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Abstract: Coal mining can cause selenium (Se) contamination in US Appalachian streams, but linkages between water-column
Se concentrations and Se bioaccumulation within Appalachian headwater streams have rarely been quantified. Using elevated
specific conductance (SC) in stream water as an indicator of mining influence, we evaluated relationships between SC and Se
concentrations in macroinvertebrates and examined dynamics of Se bioaccumulation in headwater streams. Twenty-three
Appalachian streams were categorized into 3 stream types based on SC measurements: 1) reference streams with no coal-
mining history; 2) mining-influenced, high-SC streams; and 3) mining-influenced, low-SC streams. Selenium concentrations in
macroinvertebrates exhibited strong positive associations with both SC and dissolved Se concentrations in stream water. At 3
streams of each type, we further collected water, particulate matter (sediment, biofilm, leaf detritus), and macroinvertebrates
and analyzed them for Se during 2 seasons. Enrichment, trophic transfer, and bioaccumulation factors were calculated and
compared among stream types. Particulate matter and macroinvertebrates in mining-influenced streams accumulated high Se
concentrations relative to reference streams. Concentrations were found at levels indicating Se to be a potential environmental
stressor to aquatic life. Most Se enrichment, trophic transfer, and bioaccumulation factors were independent of season.
Enrichment factors for biofilm and sediments and bioaccumulation factors for macroinvertebrate predators varied negatively
with water-column Se. Our results increase scientific understanding of Se bioaccumulation processes in Appalachian headwater
streams. Environ Toxicol Chem 2018;37:2714–2726. �C 2018 SETAC
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INTRODUCTION

Environmental contamination by the trace element selenium
(Se) is a global concern (Lemly 2004). Selenium is an essential
micronutrient to many organisms including animals, algae, and
bacteria (Mayland 1994; Janz et al. 2010). However, biotic
exposures to elevated Se concentrations in water have caused
lethal and sublethal effects, including pronounced effects in
egg-laying vertebrates (Janz et al. 2010). Because of the
propensity of Se to bioaccumulate, toxic effects may be
observed in aquatic biota where water-column concentrations
are only marginally elevated above essential levels (Janz et al.
2010).

Coal mining in central Appalachia, USA, is a driver of water
chemistry changes within the region (US Environmental
Protection Agency 2011). The mining process removes layers
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of rock to uncover coal seams. When mining-disturbed rocks
are exposed to rainfall, major ions are leached from unweath-
ered rock surfaces and transported into headwater streams;
this process causes increased specific conductance (SC) of
receiving waters (Pond et al. 2008; Evans et al. 2014; Daniels
et al. 2016). Likewise, mineral forms of Se contained in mine
rock can oxidize to water-soluble selenite and selenate anions
and may be transported into streams at elevated concen-
trations in association with the major ions that are primary
contributors to elevated SC (Pond et al. 2008; Young et al.
2010). Laboratory studies have shown that release of Se and
release of most major ions from mine rocks exhibit patterns of
progressive leaching (Clark 2017). Elevated SC is an indicator
of coal-mining activities, and multiple studies have connected
it with degraded benthic macroinvertebrate communities in
coal mining–influenced headwater streams (Pond et al. 2008,
2014; Timpano et al. 2015).

Unlike major ions, the dominant pathway for Se transfer to
consumers is through the consumer food source, not directly
through the water column (Presser and Luoma 2010). Bioaccu-
mulation of Se in aquatic ecosystems is initiated when bacteria,
wileyonlinelibrary.com/ETC



Selenium dynamics in Appalachian headwater streams—Environmental Toxicology and Chemistry, 2018;37:2714–2726 2715
algae, or plants take up dissolved inorganic Se from the water
column (Stewart et al. 2010). This initial uptake is the most
concentrating step of Se bioaccumulation within food webs and
is often quantified by calculating an enrichment factor (EF), the
ratio of Se concentration in biofilm and detritus (particulate
matter) to the concentration of dissolved Se in the water column
(DeForest et al. 2016; US Environmental Protection Agency
2016). Lesser but significant bioaccumulation of Se occurs
through trophic transfers when biota consumeparticulatematter
consisting of Se-enriched living or detrital particles. Additional
bioaccumulation of Se can occur when primary consumers are
consumed by predators (Presser and Luoma 2010).

Site-specific biogeochemical factors can affect Se bioaccu-
mulation within aquatic systems (Presser and Luoma 2010).
Community composition at all levels of the aquatic food web
influences both enrichment processes and trophic transfers.
Species differences in assimilation efficiencies, ingestion, and
excretion rates may scale up to community-level differences in
Se concentrations among aquatic systems (Presser and Luoma
2010). As a further complication in Appalachian mining-
influenced streams that are often sulfate-enriched (Pond et al.
2008, 2014), elevated sulfate concentrations in the water column
may inhibit Se uptake by biofilm (Williams et al. 1994; DeForest
et al. 2017). Water residency times in aquatic systems influence
chemical forms of Se, ecosystem enrichment, and retention of
Se. Rapidly flowing streams limit reactivity time and can flush Se-
enriched particles out of the stream system, restricting buildup
of Se-enriched sediments and limiting bioaccumulation through
detrital pathways. Selenate is typically the dominant formof Se in
lotic environments, but in slower-moving lentic environments
greater recycling of Se occurs, generally resulting in more
biologically reactive selenite and organic forms of Se (Young
et al. 2010). Hence, organisms generally bioaccumulate Semore
efficiently in lentic systems than in lotic systems, and organisms
within slow-moving, low-gradient streams may bioaccumulate
Se more efficiently than those residing in high-gradient
headwater streams (Lemly 1999; Orr et al. 2006).

Bioaccumulation pathways are crucial to understanding
linkages between Se concentrations in stream water and
potential toxicity to biota. Because of the complexity of these
processes, site-specific studies are needed to inform appropri-
ate resource management and environmental protection
practices (Presser and Luoma 2010). Though studies have
associated coal mining with elevated SC and Se in receiving
waters (Pond et al. 2008, 2014; Lindberg et al. 2011), few studies
in central Appalachia have examined Se dynamics within aquatic
food webs (see Presser 2013). In the present study, our primary
goal was to improve scientific understanding of Se dynamics in
the headwater systems that dominate river networks in the
region and are generally most proximate to mining-related
geologic disturbances. Our primary objectives were to 1) assess
the relationship between SC and Se bioaccumulation, both of
which may be elevated downstream of coal mining and may
impact aquatic communities in central Appalachian headwater
streams, and 2) characterize Se bioaccumulation dynamics in
mining-influenced and reference-quality headwater streams of
central Appalachia.
wileyonlinelibrary.com/ETC
METHODS

Stream selection

First- and second-order streams located in the central
Appalachian coalfield of Virginia and West Virginia, USA, were
previously selected to identify relationships between elevated
major dissolved ion concentrations and coal mining (Timpano
et al. 2015). Among the selected streams were 5 reference
streams within forested watersheds that had minimal anthropo-
genic disturbance and 18 mining-influenced streams within
watersheds subjected to surfacemining. Concentrations ofmajor
ions (andSCas their proxy) rangedwidely, but study streamswere
selected with the intent that environmental conditions other than
SC would meet “reference-like” conditions (Supplemental Data,
Table S1). Timpano et al. (2015) demonstrated elevated SC to be
driving the decline in Ephemeroptera species richness and
relativeabundance in selected streams, afinding that is consistent
with numerous other studies (e.g., Pond et al. 2008, 2014). In the
present study SC is considered a surrogate for extent of mining
influence and a stressor to aquatic invertebrates pervasive in the
Appalachian coalfield (Cormier et al. 2013).

We conducted the present study in 2 major sampling efforts.
In the summer of 2015, 23 streams were surveyed (Figure 1) to
evaluate associations among SC, dissolved Se concentrations in
stream water, and Se concentrations in tissue samples of
selected aquatic fauna. In the fall of 2015 and spring of 2016,
we intensively sampled 9 of the 23 headwater streams to more
thoroughly evaluate Se dynamics in these stream ecosystems.

