR
BRTR
BRTR, LATR
RATR
BRTR
BRTR
BRTR
BRTR
RATR
BRTR
BRTR, RATR
CUTR

Table 1. Chemical and physical attributes of study lakes and their catchments in the Wallowa-Whitman National Forest, northeastern
Oregon and western Idaho - Continued.
[aANC = acid neutralizing capacity, meq/L ; bCond = conductivity, mS/cm ; cAnions and cations, mg/L; DOC = dissolved organic carbon, mg/L; bdl
= below detection limit, NA = not analyzed]
Region
N. Eagle Cap
N. Eagle Cap
N. Eagle Cap
N. Eagle Cap
N. Eagle Cap
N. Eagle Cap
N. Elkhorns
N. Elkhorns
N. Elkhorns
N. Elkhorns
N. Elkhorns
N. Elkhorns
N. Elkhorns
S. Eagle Cap
S. Eagle Cap
S. Eagle Cap
S. Eagle Cap
S. Eagle Cap
S. Eagle Cap
S. Eagle Cap
S. Elkhorns
S. Elkhorns
S. Elkhorns
S. Elkhorns
Seven Devils
Seven Devils
Seven Devils
Seven Devils

Lake Name

pH

ANCa

Aneroid Lake
Granite/Hawk Lake
Legore Lake
Long Lake
Mirror Lake
Steamboat Lake
Black Lake
Crawfish Lake
Dutch Flat Lake
Hoffer Lake
LaGrande Reservoir
Lilypad Lake
Van Patten Lake
Arrow Lake
Crater Lake
Culver Lake
Fish Lake
Heart Lake
Lookinglass Lake
Twin Lakes
Baldy Lake
Goodrich Lake
Rock Creek
Twin Lakes_Lower
Basin Lake
Emerald Lake
Ruth Lake
Shelf Lake

7.819
6.371
7.16
7.094
7.083
6.843
6.751
7.104
7.264
6.598
NA
NA
NA
7.081
6.757
6.712
7.437
6.988
6.548
NA
NA
7.686
NA
7.61
7.546
7.397
7.074
NA

842.4
51
191.1
110.9
100.2
93
132.5
205.6
220.4
95.5
NA
NA
NA
157.9
88.5
110.8
185.6
163.4
64.5
NA
NA
490.3
NA
644.4
429.8
244.3
221.6
NA

Condb
92.6
6.8
20.4
11.2
10.6
9.9
13.4
20.3
21.2
9.5
NA
NA
NA
14.5
9.8
16.1
20.0
14.5
7.1
NA
NA
53.6
NA
58.2
45.9
29.2
31.4
NA

Nac

NH4c

Kc

Mgc

Cac

Fc

Clc

SO4c

0.776
0.333
0.598
0.426
0.459
0.493
0.629
1.061
0.966
0.491
NA
NA
NA
0.607
0.489
0.65
1.072
0.618
0.37
NA
NA
0.695
NA
1.149
0.684
1.007
0.608
0.586

0.016
0.017
bdl
bdl
bdl
bdl
bdl
bdl
bdl
bdl
NA
NA
NA
bdl
0.014
bdl
bdl
bdl
bdl
NA
NA
bdl
NA
bdl
0.031
bdl
0.011
0.068

0.816
0.248
0.326
0.275
0.336
0.288
0.255
0.42
0.284
0.198
NA
NA
NA
0.525
0.221
0.52
0.202
0.436
0.283
NA
NA
0.352
NA
0.214
0.175
0.156
0.158
0.386

1.146
0.174
0.285
0.193
0.12
0.202
0.682
0.359
0.412
0.277
NA
NA
NA
0.23
0.084
0.45
0.263
0.163
0.085
NA
NA
0.797
NA
1.031
0.306
0.484
0.286
0.366

14.074
0.935
3.225
1.822
1.414
1.24
1.587
2.87
2.801
1.288
NA
NA
NA
1.982
0.579
1.374
2.657
2.184
1.129
NA
NA
7.454
NA
8.209
6.976
1.812
3.531
2.436

0.020
bdl
0.015
bdl
bdl
bdl
bdl
0.015
0.013
bdl
NA
NA
NA
bdl
bdl
bdl
0.012
bdl
bdl
NA
NA
0.022
NA
0.020
bdl
0.014
bdl
bdl

0.073
0.284
0.070
0.051
0.052
0.062
0.069
0.175
0.052
0.058
NA
NA
NA
0.067
0.095
0.062
0.123
0.050
0.057
NA
NA
0.077
NA
0.072
0.131
0.082
0.113
0.318

7.906
0.199
0.848
0.201
0.359
0.207
0.209
0.307
0.173
0.216
NA
NA
NA
0.285
0.598
1.875
0.524
0.256
0.552
NA
NA
2.248
NA
0.331
0.450
2.248
0.416
0.343
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DOCc
1.05
1.53
0.222
0.601
0.403
0.497
1.5
2.47
1.58
0.76
NA
NA
NA
0.557
0.775
0.266
NA
0.927
0.616
NA
NA
0.664
NA
2.77
1.54
NA
NA
NA

Table 2. Fish catch data and size ranges from subalpine lakes in the Wallowa-Whitman National Forest, northeastern Oregon and western Idaho.
Brook trout
Lake Name
Aneroid Lake
Arrow Lake
Baldy Lake
Basin Lake
Black Lake
Crater Lake
Crawfish Lake
Culver Lake
Dutch Flat Lake
Emerald Lake
Fish Lake
Goodrich Lake
Granite/Hawk Lake
Heart Lake
Hoffer Lake
LaGrande Reservoir
Legore Lake
Lilypad Lake
Long Lake
Lookinglass Lake
Mirror Lake
Rock Creek
Ruth Lake
Shelf Lake
Steamboat Lake
Twin Lakes_Eagle Cap
Upper Twin Lakes_Elkhorns
Van Patten Lake

