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Watershed features shape spatial patterns of fish tissue mercury in a boreal 
river network 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Spatial patterns of mercury in an indi
cator fish were quantified in a large free- 
flowing river in Alaska. 

• Watershed geology & slope best pre
dicted fish tissue Hg and emphasized 
local controls in Hg rather than down
stream transport. 

• Watershed scale spatial covariates were 
better predictors of Hg than in situ dis
solved organic carbon. 

• Watershed characteristics shape 
contaminant patterns in riverine food 
webs.  
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A B S T R A C T   

Freshwater mercury (Hg) contamination is a widespread environmental concern but how proximate sources and 
downstream transport shape Hg spatial patterns in riverine food webs is poorly understood. We measured total 
Hg (THg) in slimy sculpin (Cottus cognatus) across the Kuskokwim River, a large boreal river in western Alaska 
and home to subsistence fishing communities which rely on fish for primary nutrition. We used spatial stream 
network models (SSNMs) to quantify watershed and instream conditions influencing sculpin THg. Spatial 
covariates for local watershed geology and slope accounted for 55 % of observed variation in sculpin THg and 
evidence for downstream transport of Hg in sculpins was weak. Empirical semivariograms indicated these spatial 
covariates accounted for most spatial autocorrelation in observed THg. Watershed geology and slope explained 
up to 70 % of sculpin THg variation when SSNMs accounted for instream spatial dependence. Our results provide 
network-wide predictions for fish tissue THg based largely on publicly available geospatial data and open-source 
software for SSNMs, and demonstrate how these emerging models can be used to understand contaminant 
behavior in spatially complex aquatic ecosystems.   
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1. Introduction 

Mercury (Hg) contamination of aquatic food webs and its potential 
negative impacts on consumers of fish is a global environmental concern 
(Krabbenhoft and Rickert, 1995; Selin et al., 2018), but factors gov
erning Hg distributions in river networks remain poorly understood. Hg 
occurs naturally in nearly all ecosystems, but substantial increases in 
global environmental Hg concentrations since the mid-19th century are 
attributed to anthropogenic activity such as fossil fuel combustion, 
mining, and other industrial processes (Sundseth et al., 2017). Mono
methylmercury (MeHg) is the most common toxic form of environ
mental Hg that bioaccumulates in aquatic ecosystems (Bloom, 1992), 
and is then biomagnified in food webs that support piscivorous fish 
(Wiener and Spry, 1996), even in remote waterways with no point 
sources of Hg (Baker et al., 2009; Southworth et al., 2004). As much as 
90 % of MeHg in fish is from dietary uptake (Wiener et al., 2003), and 
elevated levels of fish tissue MeHg can also reduce reproductive success, 
damage cells and tissue, and compromise embryonic development in 
some fish species (Sandheinrich and Wiener, 2011; Wiener and Spry, 
1996). 

Human exposure to MeHg is primarily via fish and other seafood 
consumption (Rice et al., 2014; Wiener et al., 2003) and subsistence 
fishing communities are often vulnerable to high rates of MeHg exposure 
(Chan and Receveur, 2000; Chan et al., 2003; Oliveira et al., 2010; 
Trasande et al., 2010) because of their high dependency on both salmon 
and local freshwater food webs for nutrition. Inorganic Hg in the envi
ronment has both local (e.g. watershed geology) and distant (e.g. at
mospheric deposition) natural and anthropogenic sources (Sundseth 
et al., 2017). Net Hg production (e.g., inorganic and organic Hg) is key 
for Hg to gain entry to food webs, but MeHg production and MeHg 
bioavailability exhibits substantial spatial variation relative to inorganic 
Hg (Driscoll et al., 2013; Eagles-Smith et al., 2016). Spatial heteroge
neity in Hg within food webs is thus shaped by both local controls on 
inorganic Hg availability and MeHg production, and transport of these 
constituents throughout ecosystems. Quantifying how Hg is distributed 
throughout river networks would provide insight into the processes 
contributing to spatial variation in inorganic Hg, and management op
tions for controlling exposure to fishery-dependent communities. 