Timpano et al. (2015, 2018b) previously installed in situ SC
data loggers in the present study streams, which have recorded
SC at 15-min intervals. A yearly mean of SC readings recorded
from July 2014 to June 2015 (hereafter referred to as
“continuous SC”) was used to separate mining-influenced
streams into high-SC and low-SC stream classes. Streams with
mean SC �75th percentile of our 23-stream sample were
classified as high-SC, and mining-influenced streams with mean
SC <75th percentile were classified as low-SC. Reference
streams were defined as streams that had no history of mining
within their watersheds and as a result had low SC. Dissolved Se
concentrations and benthic macroinvertebrate community
analyses were also available for all streams from a sampling
event in April 2014 (Table 1).

We sampled water and macroinvertebrates at all 23 sites
during an initial stream survey. For further study of Se
bioaccumulation dynamics, a subsample of 3 reference, 3 low-
SC, and 3 high-SC streams was selected. Geographical
proximity was also considered in selection of the 9 streams.
Because only 2 high-SC streams were located in southwestern
Virginia, a third high-SC stream located in southernWest Virginia
was selected to maintain a balanced study among stream types
despite its lack of geographic proximity (Figure 1).
Initial 23-stream survey

In July and August 2015, we collected stream water and
benthic macroinvertebrates, including crayfish from the family
Cambaridae and 2 dragonfly nymph families (Gomphidae and
�C 2018 SETAC



FIGURE 1: Location of 23 streams selected for initial sampling, including 9 streams selected for further sampling in central Appalachia USA.
Ref¼ reference; SC¼ specific conductance; Sel¼ selected for further sampling.

TABLE 1: Specific conductance (SC), dissolved selenium, and selected benthic macroinvertebrate metrics from 23 headwater streams in central
Appalachia USA

Sitea Stream type Continuous SC (mS/cm)b Dissolved Se (mg/L)c Total taxa richnessd Shannon Diversity Indexd % Ephemeropterad

EAS Reference 25 <2.5 25 2.7 36.8
MCB Reference 51 <2.5 33 2.8 31.7
HCN Reference 61 <2.5 22 2.3 23.8
CRO Reference 63 <2.5 31 2.8 49.2
COP Reference 120 <2.5 25 2.6 40
GRA Low-SC 185 <2.5 23 2.4 39.6
RFF Low-SC 314 <2.5 26 2.5 23.1
SPC Low-SC 316 <2.5 24 2.3 24.5
FRY Low-SC 344 <2.5 22 2.2 21.8
HUR Low-SC 365 <2.5 20 2.3 26.4
CRA Low-SC 430 <2.5 25 2.4 33.8
RUT Low-SC 530 <2.5 16 1.8 3.7
MIL Low-SC 551 <2.5 14 1.4 0
ROL Low-SC 563 <2.5 16 2 1.4
LLE Low-SC 572 <2.5 19 1.5 9.8
BIR Low-SC 591 <2.5 11 1.1 1.9
LAB Low-SC 634 4.5 20 2.3 18.1
ROC Low-SC 674 20.5 17 1.5 6.2
KEL High-SC 762 4.0 10 1.4 7
LLW High-SC 1090 3.8 16 1.6 2.3
KUT High-SC 1143 8.4 11 1.6 0.5
LLC High-SC 1165 14.5 23 2 0.5
RIC High-SC 1346 <2.5 19 2.1 0.5

a For further information on site codes, see Whitmore (2016).
bAnnualmean value of specific conductance calculated using data from in situ continuous conductivitymeter, July 2014 to June 2015.Mean concentrations for sites where 1
or both observations were less than the minimum reportable level are listed as <2.5.
cMean of April 2014 and Summer 2015 Se concentrations in stream water filtered through a 0.45-mm pore membrane.
dWater Se and benthic macroinvertebrates sampled April 2014 (Timpano et al. 2018a, 2018b).
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Cordulegastridae). These larger-bodied taxa were selected
because they were easily sampled to provide sufficient biomass
for analysis of Se. Macroinvertebrate samples from each stream
were composited and transported on dry ice to the laboratory,
where they were stored at –20 8C.
Se-dynamics study

To describe the processes of Se bioaccumulation linking
dissolved Se to body-burden Se in macroinvertebrates, we
applied ecosystem-scale modeling concepts described by
Presser andLuoma (2010).Using thismethodology,wequantified
EFs and trophic transfer factors (TTFs) as ratios between
particulate matter and dissolved Se and between consumers
and their food. In selecting media for sampling, we sought
community constituents that are representative of a typical
headwater stream food web in central Appalachia (Figure 2).

There are differences between the intended use of the
ecosystem-scalemodel and our application of thatmodel for the
present study. The ecosystem-scale model developed by
Presser and Luoma (2010) was designed to link dissolved Se
concentrations and toxic concentrations of Se in a selected
vertebrate species within an impacted system.Quantifications of
bioaccumulation processes are most precise when individual
species are used in food-web models to control for differing
assimilation efficiencies and ingestion rates among species. The
present study sampled reference streams as well as mining-
influenced streams to enable comparisons of Se concentrations
and bioaccumulation processes within streams of varying levels
ofmining influence. Invertebrate community-composition differ-
ences among stream types prevented us from selecting one
FIGURE 2: Example food web of a headwater stream. Biofilm, sediment,
Macroinvertebrate communities are separated into primary consumer and p

wileyonlinelibrary.com/ETC
taxon group that was present in sufficient quantities at all
streams. Hence, we composited sampledmacroinvertebrates by
trophic level to approximate the community present at each
stream.
Stream delineation

At each selected stream, we delineated reaches 100m in
length centered approximately on in situ SC meters installed in
streams. When necessary, study reaches were shifted upstream
to avoid having downstream segments located below roadways
or tributaries. Reaches were further divided into 10-m sub-
reaches to facilitate evenly distributed collection of ecosystem
media.
Field collection and laboratory processing

The water-column and benthic macroinvertebrate collection
and analysis procedures described in the present section were
conducted for the initial 23-stream survey, and all procedures
were conducted for the 9-stream Se-dynamics study.

Water column. We collected water samples for analysis of
dissolved Se at approximately midreach and downstream of
riffle habitat, to ensure vertical mixing. Water was filtered in the
field using a 0.45-mm-pore filter membrane, followed by
addition of trace metal–grade nitric acid to pH <2 and storage
in Nasco Whirl-Pak1 sample bags on ice until transport back to
the laboratory, where theywere stored at 4 8C.Acidified samples
were analyzed on an inductively coupled plasma mass spec-
trometer (ICP-MS; Perkin-Elmer; Presser and Luoma 2010).
and leaf detritus represent material at the bottom of the food chain.
redator taxa groups. 18¼primary; TTF¼ trophic transfer factor.

�C 2018 SETAC
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Stream-bed sediment. At 5 evenly spaced intervals in 3 lateral
transects per 10-m subreach, stream-bed sediment was collected
using an acid-washed plastic scoop. Loss of fines was limited by
selecting for sampling areas of reduced flow behind naturally
occurring barriers such as in-stream cobbles. Sediment sub-
samples were combined into a composite sample in light-
excluding Fisherbrand Whirl-Pak bags. During the sampling
process, we selected recently deposited, biologically active
sediment by restricting sample depth to 1 to 3 cm (US
Environmental Protection Agency 2001). Sediment samples
were transported on dry ice and stored at 4 8C. After removing
extraneous materials such as leaves and twigs, thawed samples
were hand-pressed through a clean 1-mm stainless-steel sieve
into a stainless-steel collection bowl. We homogenized and
stored sediments <1mm in Corning brand sterile vials after
discarding sediments�1mmandmixed, refroze, and lyophilized
samples for approximately 120h to ensure complete drying.

