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A B S T R A C T   

Mercury (Hg) is a widespread element and persistent pollutant, harmful to fish, wildlife, and humans in its 
organic, methylated form. The risk of Hg contamination is driven by factors that regulate Hg loading, methyl-
ation, bioaccumulation, and biomagnification. In remote locations, with infrequent access and limited data, 
understanding the relative importance of these factors can pose a challenge. Here, we assessed Hg concentrations 
in an apex predator fish species, lake trout (Salvelinus namaycush), collected from 14 lakes spanning two National 
Parks in southwest Alaska, U.S.A. We then examined factors associated with the variation in fish Hg concen-
trations using a Bayesian hierarchical model. We found that total Hg concentrations in water were consistently 
low among lakes (0.11–0.50 ng L− 1). Conversely, total Hg concentrations in lake trout spanned a thirty-fold 
range (101–3046 ng g− 1 dry weight), with median values at 7 lakes exceeding Alaska’s human consumption 
threshold. Model results showed that fish age and, to a lesser extent, body condition best explained variation in 
Hg concentration among fish within a lake, with Hg elevated in older, thinner lake trout. Other factors, including 
plankton methyl Hg content, fish species richness, volcano proximity, and glacier loss, best explained variation in 
lake trout Hg concentration among lakes. Collectively, these results provide evidence that multiple, hierar-
chically nested factors control fish Hg levels in these lakes.   

1. Introduction 

National Parks in the state of Alaska are among the most remote and 
ostensibly pristine locations in the United States, containing intact 
habitat for iconic species and offering valuable ecosystem services 
(Reynolds et al., 2018; Vynne et al., 2021). However, previous studies 
found high concentrations of mercury (Hg) in fish within park bound-
aries, posing health risks for nearby Indigenous communities that rely on 
subsistence fishing. For example, fish Hg concentrations from lakes in 
five Alaskan parks were among the highest of the 23 western parks 
measured and exceeded both ecological and human health impairment 

benchmarks (Eagles-Smith et al., 2014; Landers et al., 2008). This raises 
the question: what is driving the high Hg concentrations observed in 
these lake fish? 

Lakes integrate water, energy, nutrients, sediments, and pollutants 
from their surrounding watersheds and airsheds (Schindler, 2009). 
Therefore, lake fish often serve as biological indicators of persistent 
pollutants, like Hg (Gutiérrez and Agudelo, 2020; Łuczyńska et al., 
2018). However, understanding pollution in fish from remote lakes is 
frequently challenged by a lack of basic ecological data. In the case of 
Hg, the challenge is exacerbated by the complexity of the Hg cycle, 
which includes natural and anthropogenic sources, multiple chemical 
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species, and both newly released and remobilized legacy pools that may 
have differing bioavailability. 

The list of potential factors regulating Hg concentrations in lake food 
webs is extensive, and no single conceptual model is universally appli-
cable (Branfireun et al., 2020). Nevertheless, most factors can be 
grouped into four broad categories: (1) factors influencing Hg loading; 
(2) factors regulating methylmercury production via methylation; (3) 
factors controlling methylmercury bioaccumulation in organisms, and 
(4) factors governing methylmercury biomagnification in food webs 
(Wiener et al., 2003). 

Distant anthropogenic emissions, followed by atmospheric transport 
and deposition, are key sources of Hg loading in many remote lakes 
(Durnford et al., 2010; Streets et al., 2011). However, three additional 
sources in southwest Alaska—our region of interest—warrant consid-
eration. First, this region contains numerous volcanoes (Miller et al., 
1998), and both actively erupting and passively degassing volcanoes are 
a known source of geogenic Hg to the atmosphere (Bagnato et al., 2011). 
Second, this region is undergoing rapid glacial melt due to climate 
change (Roberts-Pierel et al., 2022), and glaciers may contain latent 
reservoirs of atmospherically deposited Hg (Schuster et al., 2002). 
Third, this region supports the world’s largest fishery for sockeye salmon 
(Oncorhynchus nerka; Schindler et al., 2010), and the annual return of 
spawning sockeye salmon imports not only marine-derived nutrients but 
also pollutants like Hg to lake food webs (Zhang et al., 2001). 

Regardless of the sources of Hg loading, methylation of inorganic Hg 
to methylmercury (MeHg) by native microbial communities increases 
the bioavailability and toxicity of Hg and, therefore, the exposure and 
risk to fish and other organisms, including humans (Wiener et al., 2003). 
Factors regulating the net production of MeHg are well studied. Results 
highlight two main types of factors: those that affect the activity of 
microbial communities capable of methylation, and those that affect the 
amount of inorganic Hg available to the microbes (Hsu-Kim et al., 2013). 
For example, the amount of available inorganic Hg is influenced by 
basin characteristics (e.g., type of land use and abundance of wetlands 
(Hurley et al., 1995; St. Louis et al., 1996)) and water quality conditions 
(e.g., pH, sulfate, and dissolved organic matter concentration and 
composition (Miskimmin et al., 1992; Wiener et al., 2006; Chiasson--
Gould et al., 2014)). Dissolved organic matter concentration and 
composition also regulate the activity of microbes involved in MeHg 
production (Bravo et al., 2017), as does water temperature (Bodaly 
et al., 1993). 

Following production, MeHg bioaccumulates at lower trophic levels 
(e.g., primary producers) then biomagnifies to higher trophic levels (e. 
g., fish) within aquatic food webs. Various factors can affect MeHg 
bioaccumulation in lake fish, including age, size, diet, growth rate, and 
trophic position (Wiener et al., 2003). Other factors can affect MeHg 
biomagnification between organisms, such as trophic structure and 
MeHg concentration at the base of the food web. MeHg at the base of the 
food web is informative because the bioconcentration between water 
and primary producers is orders of magnitude greater than the bio-
magnification between successive trophic levels (Ogorek et al., 2021). 
Therefore, MeHg concentrations in primary producers are often strongly 
related to concentrations in piscivorous fish (Pickhardt et al., 2002; 
Sandheinrich and Weiner, 2011). 