SL Range
(mm)
145 - 265
-204 - 257
-161 - 248
245 - 276
152 - 220
129 - 175
170 - 245
150 - 196
182 - 215
147 - 206
-162 - 220
133 - 190
150 - 239
-160 - 220
205 - 220
105 - 178
98 - 174
115 - 204
174 - 218
-125 - 209
-153 - 231
145 - 215

Mean SL
(mm)
212.5
-230.5
-210.9
263.6
188.3
154.9
210.2
167.9
201.1
184.4
-198.8
167.9
199.7
-177.1
215.8
150.1
138.1
168.1
196.6
-183.9
-175.2
177.8

Rainbow trout
N
10
-2
-10
5
10
11
10
15
8
15
-8
10
15
-10
5
10
12
15
8
-11
-20
10

SL Range
(mm)
NA
165 - 320
-218 - 320
-250 - 290
----200 - 300
-215 - 238
--154 - 250
146 - 247
-----290 - 330
--210 - 285
-161 - 200

Mean SL
(mm)
290
238.4
-286.3
-268.2
----244.4
-225.5
--202.4
204.7
-----303.3
--233.2
-183.1
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Cutthroat trout
N
1
10
-6
-9
----9
-6
--12
9
-----3
--10
-10

SL Range
(mm)
-----------------------133 - 265
-----

Mean SL
(mm)
-----------------------191.2
-----

Lake trout
N
-----------------------11
-----

SL Range
(mm)
-------------------659
---------

Mean SL
(mm)
-----------------------------

N
-------------------1
---------

Table 3. Ranking of candidate models describing physical and chemical variables influencing fish THg concentrations in the Wallowa-Whitman
National Forest, northeastern Oregon and western Idaho.

[Models presented include only those that were within 8 AICC units of the top model (ΔAICC = 0) and the null (intercept) models; aVariables considered
included basal area, lake area, lake elevation, lake catchment area, ratio of lake area to lake catchment area, lake pH, acid neutralizing capacity (ANC), lake
sulfate (SO4), and dissolved organic carbon (DOC); bNumber of estimated parameters in the model including the intercept and variance; cSecond-order Akaike's
Information Criterium (AICc); dThe difference in the value between the AICc of the current model and the value of the most parsimonious model; e Likelihood of
the model given the data, relative to candidate models; fThe weight of the evidence that the top model is better than the selected model, given the candidate
model set ].
n

Kb

-2LogL

AICCc

ΔAICCd

wie

Evidence
ratiof

r2

Basal area + lake area + SO4 + DOC

18

6

-1.673

17.963

0.000

0.56

1.00

0.87

Basal area + lake area + SO4

18

5

4.986

19.986

2.023

0.20

1.58

0.71

Basal area + lake area + SO4 + ANC

18

6

3.096

22.733

4.770

0.05

2.10

0.75

Basal area + lake area + SO4 + catchment area

18

6

4.716

24.353

6.390

0.02

2.60

0.76

Basal area + lake area + SO4 + elevation

18

6

4.887

24.524

6.561

0.02

2.61

0.72

Basal area + lake area + SO4 + lake area to catchment ratio

18

6

4.960

24.596

6.634

0.02

2.89

0.72

Basal area + lake area + SO4 + pH

18

6

4.979

24.615

6.653

0.02

2.95

0.71

Basal area + lake area + ANC + pH

18

6

5.039

24.676

6.713

0.02

2.98

0.81

Basal area + SO4 + catchment area

18

5

10.012

25.013

7.050

0.02

3.07

0.53

Basal area + SO4

18

4

14.518

25.596

7.633

0.01

3.40

0.50

Intercept

18

2

34.997

39.798

21.835

0.00

55130.92

Model Structure
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Table 4. Ranking of candidate models describing physical variables influencing fish THg concentrations in the Wallowa-Whitman National Foresta,
northeastern Oregon and western Idaho.
ΔAICCd

wie

Evidence
ratiof

r2

40.279

0.000

0.51

1.00

0.46

30.226

43.226

2.947

0.12

4.36

0.46

5

30.309

43.309

3.029

0.11

4.55

0.46

26

5

30.365

43.365

3.085

0.11

4.68

0.46

Basal area + lake area + catchment area + lake area to catchment ratio

26

6

30.016

46.437

6.158

0.02

21.73

0.47

Basal area + lake area + catchment area + elevation

26

6

30.047

46.468

6.189

0.02

22.07

0.47

Basal area

26

3

39.503

46.594

6.315

0.02

23.51

0.23

Basal area + lake area + lake area to catchment ratio + elevation

26

6

30.218

46.639

6.360

0.02

24.05

0.46

Intercept

26

2

46.336

50.858

10.579

0.00

198.20

-

Model Structure

n

Kb

-2LogL

AICCc

Basal area + lake area

26

4

30.375

Basal area + lake area + lake area to catchment ratio

26

5

Basal area + lake area + catchment area

26

Basal area + lake area + elevation

[Model presented include only those that were within 8 AICC units of the top model (ΔAICC = 0) and the null (intercept) models;
a
Variables considered included basal area, lake area, lake elevation, lake catchment area, and ratio of lake area to lake catchment area; bNumber of estimated
parameters in the model including the intercept and variance; cSecond-order Akaike's Information Criterium (AICc); dThe difference in the value between the
AICc of the current model and the value of the most parsimonious model; eLikelihood of the model given the data, relative to candidate models; fThe weight of
the evidence that the top model is better than the selected model, given the candidate model set].
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