Spatial variation in the bioavailability of Hg within aquatic systems 
is mediated by both watershed and in situ environmental conditions 
(Driscoll et al., 2013). Regional scale patterning in inorganic Hg is 
shaped by atmospheric deposition of elemental Hg from anthropogenic 
emissions and lithospheric reservoirs (e.g., volcanoes) (Fitzgerald et al., 
1998); and inorganic Hg loads to inland waters from terrestrial envi
ronments generally exceed direct atmospheric inputs to freshwater 
ecosystems (Hsu-Kim et al., 2018). Watershed characteristics are thus 
important factors in the delivery of inorganic Hg to the riverine envi
ronment. Watershed geology and weathering properties can create sub- 
watershed scale spatial heterogeneity in inorganic Hg, with hydrologic 
connectivity and landscape characteristics (e.g. flow paths, soil prop
erties) mediating delivery to streams and lakes (Driscoll et al., 2013; 
Hsu-Kim et al., 2018). At the catchment scale, positive relationships 
have been shown between inorganic Hg and watershed landcover such 
as coniferous forest (Drenner et al., 2013) and wetland percentage 
(Burns et al., 2012; Chasar et al., 2009; Shanley et al., 2012; Wiener 
et al., 2003), and mining or industrial pollution within a catchment can 
increase freshwater inorganic Hg concentrations by 1–2 orders of 
magnitude (Wiener et al., 2003). Broad or regional scale climatic forcing 
and watershed- or catchment-scale features thus shape inorganic Hg 
delivery to freshwater systems, but uptake into aquatic food webs 
throughout river networks exhibits variation at multiple spatial scales 
(Walters et al., 2010). 

Within a river system or water body, spatial patterning in the 
bioavailability of Hg is largely linked with physical and chemical con
ditions that promote Hg methylation (Driscoll et al., 2013; Wiener et al., 
2003). MeHg formation is positively associated with redox gradients 

favoring organisms that include sulfate and iron reducing bacteria or 
methanogens in sediments or the water column (Peng et al., 2024), and 
high concentrations of organic matter (OM) which fuels microbial 
metabolism and limits photochemical demethylation of MeHg via light 
(Klapstein and O’Driscoll, 2018; Wiener et al., 2003). However, recent 
work shows that specific dissolved OM-associated thiol functional 
groups dictate MeHg speciation and bioavailability, and that water 
bodies with very high dissolved OM can limit MeHg bioavailability 
(Seelen et al., 2023). A global meta-analysis also showed stronger 
coupling of dissolved organic carbon (DOC) and THg than for MeHg 
(Lavoie et al., 2019). Recent studies have also shown potential for MeHg 
formation via aerobic pathways in some aquatic environments, and that 
a broad range of microorganisms can act as Hg methylators (Rodríguez, 
2023). 

Channel and valley morphology also play a role in Hg bioavailability. 
For example, photochemical demethylation of MeHg is positively asso
ciated with stream channel size due to increased light availability (Tsui 
et al., 2013). Previous work has shown positive correlations between 
fish tissue MeHg and concentrations of sulfate and DOC, and negative 
correlations with pH, acid neutralizing capacity, and phosphorus con
centration (Wiener et al., 2003). Many of these biogeochemical condi
tions are common attributes of DOC-rich aquatic environments such as 
wetlands, peat bogs, and lakes, but several studies have found weak or 
inconsistent relationships between Hg and DOC in rivers (Barbosa et al., 
2003; Peterson et al., 2007b). Chasar et al. (2009) however, found a 
strong positive correlation between fish THg, DOC, and catchment 
wetlands in 8 different stream types across the U.S. Combined measures 
of DOC, Hg, and other biogeochemical parameters in tandem with 
landscape metrics may yield insights into biotic and abiotic factors 
contributing to elevated Hg in riverine food webs (Hsu-Kim et al., 2018) 
at the riverscape scale. In particular, there remains a poor understanding 
of the importance of local habitat conditions that control relevant 
biogeochemical processes versus downstream transport of Hg from 
higher in the riverscape. 

The Kuskokwim River (Kuskokwim) is a large, free-flowing boreal 
river in western Alaska that supports over 40 subsistence fishing com
munities that rely on both anadromous Pacific salmon (Oncorhynchus 
spp.) and resident freshwater fish species for their primary nutrition. 
Recent catastrophic declines in chum (Oncorhynchus keta) and Chinook 
salmon (O. tshawytscha) have led to closures on salmon fisheries which 
have made freshwater species particularly important for satisfying 
nutritional needs. The Kuskokwim is the largest river found entirely in 
Alaska and drains diverse geologic conditions and land cover types. 
Large swaths of the Kuskokwim watershed coincide with a well- 
documented metal-bearing mineral deposit that has been actively 
mined since the early 20th century for Hg, gold, and other metals 
(Mertie, 1936). Previous work showed elevated levels of THg in fish 
from heavily mined tributaries in the Kuskokwim (Matz et al., 2017), but 
this effort was limited in spatial scope to the middle portion of the basin. 
Additional large-scale mining activity is proposed in remote tributary 
valleys of the Kuskokwim, including areas where Hg conditions and fish 
THg have not been studied. Quantifying Hg spatial patterning 
throughout the Kuskokwim network will aid managers in identifying 
existing and potential risks to subsistence food resources. 