Our conceptual model, with four broad categories of Hg-regulating 
factors, can be parsed by the scale at which the factors function: either 
at the level of an individual fish or at the level of the lake or basin where 
fish reside (henceforth, fish-level and lake-level, respectively). Factors 
affecting Hg bioaccumulation operate at the fish level, while factors 
influencing Hg loading, methylation, and biomagnification operate at 
the lake level. As such, the categories in this conceptual model represent 
hierarchically nested processes. 

In this study, we assessed Hg concentrations of resident fish from two 
National Parks in southwest Alaska, focusing on lake trout (Salvelinus 
namaycush), a long-lived, slow-growing, top-predator species in many 
southwest Alaska lakes. Our goals were (1) to evaluate the magnitude of 

Hg contamination in fish within a subset of lakes in these parks, and (2) 
to determine the relative importance of factors pertaining to loading, 
methylation, bioaccumulation, and biomagnification in controlling 
variability of fish Hg concentrations among lakes. Further, because the 
factors are hierarchically nested, we introduce a modeling framework 
that enables an examination of both fish-level and lake-level factors 
concurrently. 

2. Materials and methods 

2.1. Study sites 

We selected study sites in Katmai National Park and Preserve 
(KATM) and Lake Clark National Park and Preserve (LACL), which are 
located at the northern end of the Alaska Peninsula. Together, these 
parks encompass 32,943 km2 (Fig. 1), comprising almost 10% of Na-
tional Park Service holdings nationwide. Their landscapes have been 
shaped by dynamic geologic processes, particularly glaciation and 

Fig. 1. Map of 14 study lakes sampled in 2 Alaska park units: Lake Clark 
(LACL) and Katmai (KATM) National Parks and Preserves. Numbers correspond 
to lake names (1 = Telaquana, 2 = Turquoise, 3 = Snipe, 4 = Lachbuna, 5 =
Crescent, 6 = Kijik, 7 = Kontrashibuna, 8 = Clark, 9 = Kukaklek, 10 = Non-
vianuk, 11 = Kulik, 12 = Hammersly, 13 = Grosvenor, 14 = Brooks) and as-
terisks indicate lakes without sockeye salmon, due to barriers. Park unit 
boundaries are shaded green, and volcanoes are depicted by black circles. The 
location of the Mercury Deposition Network station at Kodiak Island (AK98) is 
denoted by a black triangle in the inset map. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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volcanism. Both parks were glaciated during the Pleistocene but have 
experienced widespread glacial retreat since the Holocene (Hamilton 
et al., 1986), with rates of retreat accelerating due to climate change 
(Loso et al., 2014). The parks also sit along the Aleutian volcanic arc; 18 
volcanoes exist within KATM and LACL boundaries, all but 2 occurring 
in KATM (Table A1). 

We selected 14 lakes as study sites in KATM and LACL according to 
three criteria: presence of lake trout; inclusion in ongoing monitoring 
efforts; and gradients in potential drivers such as glacier cover and 
salmon density. While these lakes vary in area and depth (Table A2), all 
are characterized as well-oxygenated, dimictic or cold polymictic, and 
oligotrophic, with low concentrations of nutrients and major ions, and 
low to moderate acid buffering capacity (Brabets and Ourso, 2006a, 
2006b; Chamberlain, 1989; LaPerriere, 1997; Wilkens, 2002). Where 
lake trout and sockeye salmon coexist in these lakes, lake trout are 
known to eat sockeye salmon eggs and fry (Hartman and Burgner, 1972; 
Russell, 1980). 

Atmospheric deposition of Hg at these lakes is unknown. However, 
data for years 2007–2015 from a nearby Mercury Deposition Network 
station (AK98) indicate that cumulative precipitation is higher than at 
four other stations in Alaska (2249 mm yr− 1 vs. 363–1642 mm yr− 1), 
while Hg concentration in precipitation is generally lower (2.17 ng L− 1 

vs. 1.89–6.15 ng L− 1). Of the stations in Alaska, AK98 consistently 
recorded the highest annual Hg deposition loads (4.80 μg m− 2 vs. 
2.11–4.52 μg m− 2), however these values ranked in the lowest 5% of 
stations nationwide (Pearson et al., 2019). 

2.2. Field and Laboratory Methods 

To quantify factors known to influence Hg loading, methylation, 
bioaccumulation, and biomagnification, we collected water, plankton, 
and fish in the field, and then analyzed the resulting samples in the lab 
for Hg and other constituents. Those constituents ranged from dissolved 
organic carbon (DOC) and sulfate (SO4

2− ) in water to carbon and nitro-
gen stable isotope ratios (δ13C and δ15N) in fish. Details regarding 
methods are included in Appendix A. 

2.2.1. Water 
We determined vertical patterns in water chemistry near each lake’s 

midpoint during the summer of 2016, using a YSI EXO2 multiparameter 
sonde that recorded water depth, pH, temperature, conductance, dis-
solved oxygen, and turbidity from the lake surface to the bottom or 50 m 
depth (whichever was shallower). Using this information, water samples 
were collected from three depths per site (above, within, and below the 
thermocline) via a Niskin sampler and a 2-L bottle. Because filter- 
passing inorganic Hg is the aqueous species primarily used for MeHg 
production (Hsu-Kim et al., 2013), water samples were filtered and 
stored for later analysis. Total Hg (THg), MeHg, and DOC concentrations 
were analyzed at the United States Geological Survey Mercury Research 
Laboratory (USGS-MRL) using modified versions of USEPA Methods 
1631, 1630, and 9060a (USEPA, 1998a, 2002; 2004). Sulfate concen-
trations were analyzed at the University of Wisconsin, Madison using 
USEPA Method 300 (USEPA, 1997). All analyses passed established lab 
quality control criteria. 

