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Persistent and bioaccumulative contaminants often reach concentrations that threaten aquatic life by causing al-
terations in organism behavior and development, disruption of biological processes, reproductive abnormalities,
and mortality. The objectives of this research were to determine the aquatic food web structure and trophic
transfer and accumulation of contaminants within a riverine ecosystem and identify potential stressors to the
health of an imperiledfish, the robust redhorse (Moxostoma robustum) and other species of conservation concern
in a large Atlantic Slope (USA) river. Trophic position was determined for food web taxa by stable isotope anal-
yses of representative producers, consumers, and organic matter of the Yadkin-Pee Dee River of North Carolina
and South Carolina. Contaminant analyses were performed on water, sediment, organic matter, and aquatic
biota to assess the prevalence and accumulation of polychlorinated biphenyls (PCBs), organochlorine pesticides
(OCPs), current use pesticides (CUPs), polycyclic aromatic hydrocarbons (PAHs), and selected metals. Contami-
nants were prevalent in the environment and food web components of the river. PCBs were detected in 32% of
biotic samples (mean 0.24 μg/g dry weight [DW], range 0.01–3.33 μg/g DW), and DDTs (legacy OCPs andmetab-
olites) were detected in 90% (mean 0.014 μg/g DW, range 0.0004–0.29 μg/g DW). The trace metals manganese
and cadmium exceeded published threshold effect concentrations in sediment (460 and 0.99 μg/g DW, respec-
tively). Mercury was detected in all food web samples exhibiting a mean of 0.61 μg/g DW and range
0.006–2.35 μg/g DW (mean 0.13 μg/g wet weight [WW], range 0.001–0.6 μg/g WW). Concentrations exceeded
the 0.2 μg/g WW aquatic life criterion for mercury in 38% of fish samples. Fish trophic magnification factors
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(TMFs; range 0.33–3.75) indicated that contaminant accumulation occurred from both water and dietary
sources. The combination of analytical approaches applied here provides new insight into contaminant dynamics
with conservation implications.

Published by Elsevier B.V.
1. Introduction

Understanding the transport and fate of contaminants in freshwater
ecosystems and their potential effects on aquatic organisms is critical for
hazard assessment, especially in areas where agriculture or urbaniza-
tion are dominant. Becausemost aquatic species are restricted to condi-
tions in their aqueous environment, concern is growing regarding the
vulnerability of freshwater organisms to detrimental effects from the
exposure and accumulation of persistent compounds in freshwater sys-
tems (Daughton and Ternes, 1999; Nilsen et al., 2014). Toxic chemicals
and excess nutrients emanate from many point and nonpoint sources
including agricultural field crops and animal production runoff, waste-
water treatment effluent, industrial discharge, and storm water runoff.
River basins with a high proportion of agricultural land cover and mu-
nicipal and industrial areas have greater inputs of contaminants into
surface waters (Schwarzbauer, 2006).

A nation-wide assessment of 139 stream sites downstreamof highly
urbanized areas and locations of confined animal feeding operations re-
ported that 80% of streams contained up to 38 organic wastewater con-
taminants within a given water sample (Kolpin et al., 2002). Previous
studies have also documented detrimental effects on aquatic fauna
from toxicants in freshwater ecosystems, such as increased susceptibil-
ity to disease and parasites and altered biological responses (Bringolf
et al., 2007; Hinck et al., 2009; Nilsen et al., 2014). Sublethal effects
from contaminants can include enzyme inhibition or activation, neph-
rotoxicity, neurotoxicity, hepatotoxicity, immunotoxicity, osmoregula-
tion interference, reproductive effects, and developmental effects
(Heath, 1995; Eisler, 2000; Cope and Hodgson, 2010; Johnson et al.,
2013; Authman et al., 2015).

Chemicals that tend to bioaccumulate, persist in the environment,
and exhibit elevated toxicity pose major threats to ecological health in
freshwater ecosystems (Rainbow, 1996; LeBlanc and Buchwalter,
2010). Some persistent contaminants accumulate and sequester in
lipid rich tissues resulting in high concentrations until those lipid stores
are needed for biological processes (e.g., reproduction) causing delayed
toxicity (LeBlanc and Buchwalter, 2010). Tracemetals, legacy pesticides,
and industrial chemicals are examples of persistent pollutants in aquatic
environments due to their tendency to accumulate in biota and their re-
sistance to biodegradation (LeBlanc and Buchwalter, 2010).

Understanding community structure and dynamics within an eco-
system requires insight into food web ecology. Components of the
food web provide valuable information about energy flow within a
community, predator-prey interactions, and interspecific and intraspe-
cific competition (Winemiller and Polis, 1996; Morin, 2011). A process
that threatens ecological health is the biomagnification of persistent
contaminants within the food web, because diet is a major exposure
route for many organic and inorganic contaminants (Suedel et al.,
1994; Jardine et al., 2006; LeBlanc and Buchwalter, 2010).

The combined use of stable isotope analysis (SIA), environmental
chemistry, and toxicology analysis can elucidate the transport and fate
of contaminants through trophic pathways that a single analytical ap-
proach could not reveal. Stable isotopes provide integrated dietary in-
formation from assimilated food sources over time. Generally, carbon
(δ13C) isotopic composition may reveal changes in food sources, nitro-
gen (δ15N) values estimate trophic level of consumers and dietary expo-
sure to contaminants, and sulfur (δ34S) values determine large-scale
movement patterns by differentiating between marine and freshwater
sources (Fry, 1991). Stable isotopes can also detect food web responses
to environmental and anthropogenic influences (Kendall et al., 2008).
We conducted research on the food web contaminant dynamics of a
large Atlantic Slope regulated river. The Yadkin-Pee Dee River of North
Carolina and South Carolina is a system with notable biodiversity, but
of conservation concern due to known water quality issues (Hinck
et al., 2009; NCDWQ, 2012; Fisk et al., 2014). The land use within the
river basin consists of about 32% forested upland, 23% agricultural
land, and 10% developed area (MRLCC, 2014). The river is subject to a
multitude of anthropogenic contaminant inputs and is a model ecosys-
tem for associated effects. There are numerous factors altering commu-
nity dynamics, key species population densities, and habitat availability
in the Yadkin-Pee Dee River. Documented issues in the basin include the
establishment of multiple invasive species, habitat fragmentation and
alteration due to dams and resulting impoundments, and other anthro-
pogenic activities, such as permitted industrial discharges and excessive
nutrient, sediment, and chemical input (NCWRC, 2005; Fisk et al.,
2014). The basin contains over 6100 river kilometers that are listed as
impaired, based on standards for biological integrity, turbidity, low dis-
solved oxygen, and fecal coliform bacteria; however, there are over 50
streams within the basin that are classified as Outstanding Resource
Waters (NCDWQ, 2009; SCDHEC, 2015). The Yadkin-Pee Dee River
basin is a freshwater resource that provides habitat for species of imper-
iledfishes (31),mussels (21), and crayfish (1) that are inneed of protec-
tion and conservation (NCWRC, 2005; SCDNR, 2005). Thus, it is crucial
to examine the entire food web to better understand contaminant dy-
namics in this ecosystem of conservation concern.