We sampled a ubiquitous small-bodied fish with generalist feeding 
ecology and a narrow home range (slimy sculpin [Cottus cognatus], 
hereafter ‘sculpins’) (Gray et al., 2018) throughout the watershed and 
used recently developed spatial stream network models (SSNMs) 
(Peterson and Hoef, 2010; Ver Hoef and Peterson, 2010) to identify both 
watershed scale and in situ biogeochemical factors contributing to THg 
in resident fish in the Kuskokwim, and to make network-wide pre
dictions of sculpin THg. We expected broad scale spatial patterns in THg 
driven by source effects from surface geology and watershed 
morphology and finer scale spatial patterning in THg associated with 
factors such as wetlands or bogs that shape in situ biogeochemical 
conditions that influence MeHg availability, such as DOC concentration 
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and pH. Further, we expected that downstream transport of Hg within 
the river network would produce characteristic spatial patterning of Hg 
concentrations in sculpins that would reflect the connection of local food 
webs to Hg sources further upstream. 

2. Methods 

2.1. Study area 

The Kuskokwim, a large (124,000 km2) boreal river basin in western 
Alaska, spans from glacially influenced tributaries in the Alaska range at 
its eastern margin to the low-lying Yukon-Kuskokwim Delta on the 
Bering Sea (Fig. 1). The Kuskokwim extends over a complex geo
morphologic template overlain by a diversity of land cover types, 
including barren mountain ranges, forested rolling hills, and broad 
boreal lowlands and wetland complexes. The eastern and central por
tions of the Kuskokwim largely coincide with two broad-scale geologic 
features: the alkaline Farewell terrane comprising complex meta
morphosed lithologies of continental origin; and vast Cretaceous flysch 
deposits of the mineral-bearing Kuskokwim Group (Beikman, 1980; 
Wilson et al., 2015). The entire Kuskokwim watershed composes a 
portion of the Tintina Gold Province (TGP), a broad metal-bearing re
gion north of the Denali Fault that spans much of Alaska and the Yukon 
Territory in western Canada. Previous work in the central Kuskokwim 
basin found elevated tissue Hg in several fish species harvested by 
subsistence communities, including dolly varden (Salvelinus malma), 
Northern pike (Esox lucius), and burbot (Lota lota) (Matz et al., 2017), 
and historic and active mining activity throughout the TGP has raised 
broad scale concerns around potential impacts to freshwater resources, 
fisheries, and subsistence communities. 

2.2. Sample collection 

Slimy sculpins were collected using a 2 × 6 m stick seine with 7 mm 
mesh net along river banks at 68 sample sites distributed across the 
watershed spanning 2nd–8th order streams. Sculpins consume aquatic 
insects, crustaceans, fish eggs, and small fish. Sculpins are commonly 
sampled as indicators of environmental conditions due to their small 
home range and ubiquity in many North American streams (Gray et al., 
2018) and they are a species found commonly in the diets of larger 
predatory species targeted by subsistence fishers. Slimy sculpins were 

chosen for this study specifically because they have a narrow home 
range, and thus their tissue chemical composition should reflect local 
watershed conditions more than fish species that may travel extensively 
among different watershed areas. Sample sites were chosen to maximize 
network coverage and to ensure a mixture of sites that share flow (e.g. 
upstream from one another) and those that do not (e.g. adjacent 
drainages). A total of 120 sites were sampled for water chemistry, with 
sculpins collected at 68 sites. A total of 272 sculpins were collected 
across all sites, with a mean of 5 fish per site; 58 of the 68 sites had 2 or 
more fish collected, resulting in duplicate or multiple tissue measure
ments (1 measurement per fish) for the majority (85 %) of sites. Sculpins 
were euthanized immediately following removal from the stream 
(IACUC protocol #3142-01), placed in Whirl-Pak bags, and frozen. All 
samples were stored frozen in the dark until lab processing. At sites with 
active mining nearby, fish were collected upstream and downstream of 
observed mining activity, and in the middle of the actively mined reach 
where accessible. Water samples were collected at all sites where scul
pins were collected. The full suite of water chemistry analyses is 
included in Table S1 and detailed methods on sample analysis are pre
sented in French et al. (2020). 

2.3. Mercury analyses 

Whole sculpins were weighed, freeze-dried, and then re-weighed in a 
clean environment at the University of Washington School of Aquatic 
and Fishery Sciences to measure wet and dry mass. Freeze-dried samples 
were stored frozen until homogenized and analyzed for THg at the 
Biotron Analytical Laboratory at Western University in London, Ontario. 
Samples were analyzed on a Milestone DMA-80 (Milestone Scientific, 
Inc., Shelton, Connecticut) by thermal decomposition atomic adsorption 
direct mercury analyzer (DMA) following a modified EPA standard 
method 7473, lab method TM.0813 (www.standardmethods.org), with 
a LoD of 0.08 ng and a method reporting limit of 0.24 ng. Mean relative 
percentage difference in sample duplicates (n = 38) was 2.0 %, with a 
calibration curve coefficient of determination equal to 0.995. Analysis of 
a certified reference material (DORM-4) indicated recovery of 97–102 
%, with a relative percentage difference of 1 % between duplicate 
samples (n = 19). 