Biofilm. Biofilm, defined in the present study as mats of
accumulated algae, fungi, and bacteria communities, was
scraped from rock substrate using a plastic knife. Three rocks
supporting the largest apparent accumulations of biofilm were
selected for sampling within each reach. All visible biofilm
accumulated on a selected rock was collected. During the fall
sample period, epilithic biofilmwas not available for collection in
all streams, but biofilm accumulation could be seen on
sediments; in these cases, we sampled sandy substrate by
scooping the full visible extent of sediment surfaces carrying
biofilm accumulation within the reach. We placed composite
biofilm samples in light-excluding Fisherbrand Whirl-Pak bags
and transported them on dry ice back to the laboratory for
storage at 4 8C (Casey 2005; Orr et al. 2006). Biofilm samples,
particularly samples collected from sandy deposits, contained
large quantities of sand and silt. Sand and silt portions of
samples were reduced by serial shaking and decanting (Bell and
Scudder 2007), followed by refreezing samples at 4 8C. We then
lyophilized samples for approximately 120 h and ground dried
samples using a mortar and pestle.

Leaf detritus. Leaf detritus originating from the tree canopy
bordering each stream was collected from leaf packs within the
stream. Leaves were completely senescent, fully submerged in
water, and not covered by sediments. We combined composite
leaf samples for each stream, placed them in light-excluding
Fisherbrand Whirl-Pak bags, and transported them on dry ice
back to the laboratory, where they were briefly thawed,
identified to tree species when possible, and agitated lightly
in deionized water to remove excess sediment. After drying
leaves at 65 8C for �5d, leaf midveins were removed, and the
remaining leaf matter was ground using a ball mill.

Benthic macroinvertebrates. Benthic macroinvertebrates
were collected following multihabitat sampling procedures
using a 0.3-m-wide D-frame kicknet with 500-mmmesh (Barbour
et al. 1999). Net contents were emptied into plastic tubes, and
macroinvertebrates were removed from debris using stainless-
steel tweezers and placed into plastic containers filled with
�C 2018 SETAC
stream water. Sampling continued until a volume of macro-
invertebrates appearing as sufficient in mass for Se analysis was
collected. For the 23-stream initial survey, we preferentially
extracted crayfish from the family Cambaridae and dragonflies
from the families Cordulegastridae and Gomphidae for subse-
quent Se analysis. They were stored, transported, and
processed.

For the Se-dynamics study, all collected macroinvertebrates
were retained. Because of differences in average macroinverte-
brate taxa sizes among streams, numbers of individuals
collected ranged from 482 to 1199 per sample. Crayfish
(Cambaridae) were also collected from streams by targeting
optimal habitat and selecting 5 or fewer individuals from each
stream that were comparable in size within and among streams.
We transported macroinvertebrates in Fisherbrand Whirl-Pak
bags on dry ice back to the laboratory, where they were thawed,
identified to family, and separated into primary consumer and
predator taxa (Merritt and Cummins 1996; Poff et al. 2006). In
cases where the family taxon group contained both predacious
and nonpredacious genera as specified in Merritt and Cummins
(1996), individuals were identified to genus.We refroze samples,
followed by lyophilization for approximately 120 h to ensure
complete drying, and then ground samples with a mortar and
pestle.
Acid digestion and analysis for Se

We used methods adapted from US Environmental Protec-
tion Agency (2007) for acid digestion in a microwave digestion
system (MarsExpress; CEM). Macroinvertebrates sampled from
23 streams were digested using 10mL of trace metal–grade
nitric acid (70% HNO3). To improve Se recovery in the 9-stream
study, subsequent digestions were completed using 5mL of
trace metal–grade nitric acid (70% HNO3) and 1.5mL of
hydrogen peroxide (30% H2O2). Samples were analyzed in
triplicate when sufficient mass was available. An ICP-MS was
used to determine Se concentration in final solutions.
Quality assurance/quality control

Certified reference material (TORT-2 and TORT-3; National
Research Council of Canada) was digested in triplicate in all
laboratory batches. Recovery of Se (mean¼9.0�0.49mgSeg�1

dry wt) was less than the certified range (9.9–11.9mgSeg�1 dry
wt) when 10mL HNO3 was used. Recovery of Se improved in the
9-stream surveywhenweused a combination of HNO3 andH2O2

and was within the range of certified values (mean¼ 11.2�0.39
mgSeg�1 dry wt). Concentrations in blanks of deionized water
run in parallel with samples were near instrumental detection
limits and ranged from –0.17 to 1.27mgSe L�1. Percentage of
difference among replicate samples averaged 7.3%.
Data processing

Weanalyzed subsamples of eachmedia type in replicates of 3
from each stream when sufficient material was available. Mean
blank concentrations run in parallel with subsamples were
wileyonlinelibrary.com/ETC
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subtracted from subsample concentrations. Concentrations of
Se below the instrument detection limit (0.51mgSe L�1) were
replaced with concentrations that were half the detection limit
(0.255mgSe L�1) for calculation of EFs and TTFs. The 0.255mg
Se L�1 estimated concentrations are within the range of
measured Se concentrations in reference and near-reference
streams within the study area (Supplemental Data, Table S2).
Selenium concentrations in replicate subsamples were averaged
for statistical analyses.

The experimental design employed in the Se-dynamics study
addressed the site-specific nature of Se bioaccumulation by
quantifying major processes in bioaccumulation at each stream
(Presser and Luoma 2010). The EFs were calculated for each
stream and particulate media type (biofilm, leaf detritus, and
sediment) by dividing particulate-phase Se concentrations by
water-column Se concentrations. The TTFs were calculated for
each stream and particulate media type by dividing macro-
invertebrate primary-consumer Se concentrations by particu-
late-phase Se concentrations. We derived a second-level TTF by
dividing macroinvertebrate predator Se concentrations by
primary-consumer Se concentrations. Bioaccumulation factors
(BAFs) were calculated as concentration ratios of primary
consumers to stream water and of predators to stream water.
Cambaridae family members were excluded from most calcu-
lations of Se trophic transfer because of their large body size in
comparison with other macroinvertebrates and the different
sampling methods used to collect Cambaridae samples.
Statistical analysis

R Studio (RStudio) and JMP1, Ver 11 and 13 (SAS Institute,
1989–2007), software were used to perform statistical analyses.
To meet assumptions of normality and homoscedasticity, data
were log10-transformed before statistical analysis. Multiple Se
concentrations in water-column and leaf-detritus samples were
below detection limits, resulting in left-censored data that did
not meet assumptions of normality after log transformation.
Therefore, leaf-detritus data were transformed using nonpara-
metric aligned-rank transformation (Wobbrock et al. 2011).

Using data from the initial 23-stream survey, we constructed 2
regression models with water-column measures (SC and Se,
respectively) and taxon as fixed effects to predict macroinverte-
brate whole-body Se concentrations. The 12-momean SC and the
mean of dissolved Se concentrations in stream water collected in
April 2014 and summer 2015 (Table 1) were used as numeric
predictors. Water Se concentrations measured at less than the
minimumreportable level (2.5mgL�1)butatorabove theminimum
detectable level (MDL) were modeled using the instrument-
measured values. Water Se concentrations measured at �MDL
(0.7mgL�1 for 4/14, 0.5mgL�1 for summer 2015) were set at
0.5mgL�1 for modeling purposes.Modelingwas conducted using
Ln-transformations of water-column SC, water-column Se, and
macroinvertebrate Se values. Model residuals versus predicted
plots were inspected for outliers and bias, and model residuals
were checked for normality using the Shapiro-Wilk technique and
for homoscedasticity using the Levene andBartlett tests (a¼ 0.05).
wileyonlinelibrary.com/ETC
To determine effect of stream type (reference, low-SC, and
high-SC), season (fall and spring), and their interaction on Se
concentrations in ecosystem media and calculated EF and TTF
ratios from the subset of 9 streams, we used a 2-way analysis of
variance (ANOVA) on transformed data sets. Models generating
insignificant interaction terms (p�0.05) were rerun using only the
main effects (stream type and season). When interaction terms
were significant, individual post hocmodels for each seasonwere
run for interpretive purposes.WhereANOVA revealed significant
differences among stream types, we compared stream types
using Tukey’s honestly significant difference.