2.2.2. Plankton 
We collected bulk plankton from the top 20 m of the water column 

near each lake’s midpoint using a 1-m diameter, 63-μm mesh net during 
the summer of 2016. Due to funding and capacity constraints, we did not 
assess plankton species composition. Instead, the collected plankton 
were sieved with size-sequential Nitex screens (500, 243, 118, and 63 
μm) and frozen. Frozen plankton captured on the screens were trans-
ported to the USGS-MRL, lyophilized, and weighed. Plankton were then 
removed from the screens and their MeHg concentrations were deter-
mined using atomic fluorescence spectroscopy. Analyses of plankton 
met USGS-MRL quality control criteria. 

Plankton MeHg concentrations reported here generally pertained to 
a single bulk sample per lake, with each size fraction (>500, 243–500, 
118–243, and 63–118 μm) normalized relative to its mass contribution 
to the bulk sample. However, plankton MeHg concentrations used to 
report lake-specific bioaccumulation factors (BAF) differed, as: 

BAF = log10

[
MeHgplankton

(
ng • kg− 1dw

)]

[
MeHgwater

(
ng • L− 1dw

)] ,

where MeHgplankton included concentrations for the smallest size fraction 
(63–118 μm) and MeHgwater included averaged concentrations from the 
epilimnion and thermocline. 

2.2.3. Fish 
We collected a total of 158 adult lake trout (n = 10–27 per lake) via 

angling or gillnetting during summer months (June–September) of 
2011–2016. Given this time span, a temporal disconnect exists between 
fish collections (2011–2016) and water and plankton collections (2016) 
in some lakes which, in turn, may impact the comparability of constit-
uents sampled in different years. Seasonal and inter-annual variability 
exists for some constituents but, for the purposes of this study, we 
assumed the measured values are best estimates for the entire study 
window. 

Upon collection, fish were euthanized, and total length, weight, and 
sex were determined. Length (l, in mm), weight (w, in g), and a scaling 
factor of 105 (s) were later used to calculate fish body condition (K): 

K =
w
l3 × s  

as described by Ricker (1975). Sagittal otoliths were removed for age 
determination using standard sectioning methods (Campana et al., 
2008), and axial muscle tissue samples were removed for constituent 
analysis. Prior to analysis, samples were lyophilized, homogenized, and 
weighed for moisture content. 

We analyzed THg concentrations in the muscle samples as a proxy for 
MeHg, because most Hg in the muscle of top predator fish is MeHg 
(Bloom, 1992). THg analysis was conducted at the USGS-MRL or USGS 
Contaminant Ecology Research Lab using USEPA Method 7473 (USEPA, 
1998b). As with plankton, analyses of fish met established quality con-
trol criteria. We also analyzed the muscle samples for δ13C and δ15N, 
which serve as indicators of foraging habitat and trophic position, 
respectively (Perga and Gerdeaux, 2005). In freshwater food webs 
containing anadromous salmon, δ15N values of resident fish can also 
track marine-derived nitrogen (Mathisen et al., 1988). Analysis of δ13C 
and δ15N was conducted at the University of California Davis Stable 
Isotope Facility, and results met lab quality control standards. To ac-
count for δ13C fractionation associated with lipid formation in fish, 
mathematical corrections approximated from sample C:N were per-
formed on fish δ13C and labeled as δ13Clipid-free (Hoffman et al., 2015). 

2.3. Other datasets 

In addition to the samples collected and analyzed for this study, we 
quantified several factors from pre-existing data. For example, volcano 
proximity and glacier cover were derived from remote sensing data 
using GIS. Salmon density and fish species richness were derived from 
monitoring data and inventory reports using other methods. Select 
methods are summarized below; for details, see Appendix A. 

We quantified volcano proximity for each lake as a unitless index, 
similar to that developed by Gustafson and Parker (1992). The index 
used the distance (d) between all volcano (v) and lake (l) pairs, filtered to 
include only distances <100 km, then summed by lake: 

Volcano proximity=
∑14

l=1

1
d2

vl 
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so higher proximity index values signified more volcanoes nearby. 
We determined glacier cover for each lake basin using shapefiles of 
glacial area during current (2000’s) and historical (1950’s) time periods 
(Arendt and Rich, 2013). Glacier loss was calculated as the difference 
between current and historical glacier cover in a basin. 

We quantified salmon density for each lake as the mean annual 
escapement of sockeye salmon, divided by the lake perimeter (NPS, 
2006). Time series of escapement, defined as the number of salmon that 
escape commercial harvest to spawn, included various methods for 
counting salmon (aerial, tower, weir, and sonar counts), and were 
limited to years on record from 1987 to 2016, the earliest birth year and 
latest death year of lake trout in this study. Escapements included 
salmon spawning within each lake’s watershed, not solely within each 
lake. We tallied fish species richness for each lake by summing the 
number of species identified in fish inventory reports (Jones et al., 2005; 
Russell, 1980), where available. Where reports were unavailable or 
incomplete, local knowledge from biologists and fishing guides was used 
as a supplement. This tally was intended as a proxy for trophic structure 
or complexity, given reported correlations between fish species richness 
and food web length (Vander Zanden et al., 1999). 

2.4. Model methods 

Our analyses of water, plankton, and fish samples, and the sum-
maries of pre-existing datasets, produced many potential predictors with 
substantial redundancy. We reduced this list to 12 factors selected as 
covariates: 4 at the fish level and 8 at the lake level (Table 1), none with 
a variance inflation factor greater than 4 (Neter et al., 1990). The 
number of fish-level covariates was reduced by omitting those with 
many undetermined values or no clear link to a particular process. To 
reduce the number of lake-level covariates, we performed separate 
principal component analyses (PCA) for each of three processes: loading, 
methylation, and biomagnification. Using the PCA biplots, we then 
selected non-redundant covariates that best explained the two main 
axes, based mainly on PCA loadings. For additional details, see Appendix 
A. 