Because inorganic Hg is less bioavailable than MeHg and the ma
jority of THg in fish tissue is present as MeHg, THg is a commonly used 
surrogate for measuring MeHg concentrations in fish (Driscoll et al., 
2013; Wiener et al., 2003). We measured THg from our samples and 
infer based on previous work in the Kuskokwim by Matz et al. (2017) 
that 60 % of THg in slimy sculpins in this watershed is MeHg. THg 
measures from freeze-dried fish were converted to wet mass concen
trations using the wet:dry mass ratio for each individual fish. All THg 
measures provided in this paper are expressed relative to wet fish mass 
in units of mg kg− 1. The correlation between concentrations expressed 
on a dry mass basis and wet mass basis was 0.99. 

2.4. Statistical analysis 

We used a statistical modeling approach that includes spatial cova
riates for watershed features and leverages spatial autocorrelation 
among sampling sites throughout the Kuskokwim river network based 
on flow connectivity, flow magnitude, and flow direction (Ver Hoef and 
Peterson, 2010). We evaluated correlations between THg and a priori 
candidate covariates and used empirical semivariograms to identify 
spatial relationships among sample sites. We then fit spatial models 
(SSNM) for THg using spatial covariates derived for each study site 
throughout the Kuskokwim. Model performance was assessed to identify 
both watershed and in situ biogeochemical controls on tissue THg, and 
variance composition was used to compare the effect size of these con
trols. Each of these components is detailed below. 

Fig. 1. Map of the Kuskokwim River watershed in Alaska, with shaded relief 
and stream network and sample sites as black points. 
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2.4.1. Mass-corrections for tissue THg 
Positive relationships between fish body size and tissue THg con

centrations are well documented for many fish species (Peterson et al., 
2007b; Scudder Eikenberry et al., 2015; Walters et al., 2010; Wiener 
et al., 2003) and a clear positive correlation between THg and fish mass 
was present in our dataset. As such, we examined mass-corrected fish 
THg concentrations to understand broader scale watershed and 
biogeochemical controls on tissue THg versus patterns associated with 
individual growth. To obtain mass-corrected values, we fit a linear 
model for log10-transformed tissue THg as a function of log10-trans
formed fish mass and then used the product of the covariate estimate 
from that model and each fish’s mass to obtain a mass-corrected THg 
concentration for each sample site. This approach is similar to length- 
based corrections used in other studies of fish THg (Eagles-Smith and 
Ackerman, 2014; Eagles-Smith et al., 2016). However, these mass- 
corrected THg values were then assessed for spatial autocorrelation 
using empirical semivariance (see below) and mapped to identify spatial 
patterns in fish THg. Due to spatial autocorrelation in fish mass and to 
reduce bias in parameter estimation in SSNMs, uncorrected (for mass) 
fish THg values were used as the response variable and log10-trans
formed fish mass was included as a covariate in all candidate SSNM 
models. 

2.4.2. Empirical semivariograms 
Empirical semivariograms show the strength of spatial dependence 

between sites at given distances (Olea, 1994), and observed patterns can 
reveal spatial structure of ecological or biogeochemical processes un
derlying sample data (McGuire et al., 2014). Semivariogram distances 
are generally measured as the Euclidean or straight line distance be
tween two sample points (Matheron, 1963); however, hydrologic dis
tance is often a more meaningful spatial dimension for assessing spatial 
structure in data from stream networks (Cressie et al., 2006; Ganio et al., 
2005; Peterson et al., 2006). Hydrologic distance can be further sub
divided into flow-connected and flow-unconnected dimensions (Ver 
Hoef and Peterson, 2010). Flow-connected sites share flow (e.g. a site 
downstream of another), whereas flow-unconnected sites may share a 
common downstream junction, but flow does not pass from one site to 
the other (e.g. adjacent drainages). Fish movement among adjacent 
tributaries can produce situations where flow-unconnected spatial re
lationships are important (Isaak et al., 2010). Comparing semivariance 
in both Euclidian and hydrologic spatial dimensions can yield insights 
into both watershed and instream factors influencing observations 
(McGuire et al., 2014). 

We calculated semivariance of sculpin THg values according to 
Euclidean and hydrologic distances using: 

γ(h) =
1

2|N(h)|
∑

N(h)

(
zi − zj

)2 (1)  

where γ is semivariance, N(h) is the set of all pairwise distances i – j = h, 
|N(h)| is the number of distinct pairs in N(h), and zi and zj are data 
values at spatial locations i and j, respectively (Matheron, 1963). We 
used a maximum separation distance of 1200 km, 20 lag bins, and a 
minimum of 15 point pairs per lag bin in semivariance computations. 
We assessed general trends in spatial dependence, range (distance of 
asymptote or peak in semivariance), nugget (variance at finest spatial 
scale), and nested spatial structures as denoted by inflection points in 
the data (McGuire et al., 2014; Rossi et al., 1992). This approach aids in 
interpreting spatial scales underlying observed Hg patterns and in co
variate and model selection. 