One of the 53priority species that inhabits the Yadkin-PeeDee River,
the robust redhorse (Moxostoma robustum), is an imperiled fish of cur-
rent priority conservation efforts. This large catostomid is classified as
endangered in North Carolina and listed as a highest priority for conser-
vation in North Carolina and South Carolina because of the species' lim-
ited distribution range and declining populations (NCWRC, 2005;
SCDNR, 2005). The current estimated spawning population is fewer
than 50 individuals in the Yadkin-Pee Dee River (RRCC, 2009). The
fish uses molar-like pharyngeal teeth to crushmollusks and other mac-
roinvertebrates as part of their diet. It was anticipated that the results
presented herewill reveal how their presumed food sources and any as-
sociated chemical compounds persist and interact among organisms of
different trophic levels in the river. These findings would indicate if diet
composition is a potential limiting factor for the health and distribution
of the robust redhorse and other aquatic consumers in the ecosystem.

This study was conducted in response to the documented impair-
ment of the Yadkin-Pee Dee River and the need for conservation efforts
for the robust redhorse population and other priority species. The objec-
tives of this research were to (1) utilize stable isotope ratios to deter-
mine food web structure and linkages by sampling a wide variety of
organic matter and aquatic biota, (2) analyze water, sediment, organic
matter, and biota for organic contaminants and trace metals, (3) deter-
mine contamination trends among sites along a longitudinal gradient,
and (4) assess the susceptibility of consumers to bioaccumulation and
biomagnification by examining the chemical concentrations within
each trophic level of the food web. The overall goal of this research
was to understand trophic pathways of contaminants within the river-
ine food web and determine potential stressors to imperiled species
and the overall ecological health of a river ecosystem. As understanding
of the identity and degree of stressors and pathways through the river-
ine food web improves, future researchmay be facilitated toward eluci-
dation of the relevant contaminant sources, processes, andmechanisms
that interact to yield the findings that we document, which may ulti-
mately guide riverine ecosystem conservation and management.
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2. Methods

2.1. Study sites

Five riverine sites with a broad spatial range, variable topography,
and anthropogenic influences were selected along the Yadkin-Pee Dee
River in North Carolina and South Carolina (Fig. 1). The study sites
spanned a range of physical characteristics, land uses, and influx of
point and nonpoint source pollution that facilitated longitudinal exam-
ination of trophic and contaminant dynamics. Examples of non-point
sources are the developed (10%) and agricultural (23%) land use cover-
age within the basin (Fig. 2a). Point sources within the basin include
over 1400 permitted discharge facilities under the National Pollutant
Discharge Elimination System (NPDES), 776 concentrated animal feed-
ing operations, and effluent from industrial facilities (Fig. 2b). The sites
were also chosen to explore possible negative effects of contaminants
on the robust redhorse population of the river by comparing their
food sources and availability. To aid in these biotic comparisons, sites in-
cluded locations nearwhere the robust redhorsewas first described but
no longer occurs (site 801), where the robust redhorse population cur-
rently exists (Digg's Tract, Society Hill, and Pee Dee), where it spawns
(Digg's Tract), and a potential population restoration site to reintroduce
hatchery-reared robust redhorse (Red Hill).

2.2. Sample collection and preparation

Intensive sample collection for water (n=5), sediment (n=5), or-
ganic matter (n=5), and aquatic biota (n=142) was conducted at all
five sites during spring and summer 2015. Sample sizes listed indicate
the number of samples analyzed for aquatic contaminant concentra-
tions, with additional samples collected for trophic analyses. When
Fig. 1. Study sites and major dams along the Yadkin-Pe
feasible, taxa collected for trophic analyses were the same among
sites. Biota samples consisted of fishes (10 species), mollusks (4 fami-
lies), crayfishes (2 species), aquatic insects (12 families), macrophytes
(5 species), and detritus fromeach site thatwere analyzed for stable iso-
topes to determine components of the foodweb, trophic pathways, and
bioaccumulation of contaminants.Water, sediment, organicmatter, and
aquatic biota sampleswere analyzed for selected traditional and emerg-
ing organic contaminants and trace metals at each site. Collection and
processing methods were similar to those of Hoeinghaus et al. (2007)
and Pingram et al. (2014).

2.2.1. Water
Water quality characteristics were measured during each sampling

event. Measurements included temperature (°C), conductivity (μS/
cm), dissolved oxygen (mg/L), salinity (ppt), and pH, and were made
by a calibrated Yellow Springs Instruments (YSI, Yellow Springs, Ohio)
model 556 multi-probe meter.

Passive sampling devices (PSDs) were deployed in the river at each
site for 28 days to assess time-integrated water quality. PSDs accumu-
late the freely dissolved concentrations of a broad range of priority pol-
lutant organic compounds by passive drift (Vrana et al., 2005). Passively
sampling the water column over time mimics the bioconcentration of
hydrophobic organic contaminants by aquatic organisms from the
aqueous phase contingent on the concentrations available (Heltsley
et al., 2005). The PSDs used in this study consisted of a polyethylene
strip (Hofelt, 1998) that absorbs non-polar compounds
(e.g., polycyclic aromatic hydrocarbons (PAHs), PCBs, and chlorinated
pesticides) and three porous cartridges (Hirons, 2009) that sample
both polar and non-polar compounds, including current use pesticides
(CUPs) that are currently registered for production and use
(e.g., atrazine).
e Dee River of North Carolina and South Carolina.