To assess the relative importance of factors in controlling variability 
of fish Hg concentrations, we constructed a Bayesian hierarchical mixed- 
effects model that matched the structure of our conceptual model 
(Fig. 2) and data collection, while also accounting for imbalanced 
sample sizes. The model hierarchy captured both fish-level and lake- 
level influences on Hg, and reflected our understanding that loading 

and methylation effects should be evident in plankton MeHg concen-
trations. We modeled total Hg concentrations in individual fish as a log- 
normal variable predicted by a linear function of fish-level covariates 
that captured an individual’s predisposition to accumulate Hg. We 
modeled a lake-varying slope random effect for each fish-level covariate, 
and a lake-varying intercept random effect to account for among-lake 
variation in available Hg. The lake-varying intercept was, in turn, 
modeled as a function of fish species richness and plankton MeHg con-
centration. Plankton MeHg concentration was modeled as a function of 
lake-level variables influencing loading and methylation. 

Table 1 
Fish-level and lake-level factors included in the Bayesian hierarchical model. Factors are listed by process-based category, expected effect on fish mercury concen-
tration (positive, negative), and data source.  

Level a Category Factor Units Effect Source 

Fish Bioaccumulation Age years + b 

Fish Bioaccumulation Body condition g⋅mm− 3 – b 

Fish Bioaccumulation δ13Clipid-free ‰ + b 

Fish Bioaccumulation δ15N ‰ + b 

Lake Bioaccumulation Bioaccumulation factor log (L⋅kg− 1) + b 

Lake Biomagnification Plankton MeHg concentration ng⋅g− 1 (dw) + b 

Lake Biomagnification Fish species richness fish species + c 

Lake Methylation d Water DOC concentration mg⋅L− 1 + b 

Lake Methylation Water SO4
2− concentration mg⋅L− 1 + b 

Lake Loading Volcano proximity index unitless – e 

Lake Loading Glacier loss % + f 

Lake Loading Salmon density salmon⋅m− 1 + g  

a Sample sizes of fish-level and lake-level data are n = 158 lake trout and n = 14 lakes, respectively. 
b This study and Lepak et al., 2022a. 
c Jones et al. (2005); Russell (1980). 
d DOC also mediates MeHg bioaccumulation (French et al., 2014) but is limited to a single category for simplicity. 
e AKDNR, 2011. 
f Arendt and Rich (2013). 
g ADFG, 2021a, 2021b; Clark (2005); additional data from Steve Morstad (Alaska Department of Fish and Game, 907-246-3341) and Dan Young (Lake Clark National 

Park and Preserve, 907-781-3018). 

Fig. 2. Schematic diagram of the Bayesian hierarchical model used to evaluate 
fish-level and lake-level factors potentially affecting observed total mercury 
(THg) concentrations in lake trout. Greek symbols represent estimated regres-
sion parameters (α, λ, θ). Colored boxes represent observed quantities, divided 
into four process-based categories (loading, methylation, bioaccumulation, 
biomagnification). 
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We used indicator variable selection (IVS) within our model to 
identify lake-level covariates that maximized model fit (Cunningham 
et al., 2018; Kuo and Mallick, 1998). For each covariate, IVS generated a 
variable inclusion probability (VIP), which ranged from 0 to 1 and was 
used to assess covariate strength. We fit our model with JAGS (Plummer, 
2017), via the JagsUI package (Kellner and Meredith, 2021) in R Sta-
tistical Software (R Core Team, 2019). We reported posterior medians 
and 95% credible intervals (CrI) for a 1-SD change in the predictor 
variable, based on iterations where IVS included the variable in the 
model. For a detailed model description, see Appendix A. 

3. Results 

Concentrations of THg in filtered lake water ranged from 0.11 to 
0.50 ng L− 1 throughout the water column (x = 0.20 ± 0.09 SD; N = 42 
samples) and were similar between parks (KATM and LACL; F1,36 =

1.68, p = 0.20) and depths (epilimnion, thermocline, hypolimnion; F2,36 
= 0.05, p = 0.95). MeHg concentrations in filtered lake water reached 
0.19 ng L− 1 and were often at or below the method detection limit 
(0.010 ng L− 1), hence we viewed the MeHg results as approximations, 
along with the BAFs that utilized them (Table A3). 

Although THg concentrations in water were low and relatively uni-
form, THg concentrations in fish were variable and, in some lakes, high. 
Lake trout spanned a thirty-fold range in THg concentrations (101–3046 
ng g− 1 dry weight (dw); N = 158 fish; Table 2), with distributions 
differing among parks (Wilcoxon W = 4072, p < 0.001). Within indi-
vidual lakes, THg concentrations of lake trout spanned ranges as small as 
359 ng g− 1 dw (Kukaklek) or as large as 2222 ng g− 1 dw (Kulik). When 
converted to wet weight (ww) using moisture content data, median THg 
concentrations in five lakes exceeded the USEPA MeHg criterion for 
protection of human health (300 ng g− 1 ww; Borum et al., 2001), and 
seven lakes exceeded a similar criterion developed for Alaska (200 ng 
g− 1 ww; Hamade, 2014) (Fig. 3). Here, we assumed THg did not vary 
between years during summer, as fish were collected in different years 
within and across lakes. 

3.1. Fish-level factors 

Four fish-level factors were included in the model as covariates: lake 
trout age, body condition, δ13C, and δ15N (Table 2, Fig. 2). Lake trout 
varied in age from 7 to 26 yrs, with the youngest fish from Snipe Lake 
and the oldest from Lake Brooks, on average (x = 10 and 19 yrs, 
respectively; Table 2). Body condition in lake trout ranged from 0.49 to 
1.16, where larger values indicated heavier fish for a given length. Lipid- 
corrected δ13C ranged from − 28.91‰ to − 14.97‰ and varied widely 

within some lakes (e.g., a 9.55‰ range at Kulik Lake). Finally, δ15N 
spanned values from 9.06‰ to 16.14‰ and, in most lakes, varied by one 
trophic level or less (i.e., ≤3.4‰; Minagawa and Wada, 1984). 