To evaluate how EFs, TTFs, and BAFs may have varied with
water Se concentrations, we also determined if these relation-
ships fit the following model form:

Ln ðbioaccumulation factorÞ ¼ f½Ln ðwater SeÞ; sampling season
ðrandomÞ�

We also modeled macroinvertebrate-Se relationships to pre-
sumed dietary Se sources using similar model forms:

Ln ðTTF18 consumer: particulate meanÞ ¼ f½Ln ðparticulatemean Se;
sampling season ðrandomÞ�

Ln ðTTFpredator:18 consumerÞ ¼ f½Ln ð18 consumer Se;
sampling season ðrandomÞ�

Particulatemean Se is themean value of Se concentrations for
the 3 particulate matter forms. All statistical analyses were
interpreted for significance at a¼ 0.05.
RESULTS

Initial 23-stream survey

Annualmean SCwas lower in all reference streams than in any
mining-influenced stream (Table 1). The water-column Se values
used for modeling were correlated positively with annual mean
SC (Spearman r¼ 0.80, p<0.0001).

Body-burden Se concentrations in macroinvertebrates ex-
hibited a positive response to annual mean SC in stream water
(Figure 3, left). The SC-prediction model (adjusted R2¼ 0.66,
p< 0.0001) is

Sem ¼ exp½�2:277þ 0:618� Ln ðSCÞ þ Ct-SC�

where Sem is macroinvertebrate concentration of Se (micrograms
per gram), exp is the inverse of the natural log, SC is water specific
conductance (microsiemens per centimeter), and Ct-SC is a taxon-
specific constant for the SC-prediction model (–0.530 for Cambar-
idae, 0.152 for Cordulegastridae, and 0.378 for Gomphidae).

Macroinvertebrate body-burden Se concentrations also
exhibited a positive response to water Se (Figure 3, right). The
water-Se prediction model (adjusted R2¼0.83, p< 0.0001) is

Sem ¼ exp½1:129þ 0:698� Ln ðSeÞ þ Ct-Se�
�C 2018 SETAC



FIGURE 3: Relationships of 1-yr mean specific conductance (SC) in stream water (left) and water-column selenium (Se) concentrations (right) to Se in
tissue samples of Gomphidae, Cordulegastridae, and Cambaridae collected from 23 streams in central Appalachia. Models represented in the figure
are detailed in the text. Because 1 ormore targeted benthicmacroinvertebrate taxa, Gomphidae, Cordulegastridae, or Cambaridae, were not found in
most streams, each stream is represented by 1 to 3 taxa groups. Six of 23 sites had mean Se concentrations exceeding 3.1mgL�1, the monthly mean
level recommended by the US Environmental Protection Agency (2016) as a freshwater ambient chronic water quality criterion for Se.
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where Se is water concentration of dissolved Se (micrograms per
liter) and Ct-Se is a taxon-specific constant for the Se-prediction
model (–0.652 for Cambaridae, 0.257 for Cordulegastridae, and
0.395 for Gomphidae).

For both models, the water variables and macroinvertebrate
taxa were highly significant as predictors of macroinvertebrate
body-burden Se (p�0.0001), and residual analyses demon-
strated that the models satisfied standard regression assump-
tions. Also, for both models the taxon-specific constants for
Cordulegastridae and Gomphidae did not differ significantly
from one another, but both differed significantly from the
Cambaridae constant.
Se-dynamics study

Dissolved Se concentrations in stream water exhibited a
significant interaction effect between season and stream type
(F2,15¼ 5.4, p¼ 0.045; Figure 4A and B). Fall and spring Se
concentrations in 2 of 3 reference streams were below the
instrumentdetection limit.Meanwater-columnSeconcentrations
in high-SC streams were 15 times higher than mean concen-
trations in low-SC streams in the fall and 5 times higher in the
spring.Meanwater Se concentrations in high-SC streamswere 20
times and 15 times higher than water concentrations, estimated
by managing <MDL concentrations as stated in Methods, in
reference streams in the fall and spring, respectively. Mean water
Se concentrations in low-SC streams were also higher than in
reference streams in spring, but our post hocmodel did not show
significant differences in stream water Se between low-SC and
reference streams in the fall.

Selenium concentrations in sediment and biofilm did not vary
by season (sediment: F1,16¼ 0.31, p¼ 0.59; biofilm: F1,15¼ 0.76,
�C 2018 SETAC
p¼ 0.40) but did differ significantly among stream types
(sediment: F2,15¼36.5, p< 0.001; biofilm: F2,14¼28.9,
p< 0.001). All 3 stream types differed for these media with
the exception of biofilmSe in reference streams in comparison to
low-SC streams (Figure 4C and D). Mean Se concentrations in
sediment were approximately 3 times higher in high-SC streams
than in low-SC streams and were 3 times higher in low-SC
streams than in reference streams. Mean Se concentrations in
biofilm in high-SC streams were approximately 3.5 times higher
than in low-SC streams and approximately 1.5 times higher in
low-SC streams than in reference streams.

Leaf-detritus Se concentrations exhibited a significant interac-
tion between season and stream type (F2,15¼ 10.4, p¼ 0.011).
Mean values generally followed patterns observed in streamwater
and other particulate media (Figure 4E and F). Leaf-detritus Se
concentrations in reference streams differed from high-SC streams
in both the spring and fall. However, whereas post hoc models for
the fall showed that leaf-detritus Se concentrations in low-SC
streams were 5.9 times higher than those in reference streams
(p¼ 0.004), post hoc models for the spring indicated that high-SC
streams were 16.3 times higher than low-SC streams (p< 0.001).
No other post hoc pairwise comparisons were significant.

Mean tissue Se concentrations did not differ by season but
did differ among stream types for all benthic macroinvertebrate
consumer groups: primary consumers (season: F1,16¼ 1.6,
p¼ 0.22; stream type: F2,15¼84.0, p< 0.001), predators (sea-
son: F1,16¼0.36, p¼ 0.56; stream type: F2,15¼ 103.5,
p< 0.001), and Cambaridae (season: F1,16¼ 0.31, p¼ 0.59;
stream type: F2,15¼105.4, p< 0.001; Figure 4G–I). Mean Se
concentrations were approximately 4 times higher in primary
consumers, predators, and Cambaridae in high-SC streams than
in low-SC streams and approximately 4 times higher in primary
wileyonlinelibrary.com/ETC



FIGURE 4: Selenium (Se) concentrations in (A) water column, fall; (B) water column, spring; (C) sediment; (D) biofilm; (E) leaf detritus, fall; (F) leaf
detritus, spring; (G) primary consumers; (H) predators; and (I) Cambaridae in reference, low-SC, and high-SC headwater streams of the central
Appalachian coalfield. Horizontal lines indicate mean values, and letters indicate significant differences among stream types for each medium.
H¼high-SC; L¼ low-SC; R¼ reference.
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consumers and approximately 2 times higher in predators and
Cambaridae in low-SC streams than in reference streams.
Enrichment, trophic transfer, and
bioaccumulation

Enrichment factors describing associations between water-
column and sediment Se (EFsediment) did not differ by season
(F1,16¼ 1.5, p¼ 0.24) or stream type (F2,15¼ 3.6, p¼ 0.055;
Figure 5A). Differences in associations between water-column
and biofilm Se (EFbiofilm) values were not detected between
seasons (F1,15¼ 3.6, p¼ 0.081) but were detected among
stream types (F2,14¼ 4.90, p¼ 0.026), where reference stream
values were 4 times higher than high-SC stream values
(Figure 5B). A significant interaction effect between season
and stream type was detected for associations between water-
column and leaf-detritus (EFleaf detritus) Se values (F2,15¼ 7.5,
p¼ 0.008). Mean EFleaf detritus values for low-SC streams were
higher nominally than mean EFleaf detritus values for other stream
types in fall and lower nominally than other stream types in the
spring, but analyses did not reveal significant differences by
stream type in either season (fall: F2,15¼4.06, p¼ 0.08; spring:
F2,15¼ 3.78, p¼ 0.09; Figure 5C and D).