2.4.3. Spatial stream network models 
We used SSNMs to analyze sculpin THg for all sites sampled (n = 68). 

These models are described in detail elsewhere (Peterson and Hoef, 
2010; Ver Hoef et al., 2006; Ver Hoef and Peterson, 2010) and additional 
detail is in the supporting information (SI). In brief, these models 

explicitly account for spatial relationships within a stream network, 
including flow magnitude, direction, and connectivity. SSNMs provide 
flexible covariance structures and improve model performance for 
spatially autocorrelated data (Peterson et al., 2006; Peterson et al., 
2007a). Covariance is determined via both hydrologic (tail-up, i.e. flow- 
connected) and Euclidean distance. We used a mixed-effects modeling 
framework in which the observed variance in THg across the river 
network is explained by a set of covariates modeled as fixed effects (e.g., 
wetland cover %, watershed slope), and these spatial covariance 
matrices as random effects. All SSNMs were fit within R using the SSN 
package (R Core Team, 2020; Ver Hoef et al., 2014). 

2.4.4. Spatial covariates 
Potential covariates were compiled using the STARS toolbox in 

ArcGIS and publicly available geospatial datasets (Table S2) (Peterson 
and Hoef, 2014). Watershed covariates for each sample site were 
accumulated based on upstream drainage areas, and were derived as % 
cover for categorical datatypes (e.g., wetland cover percent) and as 
watershed mean values for continuous data (e.g., watershed slope, 
(French et al., 2020)). All covariates were centered to a mean of 0 and 
standard deviation of 1 to compare the effect size of covariates. Multi- 
collinearity of spatial covariates was assessed using variance inflation 
factors. Cross-correlation of covariates was also assessed using Pearson 
correlation and highly correlated predictors were not used together in 
candidate models. A set of a priori candidate models was developed and 
spatial covariates were selected based on factors which we hypothesized 
to affect instream Hg. 

Sample site DOC measures were included in candidate models 
because DOC and inorganic Hg can be strongly positively correlated in 
freshwater systems (Lavoie et al., 2019). Sulfate, pH, and alkalinity were 
also evaluated in candidate models. Mean annual precipitation, water
shed slope, and watershed relief were included in candidate models as 
these factors are expected to affect the movement of water and materials 
from uplands to the stream channel (Lintern et al., 2018; Smits et al., 
2017) and can also influence groundwater transport through bog and 
peat environments contributing to elevated instream THg (Krabbenhoft 
and Babiarz, 1992; Krabbenhoft et al., 1995). Watershed wetland cover 
was also included in candidate models due to positive effects on THg in 
some river systems (Hurley et al., 1995). Hg-bearing quartz vein systems 
of the Kuskokwim Mineral Belt within the Tintina Gold Province span 
much of the Kuskokwim watershed, with Hg occurrences noted 
throughout the central portion of the watershed between the Takotna 
and Aniak rivers (Gough and Day, 2010; Miller et al., 2007). A priori 
model covariates for Hg include a subset of surficial geology types 
associated with these features. Surface geology was simplified into 12 
major groups based on lithology type and age from the Global Litho
logical Map database (Hartmann and Moosdorf, 2012). A complete list 
of spatial covariates and data sources is in Table S2. Sample site was also 
included as a random effect for candidate models to evaluate any site- 
specific effects on THg in sculpins, sculpin growth, and site-specific 
factors such as present day or legacy mining impacts. 

2.4.5. Variance composition 
The flexible covariance structures in SSNMs are well-suited for 

evaluating the relative effects of watershed controls (e.g., wetlands) and 
instream processing and transport by examining variance composition 
(Ver Hoef et al., 2014; Ver Hoef and Peterson, 2010). Variance 
composition for SSNMs is partitioned among the various autocovariance 
structures (e.g. Euclidian, flow-connected [tail-up]) and the fixed effects 
or covariates (e.g. wetland %, DOC). Variance composition was deter
mined to compare the relative proportion of variance explained by the 
random and fixed effects to evaluate broad scale watershed controls, in 
situ biogeochemical conditions, and downstream transport processes 
that mediate tissue Hg in the Kuskokwim. 
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2.4.6. Model selection 
SSNM formulations were initially fit to univariate models, with pa

rameters for hypothesized predictor variables estimated using 
maximum-likelihood. For these model fits, all runs used the same 
random effect structure with exponential tail-up (flow-connected, see 
SI) and Euclidean spatial autocovariance components (Ver Hoef et al., 
2014). Univariate models were compared using root mean square pre
diction error (RMSPE) derived from leave-one-out cross-validation 
(LOOCV) predictions, and a spatial corrected Akaike information crite
rion (AIC) (Hoeting et al., 2006). This metric is similar to standard AIC 
but penalizes SSNMs based on the number of parameters used in the 
spatial autocovariance structure according to: 