Fig. 2. Non-point (a) and point (b) sources of organic contaminants in the Yadkin-Pee Dee River basin of North Carolina and South Carolina. The EPA toxic release inventory reports the
amount of chemical compounds that are released into the environment in mass units of pounds (lbs).
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Actions were taken to avoid adventitious contamination of assem-
bled PSDs before and during deployment and retrieval. Gloves were
worn to deploy devices inwater depths that allowed them to be contin-
uously submerged in the water without contact with the river bottom
by attaching a float and weight. PSDs were deployed away from
known sources of pollution input such as boat ramps and drainage
pipes to avoid artificial increases in contaminant concentrations. After
28 days, PSDs were retrieved using gloves to remove and place car-
tridges and the polyethylene strip into baked aluminum foil. The foil
and PSD components were placed into food grade sealable, plastic
bags and held on ice until they were transferred to a freezer (−20 °C)
for storage.

2.2.2. Sediment and organic matter
Composite sediment samples from each site were collected fromde-

positional areas and analyzed for organic and inorganic contaminants.
Sediment and organic matter samples consisted of multiple grabs that
were collected from the top 3–5 cm of the substrate surface layer by a
stainless steel scoop. Samples were typically 225–250 g, and any visible
biota or debris was removed. Sediment samples were placed into la-
beled, sterile amber glass jars and held on ice until transported to a −
20 °C freezer to await processing and analysis. Detritus samples were
represented by leaf packs and suspended particulate organic matter.
Leaf packs were collected by hand or with dip nets, placed into sealable
plastic bags, and held on ice after visible debris and invertebrates were
removed. Suspended particulate organic matter (i.e., drift) samples
were collected with 500-μm mesh drift nets. Drift samples were rinsed
to remove invertebrates, placed into sealable plastic bags or amber glass
jars, and held on ice. Aquaticmacrophyteswere collected by hand, thor-
oughly rinsed to remove organic matter and invertebrates, and placed
into plastic bags and held on ice.

2.2.3. Aquatic consumers
Aquatic insects and crustaceans were collected with 500-μm D-

frame nets, by flipping rocks, or by hand from leaf packs andwoody de-
bris. Specimens were stored in containers with filtered site water and
chilled for at least 8 h to enable depuration of gut contents. Aquatic in-
sectswere sorted and classified into functional feeding guilds: collector-
filterer, shredder, scraper, or predator. Insects were identified to a min-
imum of family taxonomic level (Brachycentridae, Corydalidae,
Elmidae, Gerridae, Glossiphoniidae, Gyrinidae, Heptageniidae,
Hydropsychidae, Limnephilidae, and Perlidae). Odonates were grouped
by suborder (Anisoptera and Zygoptera). Mollusks were collected by
hand and included native freshwatermussels (family Unionidae), snails
(families Pleuroceridae and Viviparidae), and the non-native Asian clam
(Corbicula fluminea). Snails were held in a container of filtered site
water for at least 8 h to enable depuration of gut contents.

Fishes were collected by boat-mounted, pulsed-DC electrofishing
with efforts to retain similar size classes of the same species among
sites. Fishes were euthanized by immediate placement into an ice-
water slurry to induce temperature shock according to North Carolina
State University approved protocols (IACUC 15-042-O). Species, total
length (mm), and wet weight (g) were recorded for all fishes.
American eel (Anguilla rostrata), blue catfish (Ictalurus furcatus), bluegill
(Lepomis macrochirus), channel catfish (Ictalurus punctatus), common
carp (Cyprinus carpio), largemouth bass (Micropterus salmoides),
notchlip redhorse (Moxostoma collapsum), shorthead redhorse
(Moxostoma macrolepidotum), smallmouth buffalo (Ictiobus bubalus),
and whitefin shiner (Cyprinella nivea) were collected to represent the
variety of trophic guilds found in the Yadkin-Pee Dee River. All samples
were stored frozen at−20 °C until further processing.

2.3. Stable isotope analysis

All sample processing methods were performed with sterile, stain-
less steel utensils, and all surfaces were cleaned with lab detergent, a
distilled water rinse, an acetone rinse, and another distilled water
rinse between samples to avoid contamination. All samples were
dried at 60 °C to a constant weight in a drying oven, ground to a fine
powder with a mortar and pestle, and then placed into 7-mL glass
vials for storage. Processed samples were transported by overnight cou-
rier to the Colorado Plateau Stable Isotope Laboratory, Northern Arizona
University, Flagstaff, for analysis of carbon, nitrogen, and sulfur stable
isotope ratios. Samples were weighed, encapsulated in tin, and then an-
alyzedwith a gas isotope-ratiomass spectrometer using approved stan-
dard methods.
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Stable isotope ratio results were expressed as delta (δ) notation in
parts per thousand (‰) relative to standards according to the following
equation:

δX ¼ Rsample

Rstandard

� �
−1

� �
� 1;000 ð1Þ

where X is 13C, 15N, or 34S, and R is the corresponding heavy isotope to
light isotope ratio (13C/12C, 15N/14N, or 34S/32S). The standard materials
were Vienna Pee Dee Belemnite limestone for carbon, atmospheric ni-
trogen for nitrogen, and Canyon Diablo Troilite for sulfur. Samples
were not lipid normalized due to the low lipid content of animals and
%C content of plants (Table SI 4; Skinner et al., 2016).

Data were normalized using International Atomic Energy Agency
(IAEA) isotope calibration standards (IAEA CH6, CH7, N1, N2, S1, S2,
S3, S4, and SO5). The difference between the expected and observed iso-
tope ratio for these standards was ≤0.08‰ for δ13C, ≤ 0.11‰ for δ15N,
and ≤ 0.47‰ for δ34S. National Institute of Standards and Technology
(NIST) approved standards were used to assess drift and linearity. The
precision of these standards was ±0.06‰ for δ13C, δ15N, and δ34S.