Trophic transfer factors did not differ significantly by season,
but differences among stream types were detected for
wileyonlinelibrary.com/ETC
trophic transfer of Se from sediment to primary consumers
(TTF18 Consumer:sediment) (season: F1,16¼ 0.41, p¼ 0.53; stream
type: F2,15¼ 6.9, p¼ 0.008) and from biofilm to primary
consumers (TTF18 Consumer:biofilm; season: F1,15¼ 0.063,
p¼ 0.81; stream type: F2,14¼6.0, p¼ 0.014). Mean TTF18
Consumer:sediment values were >2.5 times higher in high-SC
streams than reference streams (Figure 5E), and mean TTF18
Consumer:biofilm values were 3 times higher in high-SC streams than
in reference streams (p¼ 0.012; Figure 5F). No differences
among stream type were detected in trophic transfer of Se
between leaf detritus andmacroinvertebrate primary consumers
(TTF18 Consumer:leaf detritus; season: F1,15¼ 0.18, p¼ 0.69; stream
type: F2,14¼ 0.53, p¼ 0.60; Figure 5G). Second-level TTFs from
benthic macroinvertebrate primary consumers to predators
(TTFpredator:18 Consumer) were significantly different among stream
types (season: F1,15¼ 2.6, p¼0.13; stream type: F2,15¼ 17.8,
p< 0.001). Mean values of TTFpredator:18 Consumer were nearly 2
times higher in reference streams than in low-SC streams and 2
times higher in reference streams than in high-SC streams
(Figure 5H). Ratio of macroinvertebrate primary-consumer
Se concentrations to water-column Se concentrations
(BAF18 Consumer:water) did not differ between seasons or among
stream types (season: F1,15¼ 2.28, p¼ 0.15; stream type:
F2,15¼1.09, p¼ 0.36), nor did the ratio of macroinvertebrate-
predator Se concentrations to water-column Se concentrations
�C 2018 SETAC



FIGURE 5: Selenium enrichment factors (EFs), trophic transfer factors (TTFs), and bioaccumulation factors (BAFs) in reference (R), low-SC (L) and high-
SC (H) headwater streams in the central Appalachian coalfield: (A) EFsediment; (B) EFbiofilm; (C) EFleaf detritus, fall; (D) EFleaf detritus, spring; (E) TTF18 consumer:

sediment; (F) TTF18 consumer:biofilm; (G) TTF18 consumer:leaf detritus; (H) TTFpredator:18 consumer; (I) BAF18 consumer:water; and (J) BAFpredator:water. Horizontal lines
indicate means by stream type, and letters indicate significant differences among stream types for each medium. H¼high-SC; L¼ low-SC;
R¼ reference.
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differ between seasons or among stream types (season:
F1,15¼ 1.74, p¼ 0.21; stream type: F2,15¼ 1.78, p¼ 0.20;
BAFpredator:water; Figure 5I and J).
FIGURE 6: Selenium (Se) concentrations for each stream across 2
seasons in all media by stream type. Media are ordered to illustrate Se
Se-dynamics summary model

We found no difference in enrichment from the water column
to the mean of all particulate matter by season or by stream type
(season:F1,15¼ 1.02,p¼0.33; streamtype:F2,15¼ 1.30,p¼0.30;
Figure 6 and Table 2). In addition, there were no differences in
trophic transfer ratios from particulate-matter mean Se concen-
trations to primary-consumer macroinvertebrates (season:
F1,15¼ 1.15, p¼ 0.30; stream type: F2,15¼ 3.54, p¼0.06). The
second-level TTF quantified in the present study, from primary
consumers to predators, differed by stream type (p< 0.001), with
reference streams having significantly higher TTFs than both low-
SC and high-SC streams (Figure 5H). The EFs, TTFs, and BAFs for
individual streams are in Supplemental Data, Table S3.
pathways of enrichment from water column to particulate matter,
bioaccumulation pathways from particulate-phase media to benthic
macroinvertebrate primary consumer taxa, and from benthic
macroinvertebrate primary consumer taxa to predator taxa. Media
mean concentrations for particulate-phase media are averaged by
stream type. Dotted lines connect mean concentrations of media by
stream type. Cambaridae Se concentration data are shown but not
included in the illustration of Se pathways. SC¼ specific conductance.
Relationships of EFs, TTFs, and other BAFs to
water and dietary Se sources

Two of the 3 EFs evaluated (EFsediment and EFbiofilm) exhibited
strong negative relationships with water Se (p<0.001;
�C 2018 SETAC
Supplemental Data, Figure S1A and B). Two BAFs (BAFpredator:
water and BAFCambaridae:water, the ratio of Cambaridae Se
concentrations to water Se concentrations) also exhibited strong
wileyonlinelibrary.com/ETC



TABLE 2: Derived factors describing selenium dynamics in mining-influenced and reference headwater streams in central Appalachia USA (mean
values� standard errors)

Factorsa,b Reference Low-SCc High-SCc

EFsediment 343�63 591�269 186�70
EFbiofilm 1952�534 1542�559 470�41
EFleaf detritus Fall 399�103 1675�404 448�300

Spring 387�113 195�58 707�227
EFparticulate mean 903�204 1013�386 411�85
TTF18 consumer:particulate mean 4.4�1.1 7.4�1.4 8.1�0.7
TTFpredator:18 consumer 2.6�0.3 1.4�0.1 1.3�0.1
BAF18 consumer:water 3323�889 9963�6141 3185�566
BAFpredator:water 7588�1623 10630�5231 4149�901

a Factors included are enrichment factors (EFs), summary EFs and trophic transfer factors (TTFs), and bioaccumulation factors (BAFs).
b Summary EF and TTF values calculated using an average of all particulate media collected at each stream. Significant differences for EFs, BAFs, and TTFpredator:18 consumer,
when present, are designated in Figure 4; TTF18 consumer:particulate mean values do not differ significantly from one another.
cMining-influenced streams designated as having low specific conductance (Low-SC) and high specific conductance (High-SC) based on 12-mo mean SC collected
July 2014 to June 2015.
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negative relationships with water Se (p< 0.01; Supplemental
Data, Figure S1E and F). Two TTFs exhibited significant
but weaker and contrasting relationships with water Se:
TTF18 Consumer:sediment (positive, p¼ 0.0140) and TTFpredator:18
Consumer (negative, p¼ 0.0462; Supplemental Data, Figure S1C
and D). None of the other factors evaluated (EFleaf detritus:water,
TTF18 Consumer:biofilm, TTF18 Consumer:leaf detritus, and TTF18 Consumer:water)
exhibited statistically significant relationships with water Se, nor did
first-level TTF18Consumer:particulate mean exhibit a significant relationship
with particulate mean Se. The second-level TTFpredator:18 Consumer

exhibited a strong negative relationship with primary-consumer Se
concentrations (p< 0.0001; Supplemental Data, Figure S2).
DISCUSSION

SC of stream water and Se concentrations in
stream ecosystem media

Headwater stream ecosystems in mined watersheds
displayed increased water-column and macroinvertebrate
Se concentrations relative to reference streams, likely caused
by Se inputs from watershed coal mines, including both active
mines and areas where mining had been completed. The
present survey of 23 headwater streams showed strong
positive associations among water-column SC, Se concen-
trations in water, and Se concentrations in macroinverte-
brates. The more in-depth study of Se dynamics in a subset of
these streams corroborated the covariance of SC in water
with Se concentrations in macroinvertebrates as well as in
other environmental media within the headwater streams
studied.