AIC = − 2\ℓprofile +2n
p + k + 1

n − p − k − 2
(3)  

where ℓprofile is the profile log-likelihood function (Cressie, 1993), n is 
the sample size, p – 1 is the number of covariates, and k is the number of 
autocorrelation parameters. 

Additional candidate predictor variables were then combined with 
the best covariates in a stepwise fashion, and again selected using 
RMSPE and AIC. We then compared various spatial autocovariance 
structures on models fit using restricted maximum likelihood estima
tion. We expected spatial covariates (e.g. wetland %) to capture the 
Euclidean spatial structure in our data and for instream conditions (e.g. 
DOC) and downstream transport to influence the flow-connected (tail- 
up) dimension. As such, we first fit models for THg using only the fixed 
effects and a flow-connected spatial dimension for the random error 
structure. We then computed empirical semivariance for the residual 
error to evaluate any remaining spatial structure in the data. For com
parison, we also fit non-spatial linear models. 

2.4.7. Network-wide Hg predictions 
The best SSNM was used to develop river-wide predictions for tissue 

THg. Mean observed sculpin mass (1.9 ± 0.13 g [1 SE]) was used for 
model predictions. Spatial covariates for model predictions were derived 
for all 2nd–8th order stream segments in the Kuskokwim using the 
STARS toolbox in ArcGIS (Peterson and Hoef, 2014). 

3. Results 

Sculpin tissue THg in the Kuskokwim displayed both watershed-scale 
and finer-scale instream spatial patterning, generally with lower THg 

concentrations in the eastern portion of the basin and higher concen
trations to the west and lower in the river (Fig. 2), though there were 
some distinct exceptions to this general trend. THg in sculpin tissues 
ranged from 0.02 to 0.50 mg kg− 1 (wet mass), with a mean of 0.13 ±
0.01 mg kg− 1 (1 SD). 

Sculpin THg was positively correlated with fish mass and DOC 
(Fig. 3a, b). THg was also weakly positively correlated with the Kus
kokwim Group geologic formation and sporadic permafrost coverage, 
derived as watershed percentage upstream of each sample site. THg was 
negatively correlated with the proportion of the watershed overlain by 
the Farewell Terrane and with glaciers and barren rock. Sculpin Hg was 
also negatively correlated with mean watershed slope (Fig. 3c, d, e); 
flatter regions of the river had higher Hg concentrations in sculpins. For 
fish at sites downstream of historic or actively mined areas (n = 90), 
sculpin THg was negatively correlated with distance from mined sites 
(Fig. 3f). 

Semivariograms for sculpin THg revealed distinct spatial structuring 
in both Euclidian and flow-unconnected spatial dimensions, with weak 
or random spatial structure in the flow-connected spatial dimension 
(Fig. 4a). Euclidian spatial dependence increased to a range of approx
imately 600 km, while flow-unconnected spatial dependence had multi- 
scale controls, exhibited by inflection points in the semivariograms at 
ranges of 600, 800 and 1100 km. 

The best and most parsimonious SSNM for THg included covariates 
for fish mass (log10) (β = 0.10), watershed % covered by the Farewell 
Terrane (β = − 0.13), watershed % glaciers and barren rock (β = − 0.08), 
and mean watershed slope (β = − 0.07). Of the candidate models for 
THg, those within 2 AIC points of the best model also included cova
riates for DOC (β = 0.02), the Kuskokwim Group geologic formation (β 
= 0.07), and mean watershed relief (β = − 0.02, Table S3). In general, 
the effect sizes (i.e. the β values) for models with similar AIC were 
roughly 50 % lower than those in the best model, except for the Kus
kokwim Group geologic formation which had a similar effect size as 
watershed slope and watershed % glaciers and barren rock. 