2.4. Contaminant analysis

2.4.1. Water
PSD componentswere processed at the North Carolina State Univer-

sity, Department of Environmental and Molecular Toxicology, Chemical
Exposure Assessment Laboratory for organic contaminants. Any bio-
fouling was removed from the polyethylene strip by gently wiping
with gloved hands. Target analyte extracts (PAHs, PCBs, and organo-
chlorine pesticides [OCPs]) were isolated from samplers with dichloro-
methane (DCM), filtered, concentrated, and then analyzed using a gas
chromatograph coupled with a mass selective detector. Detailed de-
scription of PSD extraction and analysis methods are described by
O'Neal (2014); see Table 1 for the complete list of target analytes.

2.4.2. Sediment
Sediment from each site was analyzed for PAHs, PCBs, and pesticides

at the North Carolina State University, Department of Environmental
Table 1
List of metals and organic contaminants and their metabolites or isomers analyzed in samples o
Carolina and South Carolina.

Polycyclic aromatic hydrocarbons (PAHs) Current use pesticides (CUPs) Organoch

1,1′-Biphenyl Phorate Aldrin
1-Methylnaphthalene Dimethoate Dieldrin
2-Methylnaphthalene Pronamide Hexachlo
Acenaphthene Disulfoton Methoxy
Acenaphthylene Methyl parathion Benzene
Anthracene Atrazine alpha-BH
Benzo (a) anthracene beta-BHC
Benzo (a) pyrene delta-BH
Benzo (b) fluoranthene gamma-B
Benzo (g,h,i) perylene Chlordan
Benzo(k)fluoranthene alpha-Ch
Chrysene gamma-C
Dibenzo(a,h)anthracene DDT met
Dibenzofuran 4,4′-DDD
Fluoranthene 4,4′-DDE
Fluorene 4,4′-DDT
Indeno(1,2,3-cd)pyrene Endosulf
Naphthalene Endoslfan
Phenanthrene Endoslfan
Pyrene Endosulf

Endrin co
Endrin
Endrin al
Endrin ke
Heptachl
Heptachl
Heptachl
and Molecular Toxicology, Chemical Exposure Assessment Laboratory.
After samples were thawed, excess water was decanted, and sediment
was stirred until homogenized. About 30 g of sediment was added to
a glass fiber thimble with a drying agent (anhydrous Na2SO4), spiked
with appropriate surrogate internal standards, transferred to a Soxhlet
apparatus, and then extracted with acetone and DCM. The extract was
concentrated by using a gentle stream of nitrogen. Clean-up methods
followed EPA Method 3610B (USEPA, 1996b). The extract was spiked
with recovery internal standards and analyzed with gas chromatogra-
phy with electron capture detector (GC/ECD) and gas
chromatography-mass spectrometry (GC/MS).

Sediment samples from each site were transported frozen to the RTI
International laboratory (Durham, North Carolina) for analysis of 23
metals. Mercury (Hg) concentration in sediment samples was deter-
mined using aMilestoneDMA-80directmercury analyzer. Othermetals
were measured with a modified version of Method 3050B (USEPA,
1996a) and a Thermo X-Series II ICP-MS or a Thermo iCAP6500 ICP-
OES depending on the concentration of the analyte present in the sam-
ple according to their standard protocols.

2.4.3. Biota and organic matter
A diverse subset of samples from all sites was selected for organic

and inorganic contaminant analyses. Two random, replicate samples
for each representative taxonwere analyzed from each site. Larger indi-
viduals were analyzed separately, whereas smaller individuals were
combined to form composite samples. If composite samples were nec-
essary, two or more individuals were combined from a particular site
and consisted of the same species with similar sizes to minimize differ-
ences between age classes or life stage.

All sample processing methods were performed with sterile, stain-
less steel utensils, and all surfaces were cleaned between samples to
avoid contamination. Contaminant analysis was conducted on white
muscle tissue of fishes. Tissue samples were free of scales, skin, and
bone.Whitefin shiner samples were the only fish species to be analyzed
whole. Standard fish processing protocols were used when excising
muscle tissue (USEPA, 2000). Crayfish exoskeletons and mollusk shells
were removed. All other samples were processed whole. Samples
were homogenized using a Grindomix© (Glen Mills Inc., GM200,
f water, sediment, detritus, and biota from five sites on the Yadkin-Pee Dee River of North

lorine pesticides (OCPs) Polychlorinated biphenyls (PCBs) Trace metals

Aroclor-1016 Aluminum (Al)
Aroclor-1221 Arsenic (As)

robenzene Aroclor-1232 Barium (Ba)
chlor Aroclor-1242 Beryllium (Be)
Hexachloride (BHC) Aroclor-1248 Cadmium (Cd)
C Aroclor-1254 Cobalt (Co)

Aroclor-1260 Chromium (Cr)
C Aroclor-1262 Copper (Cu)
HC (Lindane) Aroclor-1268 Iron (Fe)
e compounds Mercury (Hg)
lordane (cis) Potassium (K)
hlordane (trans) Magnesium (Mg)
abolites Manganese (Mn)

Molybdenum
Sodium (Na)
Nickel (Ni)

an compounds Lead (Pb)
I Antimony (Sb)
II Selenium (Se)

an sulfate Silicon (Si)
mpounds Strontium (Sr)

Vanadium (V)
dehyde Zinc (Zn)
tone
or compounds
or
or epoxide



1067T.N. Penland et al. / Science of the Total Environment 633 (2018) 1062–1077
Clifton, New Jersey) which was triple rinsed with acetone, hexane, and
DCM between every sample to avoid contamination. Wet weight of tis-
sue was recorded (minimum of 40–50 g for organics and 10 g for
metals) then placed in sterile, amber jars and stored frozen at −80 °C
until ready for transport to an offsite laboratory for analysis.

Samples for organic contaminants were analyzed by CompuChem
Laboratories in Cary, North Carolina, and by Shealy Environmental Ser-
vices, Inc. in Columbia, South Carolina, with Environmental Protection
Agency (EPA) approved standard methods. All samples were prepared
by Soxhlet extraction (EPA Method 3540C) and clean-up steps (EPA
Methods 3660B/3665A), if necessary (USEPA, 2000). PAHs were ana-
lyzed using EPA Method 8270D, a technique using GS/MS (USEPA,
2014). PCBs were analyzed using EPA Method 8082A (USEPA, 2007b),
and organochlorine pesticides were analyzed by EPA Method 8081B
(USEPA, 2007a); both methods use a gas chromatograph equipped
with an electron capture detector or electrolytic conductivity detector.