3.2. Lake-level factors 

Of the eight lake-level factors included in the model as covariates 
(Table 3, Fig. 2), four were quantified with new data (MeHg in plankton, 
SO4

2− and DOC in water, and BAF). MeHg concentrations in plankton 
ranged from 8.35 to 59.01 ng g− 1 dw among lakes, and SO4

2− concen-
trations in water ranged from 1.89 to 13.46 mg L− 1. DOC concentrations 
were low (0.75 ± 0.58 mg L− 1), relative to values reported previously 
for other northern lakes (Seekell et al., 2015; Stolpmann et al., 2021). 

Table 2 
Summaries of the response variable (lake trout total mercury (THg)) and fish-level covariates used in the Bayesian hierarchical model. Summaries include mean (x), 
minimum, and maximum values for the lake trout sampled in each lake.  

Park a Lake name n b THg (ng⋅g− 1 dw) Age (yrs) Condition (g⋅mm− 3) δ13Clipid-free (‰) δ15N (‰)    

x Min Max x Min Max x Min Max x Min Max x Min Max 

LACL Telaquana 10 726 248 1403 15 10 20 0.71 0.55 0.88 − 22.09 − 24.73 − 18.95 12.67 11.12 14.91 
LACL Turquoise 11 571 191 914 17 7 26 0.82 0.68 0.91 − 23.62 − 25.69 − 21.29 10.73 10.15 11.25 
LACL Snipe 10 907 678 1200 10 7 13 0.79 0.71 0.87 − 22.71 − 23.69 − 22.04 10.89 10.34 11.31 
LACL Lachbuna 10 666 260 985 15 7 23 0.89 0.71 1.16 − 24.93 − 27.47 − 21.73 10.63 9.06 13.30 
LACL Crescent 10 796 474 1200 17 10 23 0.92 0.79 1.16 − 22.51 − 27.44 − 19.03 13.39 12.08 15.45 
LACL Kijik 10 612 297 1026 12 9 15 0.91 0.72 1.07 − 24.61 − 28.50 − 21.97 13.61 12.89 14.57 
LACL Kontrashibuna 10 953 151 1671 12 7 18 0.86 0.73 1.02 − 18.62 − 21.85 − 14.97 10.50 9.50 11.35 
LACL Clark 27 1692 1066 3039 14 10 21 0.81 0.59 1.04 − 24.36 − 27.27 − 17.97 11.88 11.06 12.70 
KATM Kukaklek 10 678 462 821 11 7 17 0.87 0.76 0.98 − 22.84 − 24.63 − 21.59 15.45 14.85 16.14 
KATM Nonvianuk 10 894 470 2563 11 8 15 0.80 0.58 0.97 − 24.10 − 25.14 − 22.74 12.67 11.14 13.45 
KATM Kulik 10 1428 641 2863 16 13 24 0.83 0.49 0.96 − 22.42 − 25.06 − 15.51 12.66 11.41 13.48 
KATM Hammersly 10 1942 1400 2930 14 10 22 0.91 0.78 1.00 − 22.94 − 24.11 − 21.12 10.01 9.62 11.20 
KATM Grosvenor 10 2129 1341 2634 15 10 22 0.87 0.76 0.97 − 25.74 − 28.52 − 22.20 14.58 13.81 15.84 
KATM Brooks 10 2201 1534 3046 19 14 24 0.84 0.78 0.92 − 25.42 − 28.91 − 23.36 13.36 9.29 14.24  

a LACL = Lake Clark National Park and Preserve; KATM = Katmai National Park and Preserve. 
b Total number of lake trout sampled per lake. 

Fig. 3. Boxplots of raw total mercury (THg) concentrations in lake trout, dis-
played by lake along a latitudinal gradient from north (top) to south (bottom). 
The midline of each box signifies the median value of 10–27 lake trout per lake. 
The lower and upper bounds correspond to the 25th and 75th percentiles, and 
the lower and upper whiskers extend to the smallest and largest values within 
1.5x the inter-quartile range. Data beyond the whiskers are plotted as outliers. 
The green lines represent alternative thresholds for protection of human health: 
200 and 300 ng⋅g− 1 wet weight, designated by state and federal agencies, 
respectively. (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.) 
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Conversely, BAF values were high (log 5.90 ± 0.50 L⋅kg− 1), compared 
with values reported elsewhere in the literature (Schartup et al., 2018; 
Tsui and Finlay, 2011). 

3.3. Model results 

Model results highlighted the relative influence of both fish-level and 
lake-level factors in explaining differences in lake trout THg concen-
tration. For the fish-level factors, age and body condition had the most 
consistent effects on THg concentration, while the effects of δ13C and 
δ15N differed substantially among lakes (Fig. 4). Specifically, THg con-
centration at an average lake increased by 17% for each 1-SD increase of 
age, 95% CrI = [10,25]. We found weaker evidence of increased THg 
concentration in fish with lower body condition, suggesting a 6% [13,-1] 
increase at an average lake for each 1-SD decrease in body condition. We 
found strong evidence of a negative relationship between THg concen-
tration and δ13C in fish from four lakes, but weaker or no evidence of 
such a pattern in other lakes. Finally, δ15N had no consistent relationship 
with fish THg concentration across lakes, although a positive relation-
ship was apparent in one lake (Kontrashibuna; Fig. 4). 

Lake trout THg concentration was also explained by several lake- 
level factors, including fish species richness (VIP = 0.61) and plankton 
MeHg concentration (VIP = 0.83; Fig. 5). Plankton MeHg concentration, 
in turn, was predicted by volcano proximity (VIP = 0.98) and glacier loss 
(VIP = 0.80; Fig. 5). Fish THg concentration increased 20% [3,39] with 
each 1-SD increase in fish species richness and 32% [12,53] with each 1- 
SD increase in plankton MeHg concentration. MeHg concentrations in 
plankton were higher in lakes with a greater density of nearby vol-
canoes, and lower in lakes with a greater loss of basin glacier cover. This 
translated to a 26% [7,46] increase in fish THg with increased volcano 
proximity, and a 13% [− 26,-2] decrease in fish THg with increased 
glacier loss. We found only weak evidence for increased plankton MeHg 
concentration with increased BAF, and this covariate was not favored by 
indicator variable selection (IVS). Additionally, we found no evidence of 
an influence of DOC, SO4

2− , or salmon density on plankton MeHg 
concentration. 