The best model for sculpin THg was a full spatial model that included 
tail-up (flow-connected) autocovariance (Table S4); however, semi
variograms of residuals from the non-spatial model (using only fish 
mass, Farewell Terrane, glaciers, and slope) indicated that most (~60 %) 
of the spatial structure in THg was captured by fixed effects alone 
(Fig. 4b, d) as there was little spatial autocorrelation remaining in the 
residuals of the non-spatial model. Residual variance, RMSPE and AIC 
were considerably lower for the full spatial model (Fig. 4c), and leave- 

Fig. 2. Map of mass-corrected THg concentrations in sculpins (colored points), network-wide predictions for sculpin tissue THg (colored stream lines), and geologic 
units used as SSNM spatial covariates for THg. The Kuskokwim Group that contains the Tintina Gold Province is also included for reference, but was not included in 
the final SSNM for THg. 
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one-out-cross-validation (LOOCV) r2 was also higher for the full spatial 
model (Fig. S1). Fixed effects, tail-up, and nugget variance components 
accounted for 36, 41, and 23 % of the total explained variance in the 
spatial model (Fig. 4e), though comparison with the non-spatial model 
suggests that the tail-up component of the spatial model simply captured 
spatial covariance in the predictors (Fig. 4d). 

4. Discussion 

Spatial structure in riverine fish THg yields insights into the pro
cesses underlying Hg bioavailability to aquatic organisms and their 
consumers. Spatial patterns for sculpin tissue THg in the Kuskokwim 
largely reflected broad scale watershed controls, but these watershed 
controls likely also governed instream biogeochemical conditions 
mediating Hg bioavailability (French et al., 2020). 

The distinct east-west spatial patterning for THg was strongly 
correlated with broad-scale geologic blocks comprising the alkaline 
Farewell Terrane and mixed-sedimentary rocks of the Kuskokwim Group 
(Fig. 1). The Kuskokwim Group in particular includes known metal- 
bearing quartz veins and has been mined for Hg and other metals for 
over a century (Goldfarb et al., 2007). These lithologies are also 
important drivers of instream conditions like alkalinity and pH (Fig. S2, 
(French et al., 2020)). Previous work in temperate stream systems has 
shown higher levels of instream THg in lower pH streams, despite uni
form atmospheric Hg deposition between study streams (Mason et al., 
2000). At low pH free metal ions are more available for transformation 
and uptake. Low pH can promote complexation of Hg with organic li
gands (Watras et al., 1995), including humic acids (Gu et al., 2011), and 
combined measures of DOC and pH can account for 85–90 % of inor
ganic Hg variation in lakes (Watras et al., 1995). In the Kuskokwim, 

Fig. 3. Scatterplots of sculpin THg versus fish mass (a), dissolved organic carbon concentration (b), watershed cover by the Farewell Terrane geologic unit (c), 
watershed cover by glaciers and barren rock (d), mean watershed slope (e), and distance downstream of mine sites (f). 

Fig. 4. Empirical semivariograms computed in flow-connected, flow-unconnected, and Euclidian distances for sculpin Hg measurements (a), residuals from a non- 
spatial model for tissue THg (b), and residuals from a full SSNM model for tissue THg (c). Variance composition for the non-spatial (d) and full SSNM (e) are separated 
into fixed effects, tail-up (flow-connected) effects, and nugget (random error). 
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streams draining catchments overlying the Farewell Terrane generally 
had high pH, high alkalinity, low DOC, and also low THg, whereas those 
streams draining the Kuskokwim Group and low-lying areas to the west 
had lower pH, lower alkalinity, higher DOC, and higher THg (Fig. 1, 
Fig. S2). These broad scale watershed features thus shape biogeochem
ical conditions affecting Hg bioavailability to sculpins throughout the 
Kuskokwim watershed. 

The effect of DOC on sculpin THg in the Kuskokwim was likely 
controlled by broad scale geomorphic factors shaping instream biogeo
chemistry (French et al., 2020). We expected SSNMs for THg to include 
features associated with DOC-rich environments such as wetlands, bogs, 
and peat soils. For example, a positive correlation between fish THg and 
watershed wetland cover was expected due to environmental conditions 
in wetlands that promote Hg methylation, including an abundance of 
labile DOC, anaerobic sediments, microbial activity, and seasonal wet
ting and drying that enhances redox cycles (St. Louis et al., 1994; Wiener 
et al., 2003). For our dataset; however, broad-scale features like 
watershed slope and geology were better predictors of sculpin THg than 
finer scale landscape features such as wetlands and bogs (Table S3). In 
boreal river systems, low gradient basins generally have lower pH and 
more colored water (proxy for DOC) (Agren et al., 2014; Varanka et al., 
2015). Because both pH and DOC followed similar east-west spatial 
patterning to THg in the Kuskokwim, the underlying geomorphic 
mechanisms for this east-west trend (relief, geology) had better pre
dictive power for THg than site-specific DOC. More recent work has 
shown that specific DOC-associated thiol functional groups mediate 
MeHg accumulation in aquatic ecosystems (Seelen et al., 2023), and the 
nature of DOC (e.g., labile vs. recalcitrant) can influence Hg methylation 
(Ravichandran, 2004). Further characterization of DOC (e.g., the pres
ence of recalcitrant aromatics or functional groups that bind with Hg, 
Seelen et al., 2023) would help elucidate any relationship between fish 
THg and DOC in the Kuskokwim. Nevertheless, model results show that 
a broad scale geomorphic characteristic (i.e., watershed slope) is a 
watershed feature that exerts strong control on Hg contamination of 
fishes, probably by controlling the biogeochemical conditions that affect 
Hg cycling. 