Samples for metals were analyzed at RTI International (Durham,
North Carolina). All samples were lyophilized and manually homoge-
nized prior to the analysis of metals. Samples analyzed for mercury
were weighed into nickel boats and placed into aMilestone DMA-80 di-
rect mercury analyzer autosampler for analysis. A 1-g aliquot from each
samplewasprocessed for the other 22metalswith amodified version of
Method 3050B (USEPA, 1996a). Samples were analyzed with a Thermo
X-Series II ICP-MS or a Thermo iCAP6500 ICP-OES. Samples with insuf-
ficient material were not analyzed for all 23 metals.

Contaminant concentration (μg/g dry weight [DW]), % lipids (for or-
ganics), and % moisture were reported for each sample. Wet weight
(WW) of contaminant concentrations was calculated for comparison
to published thresholds using the following equation:

WW ¼ DW 1−
%moisture

100

� �� �
ð2Þ

Contaminant concentrations were compared to aquatic life criteria
and thresholds to determine exceedances and assess the potential
threat to the biota of the Yadkin-Pee Dee River ecosystem.

2.4.4. Quality control and assurance
A rigorous quality assurance protocol was followed with each batch

of samples analyzed and consisted of procedural blanks to detect con-
tamination, sample duplicates to assess precision, spiked samples, labo-
ratory control samples (LCS) and surrogate compounds to measure
percent recovery, and certified reference materials (CRMs) were used
throughout analyses to assess potential matrix effect and as calibration
check standards and instrument calibration to ensure consistency. Back-
ground contamination was not observed in procedural blanks. Percent
recoveries for all reference material, LCS, and sample spikes fell within
certified recovery limits. All CRManalyses yielded valueswithin the cer-
tified range. Relative percent difference of duplicate samples for all anal-
yses fell within the acceptance criteria of ±30% (USEPA, 2003). Any
samples with measured values outside of acceptable limits were cen-
sored from further analysis.

2.5. Data analysis

Mean δ13C, δ15N, and δ34S isotopic composition of taxa was com-
pared by analysis of variance (ANOVA) to quantify differences among
trophic levels and sites (Kwak and Zedler, 1997; Hoeinghaus et al.,
2007). δ15N values were used to determine the trophic level of con-
sumers within the food web. Asian clams (Corbicula fluminea) were se-
lected as the food web baseline, because it was a known primary
consumer and abundant at every site. Because there was a significant
difference (p b 0.0001; F = 110.63; df = 9) in the mean δ15N of Asian
clams among sites, trophic level of consumers was based on the site-
specific baseline. Using a trophic fractionation factor of 3.4‰, Eq. (3)
was used to calculate trophic level (Anderson and Cabana, 2007):

Trophic Levelconsumer ¼
δ15Nconsumer−δ15Nbaseline

3:4

 !
þ 2 ð3Þ

Contaminant concentrations were log10 transformed to normalize
the data. ANOVA was performed on contaminant concentrations to de-
tect statistically significant differences within and among sites, compo-
nents, and taxa. Tukey's HSD post-hoc test was performed if an ANOVA
indicated a significant difference (p b 0.05) to determine where differ-
ences occurred. Correlations and simple linear regressions were per-
formed on log10-transformed contaminant concentrations and
independent variables (e.g., lipid content, δ15N, and land use) to exam-
ine inherent relationships.

Fish lipid content within species was not significantly different
among sites. This allowed the contaminant concentrations to be lipid
corrected and species grouped among all sites for further analysis. Tro-
phic magnification factors (TMFs) were calculated for fishes and other
consumers with the following equations:

Log chemicalLW½ � ¼ aþ b TLð Þ ð4Þ

TMF ¼ 10b ð5Þ

The slope (b) from the log10-linear regression of the lipid-corrected
chemical concentration for organics or the wet weight concentration
for metals (chemicalLW) versus trophic level (TL) was used to calculate
the TMF. Food web stable isotope results allowed taxon-specific esti-
mates of trophic level (Eq. (3)), which in turn, allowed estimation of
TMF values for each consumer taxon with sufficient data. A TMF N 1 in-
dicates that contaminants are biomagnified.

3. Results

3.1. Contaminant concentrations in water and sediment

Contaminant analysis of PSDs revealed that PAHs were present in
water at all five sites, and 14 of the 20 PAHs analyzed were detected
(Table 2). Total PAH concentrations were calculated for each site and
ranged from 31.5 to 73.0 ng/L. OCPs were present at all sites and 5 of
20 analytes were detected. Individual OCP concentrations ranged from
0.15 to 4.04 ng/L. Atrazine was the only CUP detected in water (range,
25.42–126.74 ng/L) and was present at all sites. PCBs were detected in
water at all sites, and total PCB concentrations ranged from 0.35 to
7.31 ng/L. All sites were below the 14 ng/L chronic exposure threshold
for freshwater aquatic life for total PCBs (USEPA, 2016).

PAHs were present in sediment at all sites, and all 20 PAHs analyzed
were detected (Table 2). Total PAH concentrations among sites ranged
from 68.7 to 2090.9 ng/g DW. Site 801 exceeded the threshold effect
concentration of 1610 ng/g DW (MacDonald et al., 2000). cis-
Chlordane, gamma-BHC, and 4,4′-DDE were the only OCPs detected in
sediment. 4,4′-DDEwas present at all sites with concentrations ranging
from 0.49 to 2.81 ng/g DW but did not exceed the threshold effect con-
centration of 3.16 ng/g DW (MacDonald et al., 2000). The only CUP de-
tected was atrazine (3.8 ng/g DW) at the Red Hill site. Total organic
carbon (TOC) was analyzed in sediment samples at each site. The TOC
ranged from 0.66% (Pee Dee site) to 3.71% (Digg's Tract site).

Of the 23 metals analyzed in sediment, 19 were detected. Mn
exceeded the lowest effect concentration for aquatic life of 460 μg/g
DW at 4 of the 5 sites and exceeded the severe effect concentration of
1100 μg/g DW at 1 site, Digg's Tract (Persaud et al., 1993; Table 3). Cd
exceeded the threshold effect concentration (TEC) of 0.99 μg/g DW at
all sites, but did not exceed the predicted effect concentration (PEC) of
4.98 μg/g DW at any site (MacDonald et al., 2000). No other metal con-
centration in sediment exceeded published aquatic life benchmarks.