Selenium concentrations in water, biofilm, and sediment in
the reference streamsof the present studywerewithin or close to
accepted background levels in freshwater environments (US
Department of the Interior 1998), whereas Se concentrations in
the particulatemedia of nonreference streamswerewithin range
or similar to Se concentrations collected in coal mining–
influenced streams elsewhere in Appalachia (Presser and Luoma
2010; Presser 2013; Arnold et al. 2017), in Alberta (Casey 2005),
and in the Canadian Rockies (Kuchapski and Rasmussen 2015).
wileyonlinelibrary.com/ETC
Lower Se concentrations in particulate media, particularly in
sediment, may be influenced by the relatively high-gradient
morphology of the present study streams, resulting in less Se
accumulation through sediment and detrital pathways (Orr et al.
2006). Because water conveyance in headwater streams is
relatively fast, studies from other regions suggest that headwa-
ter stream ecosystems may not bioaccumulate Se to the same
degree as slower-moving lentic and lower-gradient lotic systems
(Lemly 1999); but previous studies in central Appalachia have not
tested this expectation.

We were unable to find comparable studies measuring Se
enrichment in leaf detritus. Microbial communities on leaf
detritus have a large influence on nutrient-cycling dynamics
within headwater streams and are important as food sources for
benthic macroinvertebrate communities (Vannote et al. 1980).
We expect that elevated Se concentrations of leaf detritus in
mining-influenced streams resulted from microbial biofilm
uptake of water-column Se, but we were unable to measure
the microbial biofilm concentrations separately from the detrital
leaf tissue. Significantly elevated Se concentrations in leaf
detritus collected from mining-influenced streams suggest that
uptake of Se by microbial biofilm on leaf detritus may be an
important pathway of Se bioaccumulation.

Selenium concentrations in benthic macroinvertebrates col-
lected from reference and low-SC streams were also similar to
concentrations in benthic macroinvertebrates collected from
reference and mining-influenced streams in other studies (Casey
2005; Presser 2013; Arnold et al. 2014; Kuchapski and Rasmussen
2015). In their analysis of Se contamination in aquatic environ-
ments in 29 field studies, Presser and Luoma (2010) reported Se
concentrations in macroinvertebrates from a wide range of
aquatic habitats. Among the field studies compiled, macro-
invertebrates collected from lentic habitats were up to 5 times
higher in Se concentration than Se concentrations found in the
present study. However, field studies of stream habitats yielded
macroinvertebrate Se concentrations notably lower than the
meanSeconcentration inmacroinvertebratesof thepresent high-
SCstreams. BenthicmacroinvertebrateSeconcentrations in high-
SC streams of the present study were 2 times higher on average
than those of Arnold et al. (2014) and above maximum Se
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concentrations in aquatic insects reported by Presser (2013); both
of those studies were conducted in streams influenced by coal
mining inWest Virginia and included streams of higher order than
the headwater streams of the present study.

Findings by Conley et al. (2009) and Arnold et al. (2014)
suggest that Se concentrations in headwater stream particulate
media and macroinvertebrates in the present study may be an
environmental stressor to both invertebrates and their verte-
brate consumers. Evaluation of the toxic effect of Se on
consumers within the food webs was beyond the scope of the
present study, but Se concentrations in other studies evaluating
toxicity can be compared with the present results. Conley et al.
(2009) reported reduced fecundity when laboratory mayflies
(Centroptilum triangulifer, nowNeocloeon triangulifer) were fed
with a food source containing�4.2mgSeg�1 dry weight, a value
within the range of particulatemedia concentrations observed in
the present high-SC streams. Decreased survivorship and body
mass were not observed unless food source Se concentrations
were �11.9mgSeg�1 dry weight (Conley et al. 2009), approxi-
mately twice the highest particulate concentrations observed in
the present study. Arnold et al. (2014) reported increased
occurrence of Se-related fish deformities in a streamwith benthic
macroinvertebrate Se concentrations less than half the mean
benthic macroinvertebrate Se concentration for the high-SC
streams of the present study.Other studies of high-SC streams in
Appalachia have found water Se concentrations higher than any
water Se concentrations that we observed (Pond et al. 2008,
2014; Lindberg et al. 2011), suggesting potential for even
greater body burdens inmacroinvertebrates in those streams, as
well as higher risks of adverse effects.
Modeling relationships

Although the prediction models for macroinvertebrate Se
concentrations in the present study are very strong (Figure 3),
their potential for more general application is not clear,
especially the SC-prediction model. Clearly, it is water-column
Se that is driving the bioaccumulation of Se that we observed.
Although both the major ions that produce SC and water Se
originate as geochemical releases from the mining-disturbed
rocks, we are unaware of scientific information to support a
contention that SC and Se should be highly correlated inmining-
influenced Appalachian waters universally. Clark (2017) demon-
strated that, although all major ions except HCO3

– demonstrate
general patterns of release similar to Se in mine-spoil leachates,
Se concentrations tend to decline more rapidly, suggesting that
stream water SC and Se concentrations, even if correlated
among multiple streams immediately following a mining
disturbance, would decouple with time. Ziemkiewicz et al.
(2011) reported a similar finding from a study comparing SO4

2–

and Se releases from coal waste in West Virginia.
Although the macroinvertebrate tissue concentrations of Se

appear more strongly linked to stream water Se concentrations
than to SC, the utility for broader application of the Se-
prediction model is also in question. We had only 2
observations, separated by more than 1 yr, of Se water-column
concentrations for each study stream. It is clear the SC varies
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seasonally in mining-influenced streams of the Appalachian
coalfield (Timpano et al. 2018b); hence, it is reasonable to
expect that Se varies seasonally as well and that parameters of
models linking water-column and macroinvertebrate Se con-
centrations will vary with time of water sampling and perhaps
with other factors that we did not measure, such as water Se
concentrations in weeks or months prior to environmental
media sampling. Nonetheless, both modeled relationships for
the present study streams were highly significant.
Enrichment, trophic transfer, and
bioconcentration of Se

In the present study, EFs and second-level TTFs for Se are
consistent with those of previous studies (Supplemental Data,
Tables S3 and S4). Reported EF values for Se in the present study
are similar to values found in a higher-order mining-influenced
Appalachian stream (1104; Presser and Luoma 2010) and in
other recent literature (Casey 2005; Presser 2013; Kuchapski and
Rasmussen 2015). In addition, mean second-level trophic
transfer of Se from primary-consumer macroinvertebrates to
predator macroinvertebrates in the present study were less
variable than first-level TTFs and within the range of values
reported for primary to secondary trophic transfer of Se in other
systems in central Appalachia (Presser and Luoma 2010). In
contrast, first-level TTFs from particulate media to primary
consumers for Se in the present study, although within the range
of other reported values, are higher andmore variable thanmost
other reported values.

Similarities between EFs, TTFs, and BAFs at reference and
low-SC streams, excepting TTFpredator:18 Consumer (Figure 5),
indicate that Se dynamics in streams with less elevatedmajor ion
concentrations are similar to Se dynamics in unimpacted
streams. Selenium dynamics differed more frequently between
high-SC and reference stream types. A number of factorsmay be
contributing to these EF and TTF differences among stream
types. Among those factors are water Se concentrations.
DeForest et al. (2007, 2016) reported that EFs for Se tend to
decrease as exposure increases, an observation that is consistent
with our findings for EFsediment and EFbiofilm (Supplemental Data,
Figure S1A and B) and with findings by Kuchapski and
Rasmussen (2015) and Arnold et al. (2017). For our data, EFleaf
detritus also exhibited a weak negative relationship with water Se,
which, although not statistically significant (p¼ 0.24), did not
contradict the pattern demonstrated by the other 2 particulate-
matter forms. Such results may indicate that algae and microbes
are regulating uptake of Se as needed to meet their metabolic
needs and that, hence, lower levels of enrichment occur at higher
concentrations of water Se (DeForest et al. 2007). The negative
relationships of BAFs for predator macroinvertebrates and for
Cambaridae (BAFpredators and BAFCambaridae) with water Se
(Supplemental Data, Figure S1E and F) are also consistent
with the findings by the DeForest et al. (2007) meta-analysis of
multiple Se bioaccumulation studies. In addition, heightened
concentrations of sulfate, such as in the present high-SC streams
(Timpano et al. 2018b), may inhibit Se uptake by algae and
microbes (Williams et al. 1994; DeForest et al. 2017). The
wileyonlinelibrary.com/ETC
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negative relationships of bioaccumulation factors for predator
macroinvertebrates and for Cambaridae (BAFpredators and
BAFCambaridae) with water Se (Supplemental Data, Figure S1 E
and F) are also consistent with the findings by the DeForest et al.
(2007)meta analysis ofmultiple Se bioaccumulation studies; as is
the negative relationship of TTFpredator:1o consumers to primary
consumers’ Se concentrations (Supplementary Data, Figure S2).