4. Discussion 

Recent findings of elevated fish Hg concentrations in some of the 
most remote and ostensibly pristine lakes in North American parklands 
have raised questions about the factors driving those concentrations. In 
our study of 14 remote lakes, with gradients in potential drivers of Hg, 
we found that THg concentrations in 59 of 158 lake trout exceeded the 

USEPA human consumption threshold in multiple lakes spanning both 
parks examined. These concentrations varied widely both within and 
among lakes, despite the relatively low and uniform THg concentrations 
observed in water. Results from a Bayesian hierarchical model indicated 
that fish-level and lake-level factors, related to loading, bio-
accumulation, and biomagnification, explained the observed variation 
in lake trout THg concentrations. In particular, age and, to a lesser 
extent, body condition best explained variation in THg among fish, 
while plankton MeHg, fish species richness, volcano proximity, and 
glacier loss explained variation in THg among lakes. 

4.1. Fish-level factors 

We found strong evidence that THg concentrations are higher in 
older lake trout and moderate evidence that concentrations are higher in 
lake trout with lower body condition, indicative of poorer nutritional 
status. Increases in Hg concentration with fish age are well-established 
(Wiener et al., 2007), especially in cold high latitude lakes, where 
growth rates are slow and life spans are long, relative to warmer regions 
(Kahilainen et al., 2017). Inverse relationships between Hg concentra-
tion and body condition are also well-supported. For example, studies of 
both small alpine and large lowland lakes generally found lower Hg 
concentrations in fish with higher condition scores (Cizdziel et al., 2002; 
Eagles-Smith et al., 2016a). Fish condition and average growth rate are 
positively correlated via bioenergetics (Ricker, 1979), while average 
growth rate and Hg concentration are negatively correlated via growth 
dilution (Stafford et al., 2004). In our study, the effect of condition on 
THg concentration was small, negative, and consistent across lakes 
(Fig. 4). 

We also found evidence that THg concentrations are higher in lake 
trout with more depleted δ13C values, but this relationship varied among 
lakes. More depleted δ13C values in fish typically indicate greater reli-
ance on pelagic plankton-derived C, than on benthic or littoral algae- 
derived C (Hecky and Hesslein, 1995). Greater reliance on pelagic C is 
often associated with higher Hg concentrations in fish (Kahilainen et al., 
2017; Power et al., 2002), because pelagic plankton tend to have higher 
Hg concentrations and lower caloric contents than benthic or littoral 
prey taxa (Karimi et al., 2016). In our study, model results for δ13C 
suggest that habitat-specific foraging by lake trout occurs in several 
lakes, while generalist foraging from multiple habitats occurs in others. 

Notably absent in our modeling results was a consistent relationship 
between δ15N and THg concentration in lake trout (Fig. 4). Instead, the 
relationship differed across the landscape and was relatively strong in 
only one lake, suggesting that trophic position was not a dominant 

Table 3 
Summaries of the lake-level covariates used in the Bayesian hierarchical model.  

Park A Lake name MeHg in 
plankton 
(ng⋅g− 1) B 

Fish species 
richness 

Volcano 
proximity index 
D 

Glacier 
loss (%) 

Salmon density 
(salmon⋅m− 1) 

SO4
2− in water 

(mg⋅L− 1) 
DOC in water 
(mg⋅L− 1) 

BAF (log 
(L⋅kg− 1)) C 

LACL Telaquana 8.67 11 0.4 2.32 1 13.46 0.34 5.34 
LACL Turquoise 8.35 7 0.3 4.37 0 4.62 0.19 5.89 
LACL Snipe 20.62 9 0.3 0 0 4.88 2.33 5.39 
LACL Lachbuna 18.82 3 0.4 0.62 0 11.79 0.44 5.03 
LACL Crescent 22.05 7 5.4 4.56 2.3 1.89 0.27 5.40 
LACL Kijik 20.83 10 0.3 0 0.6 9.76 0.55 5.88 
LACL Kontrashibuna 23.67 5 0.8 1.11 0 8.63 0.28 6.24 
LACL Clark 22.79 21 0.6 1.03 1.6 6.60 0.81 6.19 
KATM Kukaklek 21.04 9 1.6 0.01 3.5 7.06 0.83 6.26 
KATM Nonvianuk 18.59 13 2.5 1.05 0.8 7.69 0.87 5.98 
KATM Kulik 31.70 8 3.6 1.70 1.3 7.23 0.45 6.90 
KATM Hammersly 36.92 7 3.9 0 0.2 3.17 0.61 6.44 
KATM Grosvenor 59.01 18 8.8 0.04 2 4.16 1.09 5.92 
KATM Brooks 33.96 19 5.1 0 1 3.00 1.47 5.75 

A LACL = Lake Clark National Park and Preserve; KATM = Katmai National Park and Preserve. 
B Methylmercury (MeHg) concentrations pertain to a single bulk sample per lake, inclusive of all size fractions (range in mass = 0.27–2.1 g dw). 
C Bioaccumulation factor (BAF) calculations rely on concentrations of MeHg in water and the smallest size fraction of plankton (63–118 μm). 
D Volcano proximity index is unitless, as described in the Methods. Here it is multiplied by 1000 for ease of viewing. 
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driver of variation in fish Hg. Both δ15N and THg typically increase with 
trophic position (Cabana and Rasmussen, 1994; Kidd et al., 2012). 
However, the range of lake trout δ15N within most of our study lakes was 
narrow (Table 2), which could explain the lack of relationship with THg. 
Furthermore, δ15N can serve as an indicator of marine-derived N from 
salmon—and by extension marine-derived Hg from salmon—which 
complicates the interpretation of the δ15N results. If salmon-borne Hg is 
negligible, or Hg from other sources is more bioavailable, then elevated 
Hg in lake trout would not necessarily follow from elevated δ15N levels. 