Table 2
Organic contaminant concentrations in water and sediment samples from five sites on the Yadkin-Pee Dee River of North Carolina and South Carolina. BDL: below detection limit. Super-
script letter indicates corresponding threshold was exceeded. n = 1 for all samples.

Water (ng/L) Sediment (ng/g DW)

Site Total
PAHs

Atrazine
(CUP)

Total
PCBs

Total
OCPs

Heptachlor
epoxide

Chlordane 4, 4′
DDD

4, 4′
DDE

Total
PAHs

Atrazine
(CUP)

Total
PCBs

Total
OCPs

Chlordane 4, 4′
DDE

801 73.03 25.42 0.35 4.06 0.37 2.05 0.43 1.21 2090.86a BDL BDL 1.94 0.81 1.13
Red
Hill

35.19 94.81 1.36 4.01 0.30 1.65 BDL 2.06 318.19 3.78 BDL 1.06 BDL 1.06

Digg's
Tract

31.49 50.82 4.92 2.72 0.22 1.55 BDL 0.95 667.96 BDL BDL 2.37 0.89 1.47

Society
Hill

52.94 140.39 6.67 4.25 0.23 1.70 BDL 2.32 105.01 BDL BDL 0.74 BDL 0.74

Pee
Dee

52.33 126.74 7.31 4.02 0.14 1.11 BDL 2.55 68.74 BDL BDL 0.49 BDL 0.49

a TEC (threshold effect concentration), sediment concentrations below which harmful effects are unlikely to be observed in aquatic life (MacDonald et al., 2000).
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3.2. Contaminant concentrations in organic matter and biota

Composite leaf pack samples, representing the detritus component,
were analyzed for each site. OCPs were present in all samples with 16
of 20 analytes detected. Dieldrin, endosulfan II, endosulfan sulfate, and
endrin ketone were detected in 5 of 5 detritus samples. PCBs were de-
tected in all samples with total PCB concentrations ranging from 0.037
to 0.31 μg/g DW with the greatest concentration at Digg's Tract. PAHs,
fluoranthene (0.54 μg/g DW) and pyrene (0.44 μg/gDW),were detected
in a single sample at the Pee Dee site. Sites 801 and Pee Dee appeared to
have the most contaminated detritus samples. Mean OCP concentra-
tions ranged from below the detection limit (BDL) to 0.18 μg/g DW.
Five conditioned leaf pack samples were analyzed for all metals with
all but Sb and Se detected. Hg concentrations in detritus ranged from
0.01 to 0.04 μg/g DW, Pb ranged from 10.86 to 73.36 μg/g DW, and As
ranged from 4.35 to 20.60 μg/g DW. Like Hg, As and Pb are nonessential,
bioaccumulative metals considered environmentally hazardous at ele-
vated concentrations (Authman et al., 2015).
Table 3
Sedimentmetal concentrations (μg/g DW) atfive sites in the Yadkin-PeeDee River of North Caro
(μg/g DW;MacDonald et al., 2000). LEL: lowest effect level (μg/g DW Persaud et al., 1993). PEC:
(μg/g DW Persaud et al., 1993). BDL: below detection limit. NA: not available. n = 1 for all sam

Site

Metals DL TEC or LEL PEC or SEL 801

Aluminum (Al) 0.5 NA NA 150
Barium (Ba) 0.3 NA NA 113
Beryllium (Be) 0.3 NA NA 0.7
Cadmium (Cd) 0.3 1.0a 5.0c 2.7
Cobalt (Co) 0.3 NA NA 10.
Chromium (Cr) 0.3 43.4a 111.0c 24.
Copper (Cu) 0.3 31.6a 149.0c 17.
Iron (Fe) 0.5 20,000.0b NA 244
Mercury (Hg) 0.001 0.2a 1.1c 0.0
Potassium (K) 0.5 NA NA 218
Magnesium (Mg) 0.5 NA NA 326
Manganese (Mn) 0.3 460.0b 1100.0d 540
Nickel (Ni) 0.3 22.7a 48.6c 5.0
Lead (Pb) 0.3 35.8a 128c 13.
Antimony (Sb) 0.3 NA NA b0.
Silicon (Si) 0.5 NA NA 131
Strontium (Sr) 0.3 NA NA 16.
Vanadium (V) 0.3 NA NA 38.
Zinc (Zn) 0.3 NA NA 65.

a TEC threshold.
b LEL threshold.
c PEC threshold.
d SEL threshold.
e Threshold exceeded.
A total of five plant samples, consisting of submergentmacrophytes,
were analyzed for organic contaminants. Plants were represented by 1
sample from Red Hill, 3 from Digg's Tract, and 1 from Society Hill. Sites
801 and Pee Dee lacked representative macrophyte samples. OCPs
were present in all samples with 18 of the 20 analytes detected. The
most prevalent OCPs detected in plant samples were beta-BHC (100%;
range, 0.012–0.049 μg/g DW) and heptachlor epoxide (80%; range,
0.0026–0.01 μg/g DW). PCBs and PAHs were not detected in plant sam-
ples. Mean OCP concentrations ranged from BDL to 0.032 μg/g DW. A
total of six plant samples were analyzed for all 23 metals with 21 de-
tected. Sb and Se were the only metals not detected in plant samples.
Hg in plants ranged from 0.006 to 0.024 μg/g DW, Pb ranged from 4.81
to 13.59 μg/g DW, and As ranged from 3.73 to 34.98 μg/g DW.

A total of 31 composite invertebrate samples, aquatic insects and
crayfishes, were analyzed for metals. Only a subset of 10 samples were
analyzed for Hg due to a lack of sufficient tissuemass. All metals exclud-
ing Sewere detected in invertebrates. Hgwas detected in all 10 samples
analyzed (range, 0.04–0.1 μg/g DW). Pb was detected in 74% of
lina and South Carolina. DL: detection limit (μg/gDW). TEC: threshold effect concentration
predicted effect concentration (μg/g DW;MacDonald et al., 2000). SEL: severe effect level
ples.