In contrast to particulate-matter EFs and 2 BAFs (BAFpredators
and BAFCambaridae), TTFs did not exhibit consistent relationships
with water Se. Differences among TTFs may be attributed to
variation in benthic macroinvertebrate community composition
among the present study streams. Taxa groups differ in rates at
which they ingest Se-enriched food and in efficiency at which
they assimilate Se into their tissue (Luoma and Rainbow 2005).
Because of these differences, shifts in community assemblages
may scale up to produce differences in Se bioaccumulation
ratios within a consumer community (Presser and Luoma 2010).
Benthic macroinvertebrate community differences among the
present streams may be driven by Se contamination, major ion
concentration differences (Timpano et al. 2018a), and perhaps
other inherent differences among streams that were not
quantified. Moreover, the ratio of Se concentrations in macro-
invertebrate primary consumers to dissolved water-column Se
concentrations (BAF18 Consumer:water) did not differ among stream
types (Figure 5) and did not vary with water Se.

These results suggest that the Se dynamics of particulate-
matter enrichment and predator bioaccumulation in Appala-
chian headwater streams are dependent on Se concentrations in
the water column and, where water Se and water SC are highly
correlated, may vary in association with water SC. The results
also suggest that EFs and TTFs developed from the present
study may be incorporated into a predictive tool connecting
dissolved water-column Se to Se concentrations in macro-
invertebrates in the central Appalachian coalfield.
CONCLUSIONS

Sediment, biofilm, and leaf detritus comprise a significant
portion of organic particulate matter in headwater streams and
can become significantly enriched in Se when geologic dis-
turbances caused by coal mining release Se in discharge waters,
elevating water-column Se concentrations in streams receiving
runoff or groundwater from the disturbed areas. Selenium-
enriched organic particulate matter is bioavailable to benthic
macroinvertebrate consumers, resulting in elevated Se concen-
trations in benthic macroinvertebrate tissue in these streams.
Though high-gradient streams such as those in the present study
are often considered to be at low risk for Se toxicity, the present
results suggest that headwater stream ecosystems can accumu-
late Se at levels similar to those found in low-gradient streams.

Further, the high levels of macroinvertebrate Se we observed
in high-SC streams support the hypothesis that elevated Se can
be a costressor with SC to benthic macroinvertebrate popula-
tions. Additional study is needed to determine if 1) these high
concentrations of Se are causing reduced viability in invertebrate
and vertebrate populations in these ecosystems, 2) headwater
stream Se enrichment processes are significantly affecting Se
wileyonlinelibrary.com/ETC
dynamics downstream, and 3) Se bioaccumulation and toxicity in
benthic macroinvertebrates contribute to reductions of richness
that are commonly observed in high-SC coal mining–influenced
streams in the central Appalachian coalfield.

Although particulate-matter Se-enrichment and macroinver-
tebrate predator Se-bioaccumulation processes varied inversely
with water Se, the lower ratios of Se uptake occurring in
association with elevated Se were not sufficient to offset the
effects ofmining influence because all sampled ecosystemmedia
exhibited significantly elevated Se concentrations with higher
levels of water SC, an indicator of mining influence. Our results
indicate that the water-column concentration of dissolved Se is
the primary driver of Se bioaccumulation in central Appalachian
headwater streams. The largest disparity between the present
results and findings in other systems was the relatively high first-
level TTF values in our study, suggesting that trophic transfer to
primary consumers in Appalachian headwater streams is of
particular importance. The EF and TTF values developed in the
present study can serve as a preliminary model for establishing
linkages betweenwater-column Se concentrations and consumer
tissue concentrations in other Appalachian headwater streams.

Supplemental Data—The Supplemental Data are available on
the Wiley Online Library at DOI: 10.1002/etc.4245.

Acknowledgment—The present study was funded by the US
Office of Surface Mining Reclamation and Enforcement,
Cooperative Agreement S15AC20028. Special thanks to A.
Timpano for providing the foundation for the present study and
for his continued help and advice and to T. Presser for her time
and expert advice. We also thank L. Sharp, A. Gondran, R.
Vander Vorste, L. Nolan, C. Sabin, M. Underwood, T. Weiglan,
D. Jensen, and A. Knox for their help in completing field
sampling efforts. We also thank J.C. Burger and D. Mitchem for
their expertise in the laboratory and P. Donovan for preparing
the map. The authors declare no conflict of interest.

Data Accessibility—Data are being posted for public access as
an Appendix to the Supplemental Data for this manuscript (DOI:
10.1002/etc.4245).
REFERENCES

Arnold MC, Bier RL, Lindberg TT, Bernhardt ES, Di Giulio RT. 2017. Biofilm
mediated uptake of selenium in streams with mountaintop coal mine
drainage. Limnologica 65:10–13.

Arnold MC, Lindberg TT, Liu YT, Porter KA, Hsu-Kim H, Hinton DE, Di Giulio
RT. 2014. Bioaccumulation and speciation of selenium in fish and insects
collected from a mountaintop removal coal mining-impacted stream in
West Virginia. Ecotoxicology 23:929–938.

Barbour MT, Gerritsen J, Snyder BD, Stribling JB. 1999. Rapid bioassessment
protocols for use in streams and wadeable rivers; Periphyton, benthic
macroinvertebrates, and fish, 2nd ed. EPA 841-B-99-002. US Environ-
mental Protection Agency, Washington, DC.

Bell AH, Scudder BC. 2007.Mercury accumulation in periphyton of eight river
ecosystems. J Am Water Resour Assoc 43:957–968.

Casey R. 2005. Results of aquatic studies in the McLeod and Upper Smoky
River systems. T/785. Alberta Environment, Edmonton, Alberta, Canada.

Clark EV. 2017. Hydrologic and hydrochemical processes on mine spoil fills.
PhD dissertation. Virginia Tech, Blacksburg, VA, USA.
�C 2018 SETAC



2726 Environmental Toxicology and Chemistry, 2018;37:2714–2726—K.M. Whitmore et al.
Conley JM, Funk DH, Buchwalter DB. 2009. Selenium bioaccumulation and
maternal transfer in the mayfly Centroptilum triangulifer in a life-cycle,
periphyton-biofilm trophic assay. Environ Sci Technol 43:7952–7957.

Cormier SM, Wilkes SP, Zheng L. 2013. Relationship of land use and elevated
ionic strength in Appalachian watersheds. Environ Toxicol Chem
32:296–303.

Daniels WL, Zipper CE, Orndorff ZW, Skousen J, Barton CD, McDonald LM,
Beck MA. 2016. Predicting TDS release from central Appalachian coal
mine spoils. Environ Pollut 216:371–379.

DeForest DK, Brix KV, Adams WJ. 2007. Assessing metal bioaccumulation in
aquatic environments: The inverse relationship between bioaccumulation
factors, trophic transfer factors and exposure concentration. Aquat
Toxicol 84:236–246.

DeForest DK, Brix KV, Gilron G, Hughes SA, Tear LM, Elphick JR, Rickwood
CJ, deBruyn AMH, AdamsWJ. 2017. Lentic, lotic, and sulfate-dependent
waterborne selenium screening guidelines for freshwater systems.
Environ Toxicol Chem 36:2503–2513.