4.2. Lake-level factors 

After accounting for fish-level factors, our model results suggest that 
four lake-level factors (plankton MeHg, fish species richness, volcano 
proximity, and glacier loss), indicative of two key processes (bio-
magnification and loading), drive lake trout Hg concentrations. Our 
analysis provides no evidence that other lake-level factors (salmon 
density, SO4

2− , DOC, and BAF) control variation in fish Hg concentra-
tions between lakes, despite their roles as drivers in past studies 
(Chiasson-Gould et al., 2014; Gilmour et al., 1992; Ogorek et al., 2021). 

4.2.1. Plankton MeHg 
Concentrations reported here for MeHg in plankton are similar to or 

lower than concentrations reported for other northern lakes (e.g., Kidd 
et al., 2012; Westcott and Kalff). However, cross-study comparisons are 
complicated by differences in plankton sampling and processing tech-
niques, taxonomy, and relative trophic position. Nevertheless, a pattern 
observed in other studies—of a positive relationship between Hg levels 
in plankton and top-predator fish species (Kidd et al., 2012)—is evident 
here as well. This pattern emphasizes the importance of bottom-up 
transfer of Hg through the pelagic food web in these lakes. 

4.2.2. Fish species richness 
While Hg levels at the bottom of the food web clearly influence Hg 

Fig. 4. Parameter estimates for four fish-level covariates from the Bayesian 
hierarchical model, showing the effect of a 1-SD change in the covariate on fish 
total mercury (THg) concentration in each study lake (points and error bars), 
and the estimated population average effect (point and shaded rectangles at 
bottom). Estimates are presented as posterior medians and 90% credible in-
tervals (thick error bars, beige rectangles) and 95% credible intervals (thin 
error bars, purple rectangles). (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 

Fig. 5. Parameter estimates (left) and inclusion probabilities (right) from the 
Bayesian hierarchical model, color coded by process-based category as in Fig. 2. 
Parameter estimates are presented as posterior medians, 90% credible intervals 
(thick error bars), and 95% credible intervals (thin error bars), and show the 
effect that a 1-SD change in the predictor has on fish total mercury (THg) 
concentration. For plankton MeHg predictors, we show the ultimate effect that 
a 1-SD change in the predictor has on fish THg, rather than the immediate effect 
it has on plankton MeHg. Parameter inclusion probabilities (right) are derived 
from indicator variable selection (IVS) within the Bayesian hierarchical model. 
IVS was only used to select lake intercept and plankton MeHg predictors. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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levels at the top in our study lakes, food web structure may also play a 
role, evidenced by the positive relationship between fish species rich-
ness and THg concentration in lake trout (Fig. 5). This result aligns with 
previous findings that Hg concentrations in conspecific fish can vary 
greatly among lakes with similar physical characteristics and Hg depo-
sition rates, but contrasting food web lengths and complexities (Cabana 
et al., 1994; Futter, 1994). In our study, we use fish species richness as a 
proxy for food web length, based on the findings of Vander Zanden et al. 
(1999). This proxy seems reasonable given that lake trout in Alaska are 
known to eat most of the species counted in our fish species richness 
tally (Hartman and Burgner, 1972; Hershey et al., 1999; Russell, 1980). 
Lake trout in Alaska are also known to feed opportunistically, with diets 
determined more by food availability than preference (Redick, 1967). 

4.2.3. Volcano proximity 
Volcanoes are a major source of geogenic Hg, accounting for 60% of 

the natural atmospheric Hg budget and 7% of the total budget, globally, 
according to recent estimates (Li et al., 2020). In our study, volcano 
proximity has the highest inclusion probability of the lake-level factors 
included in the model (Fig. 5). This result provides evidence that 
proximity to volcanoes explains variation in MeHg concentrations of 
plankton in our study lakes, ultimately influencing THg concentrations 
in lake trout. It also supports a recent study using Hg stable isotopes and 
a similar dataset to find that volcanism was a likely contributor to Hg 
loading in southwest Alaska lakes (Lepak et al., 2022a,b). 

Southwest Alaska contains 53 of the 54 historically active volcanoes 
in the state (Cameron et al., 2018). Consequently, soils in the region 
often include one or more ash layers from past eruptions (Wells et al., 
2013, 2021). However, there is no evidence that ash layers in or near our 
study lake basins contain elevated concentrations of Hg, relative to other 
soil layers (Lepak et al., 2022a; Figure A1). Indeed, Hg levels measured 
in ash shortly after volcanic eruptions in Alaska and elsewhere are 
consistently below detection limits (Fruchter et al., 1980; Lepel et al., 
1978). 

Unlike ash, emissions from passively degassing and actively erupting 
volcanoes contain elevated concentrations of Hg. For example, average 
concentrations of gaseous elemental Hg in the plumes of 9 passively 
degassing volcanoes ranged from 18 to 373 ng m− 3, exceeding back-
ground levels of ~10 ng m− 3 (Bagnato et al., 2011), and plumes sampled 
shortly after active eruptions reached concentrations 1-2 orders of 
magnitude higher (Lepel et al., 1978; Varekamp and Buseck, 1981). 
These concentrations, along with the abundance of volcanoes in south-
west Alaska, align with our model results pointing to volcanoes as a 
strong driver of lake-level variation in Hg. 

Sediment cores also contain evidence of a link between volcanism 
and high Hg levels in Alaska lakes. An analysis by Munk et al. (2010) of 
trace elements in sediment cores from five lakes in KATM and LACL 
(including three lakes from our study) found that the highest Hg con-
centrations and accumulation rates occurred in Lake Brooks—the lake 
with the highest mean and maximum fish THg concentrations in our 
study (Table 2). Average Hg accumulation rates reported by Munk et al. 
(7–236 μg m− 2•y− 1) exceeded those reported for lake sediment cores 
from three parks further north in Alaska (1–5 μg m− 2•y− 1; Landers et al., 
2008). Munk et al. attributed this difference to higher sediment accu-
mulation and recent volcanic activity in and near the lakes. Volcanoes 
may therefore be an underappreciated natural source of Hg in lacustrine 
systems. 