Red Hill Digg's Tract Society Hill Pee Dee

6.4 1192.8 1619.8 859.4 837.0
.8 85.9 177.2 95.7 73.6

0.5 0.9 0.5 0.5
e 2.9e 3.6e 1.9e 1.8e

3 8.5 15.9 8.4 7.4
5 19.5 26.1 15.5 15.6
8 21.1 25.8 12.5 10.1
7.8 2617.8 3154.0 1693.8 1598.3
2 0.053 0.062 0.03 0.01
4.4 554.1 906.2 747.5 890.6
5.7 1908.7 2414.9 1550.0 1797.9
.5e 724.3e 2593.9e 920.8e 458.4e

7.9 11.8 5.9 4.7
3 9.8 15.2 8.1 8.7
3 0.4 0.6 b0.3 b0.3
5.4 544.1 1262.8 1117.1 916.5
3 12.2 21.1 10.1 8.1
4 37.8 46.8 26.7 24.8
2 28.3 71.3 38.0 35.6
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invertebrate samples (range, BDL – 8.13 μg/g DW), whereas As was de-
tected in only 10% of samples (range, BDL – 2.43 μg/g DW).

Organic analyses were performed on 17mollusk samples comprised
of 8 unionid mussel, 4 aquatic snail, and 5 clam composite samples.
Lipid content ranged from 0.12 to 5.2%. OCPs were detected at all sites,
and 20 of 20 analytes were detected. Fourteen of 20 OCPs analyzed
were detected in over 75% of all mollusk samples. The three most pre-
dominant analytes detected in mollusk samples were dieldrin (100%;
range, 0.00032–0.044 μg/g DW), 4,4′-DDT (94%; range, BDL – 0.037
μg/g DW), and cis-chlordane (88%; range, BDL – 0.023 μg/g DW), but
no published thresholds were exceeded. PCBs were detected in 14 of
the 17 samples with total PCB concentrations ranging from BDL to 1.4
μg/g DW. The greatest concentrations of PCBs occurred at the three
most downstream sites. The only PAH detected was pyrene in one
snail sample from the Digg's Tract site (0.21 μg/g DW). Metal analyses
were performed on 18mollusk samples comprised of 8 unionidmussel,
5 aquatic snail, and 5 clam composite samples. Metals were present in
all sampleswith 22 of 23metals detected. Sbwas the onlymetal not de-
tected in mollusks. Hgwas detected in all mollusk samples with a range
from 0.02 to 0.69 μg/g DW. Pb was detected in 94% of mollusk samples
(range, BDL – 8.09 μg/gDW). Aswas detected in 89% ofmollusk samples
(range, BDL – 25.6 μg/g DW) with Asian clams possessing relatively
greater concentrations (range, 9.66–25.6 μg/g DW). Concentrations var-
ied for each metal and did not exceed published thresholds.

A total of 93 fish samples, consisting of 10 species, were analyzed for
organic contaminants, with variablemoisture, lipid, and contaminant con-
centrations among sites and species. Lipid content for fishes ranged from
BDL to 11% for American eel, whitefin shiner, and smallmouth buffalo,
each possessing the greatest lipid content. OCPs were present at all sites,
and all 20 analytes were detected. Only 9% of fish samples did not have
OCP concentrations above detection limits. The three most prevalent
analytes detected in fish samples were 4,4′-DDE (84%; range, BDL – 0.22
μg/g DW), trans-chlordane (75%; range, BDL – 0.05 μg/g DW), and dieldrin
(69%; range, BDL – 0.05 μg/g DW). The detections of contaminants in fish
samples ranged from 0% to 100%. The most contaminated fish species
were smallmouth buffalo, common carp, and whitefin shiner, in which
100%, 95%, and 90% of the 20 OCPs analyzed were detected, respectively.
Notchlip redhorse samples also showed 90% detections for OCPs, but con-
taminant concentrations were generally low and almost exclusively oc-
curred at the Digg's Tract site. The species with the least amount of
chlorinated pesticide detections were channel catfish (25%), largemouth
bass (60%), and bluegill (60%). PCBs were detected in 38% of all fish sam-
ples analyzed. Concentrations ranged from BDL to 0.79 μg/g DW (BDL –
0.2 μg/g WW). Analyses revealed that PCBs were present in 100% of
smallmouth buffalo and whitefin shiner samples. Six fish samples
exceeded the published wildlife guideline concentration of 0.1 μg/g WW
(Newell et al., 1987) at the lower three sites (Digg's Tract, Society Hill,
and PeeDee). A sample of robust redhorse ovawas analyzed for all organic
contaminants, and revealed detections for PCBs and 15 of the 20 OCPs.

A total of 87 fish samples were analyzed for metals. Of 23metals, 19
were detected in fish samples. Be, Cd, Co, and Ni were the only metals
not detected in fishes. Hg was detected in 100% of samples and was
the only metal detected in fish tissue that exceeded published aquatic
life thresholds (0.2 μg/gWW, Fuchsman et al., 2016). Hg concentrations
for all fish samples ranged from 0.08 to 2.35 μg/g DW (0.02 to 0.6 μg/g
WW). Hg exceeded the 0.2 μg/g WW criteria in 38% of fish samples.
Smallmouth buffalo, largemouth bass, and common carp held the
greatest average Hg concentrations (1.43, 1.20, and 1.19 μg/g DW, re-
spectively). Arsenic was detected in only 8% of fish samples including
notchlip redhorse (100%; range, 2.54–3.61 μg/g DW) and whitefin
shiner (20%; range, BDL – 2.49 μg/g DW) samples. Pb was detected in
48% of fish samples, including all species except notchlip redhorse,
with a range from BDL to 0.61 μg/g DW. A sample of robust redhorse
ova was analyzed for all 23 trace metals and showed detections for 14
metals which included Hg (0.19 μg/g DW), Cr (0.16 μg/g DW), Pb
(0.05 μg/g DW), and Sr (0.44 μg/g DW).
3.3. Spatial contaminant trends (water, sediment, and biota)