DeForest DK, Pargee S, Claytor C, Canton SP, Brix KV. 2016. Biokinetic food
chain modeling of waterborne selenium pulses into aquatic food chains:
Implications for water quality criteria. Integr Environ Assess Manag
12:230–246.

Evans DM, Zipper CE, Donovan PF, Daniels WL. 2014. Long-term trends of
specific conductance in waters discharged by coal-mine valley fills in
central Appalachia, USA. J Am Water Resour Assoc 50:1449–1460.

Janz DM, DeForest DK, Brooks ML, Chapman PM, Gilron G, Hoff D, Hopkins
WD,McIntyre DO,Mebane CA, Palace VP, Skorupa JP,WaylandM. 2010.
Selenium toxicity to aquatic organisms. In Chapman PM, Adams WJ,
Brooks ML, Delos CG, Luoma SN, Maher WA, Ohlendorf HM, Presser TS,
Shaw DP, eds, Ecological Assessment of Selenium in the Aquatic
Environment, 1st ed. CRC, Boca Raton, FL, USA, pp 141–231.

Kuchapski KA, Rasmussen JB. 2015. Food chain transfer and exposure effects
of selenium in salmonid fish communities in two watersheds in the
Canadian Rocky Mountains. Can J Fish Aquat Sci 72:955–967.

Lemly AD. 2004. Aquatic selenium pollution is a global environmental safety
issue. Ecotoxicol Environ Saf 59:44–56.

Lemly AD. 1999. Selenium transport and bioaccumulation in aquatic
ecosystems: A proposal for water quality criteria based on hydrological
units. Ecotoxicol Environ Saf 42:150–156.

Lindberg TT, Bernhardt ES, Bier R, Helton AM, Merola RB, Vengosh A, Di
Giulio RT. 2011. Cumulative impacts of mountaintop mining on an
Appalachian watershed. Proc Natl Acad Sci USA 108:20929–20934.

Luoma SN, Rainbow PS. 2005. Why is metal bioaccumulation so variable?
Biodynamics as a unifying concept. Environ Sci Technol 39:1921–1931.

Mayland HF. 1994. Selenium in plant and animal nutrition. In Frankenber WT
Jr, Benson S, eds, Selenium in the Environment.Marcel Dekker, NewYork,
NY, USA, pp 29–46.

Merritt RW, Cummins KW. 1996. An Introduction to the Aquatic Insects of
North America. Kendall Hunt, Dubuque, IA, USA.

Orr PL, Guiguer KR, Russel CK. 2006. Food chain transfer of selenium in lentic
and lotic habitats of a western Canadian watershed. Ecotoxicol Environ
Saf 63:175–188.

Poff NL, Olden JD, Vieira NK, Finn DS, Simmons MP, Kondratieff BC. 2006.
Functional trait niches of North American lotic insects: Traits-based
ecological applications in light of phylogenetic relationships. J North Am
Benthol Soc 25:730–755.

Pond GJ, Passmore ME, Borsuk FA, Reynolds L, Rose CJ. 2008. Downstream
effects of mountaintop coal mining: Comparing biological conditions
using family- and genus-level macroinvertebrate bioassessment tools.
J North Am Benthol Soc 27:717–737.

Pond GJ, Passmore ME, Pointon ND, Felbinger JK, Walker CA, Krock KJ,
Fulton JB, Nash WL. 2014. Long-term impacts on macroinvertebrates
�C 2018 SETAC
downstream of reclaimed mountaintop mining valley fills in central
Appalachia. Environ Manage 54:919–933.

Presser TS. 2013. Selenium in ecosystemswithin themountaintop coalmining
and valley-fill region of southern West Virginia: Assessment and
ecosystem-scale modeling. Professional Paper 1803. US Department of
the Interior, US Geological Survey, Reston, VA. [cited 2018 June 1].
Available from: https://dx.doi.org/10.3133/pp1803

Presser TS, Luoma SN. 2010. A methodology for ecosystem-scale modeling
of selenium. Integr Environ Assess Manag 6:685–710.

Stewart R, Grosell M, Buchwalter D, Fisher N, Luoma S, Mathews T, Orr P,
Wang W-X. 2010. Bioaccumulation and trophic transfer of selenium. In
Chapman PM, Adams WJ, Brooks ML, Delos CG, Luoma SN, Maher WA,
Ohlendorf HM, Presser TS, Shaw DP, eds, Ecological Assessment of
Selenium in the Aquatic Environment, 1st ed. CRC, Boca Raton, FL, USA,
pp 93–139.

Timpano AJ, Schoenholtz SH, Soucek DJ, Zipper CE. 2018a. Benthic
macroinvertebrate community response to salinization in headwater
streams in Appalachia USA over multiple years. Ecol Indic 91:645–656.

Timpano AJ, Schoenholtz SH, Soucek DJ, Zipper CE. 2015. Salinity as a
limiting factor for biological condition in mining-influenced central
Appalachian headwater streams. J Am Water Resour Assoc 51:240–250.

Timpano AJ, Zipper CE, Soucek DJ, Schoenholtz SH. 2018b. Seasonal
pattern of anthropogenic salinization in temperate forested headwater
streams. Water Res 133:8–18.

US Department of the Interior. 1998. Guidelines for interpretation of the
biological effects of selected constituents in biota, water, and sediment.
Selenium. National Irrigation Water Quality Program Information Report
3, NTIS 02936476. Technical Report. Washington, DC.

US Environmental Protection Agency. 2016. Aquatic life ambient water
quality criterion for selenium—Freshwater 2016. EPA 822-R-16-006.
Washington, DC.

US Environmental Protection Agency. 2001. Methods for collection, storage
and manipulation of sediments for chemical and toxicological analyses.
Technical manual. EPA-823-B-01-002. Washington, DC.

US Environmental Protection Agency. 2007. Method 3051A (SW-846):
Microwave assisted acid digestion of sediments, sludges, and oils.
Revision 1. Washington, DC.

US Environmental Protection Agency. 2011. The effects of mountaintop
mines and valley fills on aquatic ecosystems of the central Appalachian
coalfields. Final report. EPA/600/R-09/138F. Washington, DC.

Vannote RL, Minshall GW, Cummins KW, Sedell JR, Cushing CE. 1980. The
river continuum concept. Can J Fish Aquat Sci 37:130–137.

Whitmore KM. 2016. Selenium dynamics in headwater streams of the central
Appalachian coalfields: An investigation of enrichment and bioaccumu-
lation. MS thesis, Virginia Tech, Blacksburg, VA, USA.

Williams MJ, Ogle RS, Knight AW, Burau RG. 1994. Effects of sulfate on
selenate uptake and toxicity in the green alga Selenastrum capricornu-
tum. Arch Environ Contain Toxicol 17:449–453.

Wobbrock JO, Findlater L, Gergle D, Higgins JJ. 2011. The aligned rank
transform for nonparametric factorial analyses using only ANOVA
procedures. Proceedings, ACM Conference on Human Factors in
Computing Systems, Vancouver, British Columbia, Canada, May 7–12,
2011, pp 143–146.

Young TF, Finley K, AdamsWJ, Besser J, HopkinsWD, Jolley D,McNaughton
E, Presser TS, Shaw DP, Unrine J. 2010. What you need to know about
selenium. In Chapman PM, AdamsWJ, Brooks ML, Delos CG, Luoma SN,
Maher WA, Ohlendorf HM, Presser TS, Shaw DP, eds, Ecological
Assessment of Selenium in the Aquatic Environment, 1st ed. CRC,
Boca Raton, FL, USA, pp 7–45.

Ziemkiewicz PF, O’Neal M, Lovett RJ. 2011. Selenium leaching kinetics and in
situ control. Mine Water Environ 30:141–150.
wileyonlinelibrary.com/ETC

https://dx.doi.org/10.3133/pp1803