4.2.4. Glacier loss 
Atmospherically transported Hg can be trapped in glacial ice 

following wet or dry deposition (Faïn et al., 2009; Zheng et al., 2009). As 
glaciers melt from seasonal or long-term warming, Hg stored in ice is 
released. Glacial recession may also expose previously concealed 
Hg-rich sediment or bedrock (Hawkings et al., 2021). This newly 
released or exposed, primarily inorganic, Hg may be transported 
downstream to aquatic sites with potential for Hg methylation and 

bioaccumulation (Nagorski et al., 2021). Given recent declines in glacial 
cover in these parks (Loso et al., 2014), we hypothesized that glacial loss 
might be a significant positive driver of Hg in fish downstream. How-
ever, our results suggested the opposite: lakes with greater losses of 
glacier cover in their basins tended to have lower plankton MeHg con-
centrations, which were related, in turn, to lower fish THg 
concentrations. 

While this result seems counterintuitive, it aligns with findings from 
a similar study in southeast Alaska, where streams draining basins with 
high glacial cover or recent glacial loss had lower THg levels in water, 
macroinvertebrates, and fish than streams draining basins with high 
wetland cover (Nagorski et al., 2014). The difference in THg was 
attributed to glacier-fed basins having more exposed bedrock, less 
weathered soil, and lower DOC, all of which seemed to limit Hg 
methylation. The same rationale could apply at our sites (Figure A2) and 
would highlight the importance of Hg methylation, even if no 
methylation-related factors were strong drivers in our model. 

4.2.5. Salmon density 
In addition to transporting nutrients upstream, returning sockeye 

salmon have been shown to import pollutants such as dichlor-
odiphenyltrichloroethane (DDT), polychlorinated biphenyls (PCBs), and 
Hg (Ewald et al., 1998; Krümmel et al., 2003; Zhang et al., 2001). 
Although the pollutant concentrations in individual sockeye salmon are 
low (e.g., 14–58 ng g− 1 ww THg; Lepak et al., 2022a; Zhang et al., 2001), 
the annual influx may be considerable given their range in size (2–7 kg; 
ADFG, 2022) and escapement (6–26 million fish per year since 2001 in 
rivers entering Bristol Bay, southwest Alaska; Elison et al., 2022). In the 
case of DDT and PCBs, pollutant concentrations in rainbow trout 
increased with sockeye salmon spawner density (Gregory-Eaves et al., 
2007). We hypothesized that Hg concentrations in lake trout would 
behave similarly. 

Contrary to expectations, we found no evidence that sockeye salmon 
drive Hg concentrations in lake trout at our study sites. Instead, varia-
tion in Hg concentration was explained by neither δ15N at the fish level 
nor spawner density at the lake level. It is possible that sockeye salmon 
are a key biovector for Hg in lake trout, but the low quality of the 
spawner density data (i.e., the differences in method and timing among 
lakes) masks the relationship. However, two other explanations are 
plausible. 

First, Hg import by adult salmon may be partly offset through Hg 
export by out-migrating juvenile salmon, so freshwater systems might 
not experience the Hg amplification expected under assumed one-way 
transport, from the ocean upstream (Baker et al., 2009). Second, Hg 
concentrations in adult sockeye salmon are relatively low, and concen-
trations in eggs and smolts—both of which are prey items for lake 
trout—are lower or equivalent (4–5 and 14–47 ng g− 1 ww THg for eggs 
and smolts, respectively; Zhang et al., 2001; Baker et al., 2009). 
Therefore, if lake trout feed on sockeye eggs and smolts with lower THg 
concentrations than other food sources, then the net effect of this con-
sumption on lake trout THg concentrations could be neutral or even 
negative (Cyr et al., 2017; Gerig et al., 2018). This could also occur if the 
caloric content of salmon eggs and smolts exceeded that of other food 
sources, boosting growth and diluting THg concentrations in lake trout. 

5. Conclusion 

We created a simple conceptual model with four broad categories of 
factors, representing various processes whereby Hg reaches piscivorous 
lake fish. We then used the conceptual model to parameterize a statis-
tical model, enabling us to identify key drivers of Hg concentrations in 
lake trout, despite having a large pool of potential drivers and a small 
sample size of lakes. Some results were expected but several were not, in 
terms of their sign (glacier loss), strength (volcano proximity) or lack 
thereof (salmon density). 

Our study did not include all drivers of fish Hg, partly due to a lack of 
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baseline data on metrics like lake volume, flushing rate, and inlet 
discharge. Also, our study did not identify the pathway by which Hg 
from volcanoes reaches lakes or lake fish. Nor did our data show a 
positive relationship between proximity to volcanoes and Hg levels in 
water (Figure A3). This pathway involves numerous biogeochemical 
steps not characterized here because, while fish samples integrated THg 
concentrations over time, water samples captured ephemeral concen-
trations at only one time point, thus requiring additional study. 
Measuring gaseous volcanic Hg at nearby volcanoes would be another 
way to explore the link between volcanoes and freshwater food webs, as 
would determining the chemical forms of Hg released and the distance 
those forms travel before deposition. 

Importantly, inorganic Hg concentrations often correlate poorly with 
aqueous or biological MeHg concentrations (Eagles-Smith et al., 2016b; 
Fleck et al., 2016), because MeHg production is frequently decoupled 
from inorganic Hg loading, and Hg is not the limiting factor. Our find-
ings suggest that, in some instances, volcanic Hg may be associated with 
biogeochemical processes or may be more bioavailable for methylation, 
compared with other sources. 

Teasing apart sources of Hg is especially important in U.S. National 
Parks, where the core mission is to preserve unimpaired resources 
within parklands for current and future generations. Without an un-
derstanding of Hg sources—what is natural versus manmade—it is 
difficult to discern impaired from unimpaired resources. It also raises the 
question of how to manage for impairment that occurs, at least in part, 
naturally. A good first step would be clear communication with local 
communities that use fish resources for food security, given the per-
centages of lake trout that exceeded state (58%) and national (37%) Hg 
consumption thresholds in this study. 
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