The effect of these broad-scale controls is further supported by 
semivariograms and in variance composition from SSNM models for 
sculpin THg (Fig. 4b–e). Semivariograms of raw data (Fig. 4a) showed 
strong spatial dependence in both Euclidian and flow-unconnected 
space up to broad-scale ranges of 600–1100 km. This spatial range is 
consistent with the spatial scales of geologic blocks used as spatial 
covariates in the SSNM models. Flow-unconnected semivariance also 
exhibited inflection points at roughly 600 and 800 km distances. These 
distances correspond with major tributary basins within the Kuskokwim 
that share watershed characteristics such as predominant relief, slope, 
and geologic blocks which were strongly correlated with sculpin THg. 
An SSNM with no spatial autocovariance components (Fig. 4b) had little 
spatial structure remaining in residual semivariance, suggesting that the 
spatial covariates themselves (Farewell Terrane, watershed slope) 
accounted for spatial patterning in THg, and that spatial patterning in 
THg was not strongly controlled by downstream transport along the 
network. The full spatial model with a tail-up (flow-connected) spatial 
autocovariance function did reduce overall residual semivariance 
(Fig. 4c) and improve predictive power (Fig. S1), but the spatial 
dependence of residuals was similar to the non-spatial model. Inclusion 
of a tail-down (flow-unconnected) spatial autocovariance function did 
not improve model performance, likely because sculpins generally do 
not travel long distances upstream or between flow-unconnected 
drainages. 

Diet is the major pathway of Hg into fish, and we did not assess 
variation in sculpin diets throughout the Kuskokwim. Our study used 
sculpin mass as a predictor for THg, which may account for some vari
ation in dietary Hg. Although larger sculpins can consume other small 
fish, sculpins are obligate generalist benthivores and the majority (85 %) 
of sculpins’ diet is typically on benthic invertebrates (McDonald et al., 

1982; Petrosky and Waters, 1975). slimy sculpins are thus at a low 
trophic level relative to the larger-bodied, piscivorous fish consumed by 
subsistence communities on the Kuskokwim River. Previous work has 
shown higher levels of THg in larger, piscivorous fish (e.g. burbot, 
Northern pike) in Kuskokwim streams draining heavily mined areas in 
the watershed (Matz et al., 2017). Although our samples included sites 
adjacent to recently or actively mined areas, we did not sample sites 
specifically mined for Hg, or 1st order channels sampled by Matz et al. 
(2017) where THg is elevated. For sites downstream of historically 
mined areas, sculpin THg did show a positive relationship with prox
imity to mines (Fig. 2f), however this relationship should be explored 
further with more accurate and complete current and historic mining 
data than what is currently publicly available (U.S. Geological Survey, 
2008). The pattern observed in our data may simply reflect spatial 
controls on Hg in streams that happen to coincide with the locations of 
metal mines in the Kuskokwim watershed. 

5. Conclusion 

Our results indicate that THg in sculpins from the Kuskokwim reflect 
both broad scale watershed controls and instream factors. However, the 
effect of instream conditions on sculpin THg in the Kuskokwim were 
largely controlled by geomorphic conditions that also control biogeo
chemistry, such as the effect of watershed slope on DOC in streams 
(French et al., 2020). Strong Euclidian and flow-unconnected spatial 
dependence among sample sites also supports the strong effect of broad- 
scale watershed features on THg when compared to transport processes 
along the Kuskokwim network. Analysis of the spatial patterning of THg 
in sculpins demonstrated that sculpins largely reflected local watershed 
features controlling net Hg (inorganic Hg & MeHg) availability to the 
food web, and that downstream transport of Hg had minimal effects on 
Hg in these sedentary species. The use of broad-scale, publicly available 
geospatial data and SSNMs to predict instream THg in boreal river 
networks provides an easily accessible approach for resource managers 
to identify current spatial patterns in Hg contamination and to under
stand how changing watershed conditions may impact the Hg contam
ination of subsistence resources in the future under altered climate 
regimes or changes in land use. This work provides a case study of how 
emerging SSNMs can be used to understand spatial controls on 
contaminant production and transport in spatially complex river sys
tems. Furthermore, freshwater fish species are a critical food resource 
for subsistence communities on the Kuskokwim, when Pacific salmon 
populations are depressed as they currently are throughout western 
Alaska. In years with low salmon returns subsistence communities may 
consume a larger amount of freshwater fish species that are higher in Hg. 
Understanding the drivers of Hg accumulation in river systems like the 
Kuskokwim is thus important to managing food resources for these 
communities. 
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