A visual general hazard assessment tool was developed to show rel-
ative longitudinal exposure and contamination by highlighting the
greatest mean concentration for each selected contaminant and trophic
component sampled among sites. The Digg's Tract site showed evidence
of pervasive organic contamination compared to the other sites,
whereas the Red Hill site exhibited the least amount of contamination
(Fig. 3a). The Digg's Tract and Society Hill sites held the majority of
the greatest component concentrations for metals compared to the
other three sites (Fig. 3b).MeanOCP concentrations among sites ranged
from 0.098 to 0.17 μg/g DW,mean PAH concentrations ranged fromBDL
to 0.98 μg/g DW, and mean PCB concentrations ranged from 0.099 to
0.28 μg/g DW. Organic contaminant concentrations in water did not ex-
hibit a distinct longitudinal trend for total PAHs, total OCPs, or atrazine.
Total PCBs showed an increasing trenddownstream (Table 2). Sediment
concentrations of PAHs andOCPs did not show any consistent longitudi-
nal trends and did not correlate with concentrations in water at the
same site. When comparing all biotic samples in aggregate and sepa-
rately for each taxon, ANOVA results revealed no statistically significant
differences among sites for the grouped compounds except for total
PCBs (p b 0.0001). Total PCB concentrations for fishes occurred at sites
in the following ranked order: Digg's Tract N Society Hill N Pee Dee
N Red Hill N 801. Site differences in log10-transformed meanmetal con-
centrations were evaluated by ANOVA which detected no significant
difference among sites when examining all samples (p N 0.05). Hg and
Pb exhibited a general, but not significant, increase in concentrations
from upstream to downstream.

3.4. Stable isotopes

δ13C and δ15Nweremeasured in a total of 359 samples, and δ34Swas
measured in 224 of those samples. δ15N valueswere significantly differ-
ent among sites when comparing food web components (p b 0.05).
Asian clams were considered the food web baseline when calculating
trophic level, and because there was a significant difference (p b

0.0001; F = 110.63; df = 9) with baseline mean δ15N values among
sites (801: 8.8‰, Red Hill: 15.3‰, Digg's Tract: 12.3‰, Society Hill:
8.7‰, Pee Dee: 11.2‰), individual food webs and trophic levels were
constructed from the baseline at their respective site (Fig. SI 1). δ13C,
δ15N, and δ34S isotopic composition means were variable among food
web components, species, and sites. Trophic level values for consumers
ranged from 0.4‰ (common carp at Red Hill site) to 4.2‰ (largemouth
bass at Society Hill site) among sites. δ13C values ranged from−34.9 to
−20.6‰ for all samples and −31.6 to −21.2‰ for fishes with much
overlap among species. δ34S values were evaluated for the three most
downstream sites and exhibited a range from 1.69 to 8.71‰. δ34S values
were compared within taxa among sites with ANOVA, which detected
no significant difference among sites (p N 0.05).

3.5. Food web contaminants

Concentrations of parent organic compounds and their metabolites
or isomers were grouped and summed (Table 1). ANOVA was per-
formed to compare the log10 concentration of organic contaminants
with biotic and organic matter components (fishes, mollusks, plants,
and detritus) asmodel effects among all sites. Results indicated a signif-
icant differencewithin all contaminant groups (p b 0.05) among sample
types (Fig. 4). Fish species were also significantly different among sites
for contaminant groups (p b 0.05), and smallmouth buffalo andwhitefin
shiner samples generally exhibited the greatest concentrations (Fig. 5).

An ANOVA followed by Tukey's HSD post hoc test was performed to
assess differences in means of log10-transformed metal concentrations
among the different food web component (fishes, mollusks, aquatic in-
sects, crayfishes, plants, and detritus) as model effects. There were sta-
tistically significant differences for all metals among components (p b



Fig. 3. Summary of selected organic compounds (a) and trace metals (b) among sites in the Yadkin-Pee Dee River of North Carolina and South Carolina. For each triangle, a solid black
section represents the greatest measured mean concentration of an organic contaminant for the corresponding food web component among sites. A patterned, gray filled section
indicates that there were no samples in that component that were analyzed.

1070 T.N. Penland et al. / Science of the Total Environment 633 (2018) 1062–1077
0.0001). Variation in mean metal concentrations occurred among food
web components (Fig. 6). All metals except Pb and Sb demonstrated a
significant difference (p b 0.05) amongfish species. The greatestHg con-
centrations occurred in top predators and large, long-lived fish species
(Fig. 7). Overall, metal concentrations were generally low.

TMFs were calculated for total DDTs, BHCs, chlordanes, Cr, Hg, and
Pb due to their consistent prevalence in samples and general hazard
as persistent pollutants. Among food web components, only mollusks
and fishes revealed TMF values exceeding the established threshold
value of 1.0 which indicates biomagnification. TMF values exceeded
1.0 for all fish species, except the whitefin shiner, among selected con-
taminants (range, 0.33–3.75; Table 4).

4. Discussion

4.1. Contamination and bioaccumulation

Our integrated analysis of contaminant concentrations and isotopic
composition among food web components, taxa, and sites revealed
that contaminants were pervasive throughout the Yadkin-Pee Dee
River and that both diet and the surrounding environment (water and
sediment) influenced bioaccumulation. We discovered that mixtures
of organic chemicals were prevalent in all environmental components
thatwe sampled, and thosemixtures confound the investigation of indi-
vidual contaminant effects on aquatic organisms (Kolpin et al., 2002;
Barber et al., 2011). Contaminants, species, isotopic composition, food
web components, trophic levels, and sites were systematically evalu-
ated for the presence of trends or relationships. Our results indicated
that organic and inorganic pollution was widespread throughout the
river. Dieldrin, trans-chlordane, and 4,4′-DDE were the most frequently
detected individual analytes in all samples. Endosulfan I, gamma-BHC,
and endosulfan sulfate were detected most infrequently. The most up-
stream site (801) was the least contaminated based upon the lowest
overall percentage of contaminant detections, and Digg's Tract, a site
with an extant robust redhorse population, was themost contaminated
(i.e., greatest percentage of contaminant detections and generally
higher measured concentrations). Smallmouth buffalo and common
carp were the most contaminated fish species among all sites due to
their highest percentage of detections and higher contaminant concen-
trations. This is likely due to the benthic omnivorous food habits, large



Fig. 4.Mean contaminant concentrations and standard errors for select organochlorine pesticides by taxa fromfive sites on the Yadkin-PeeDee River of North Carolina and South Carolina.
Fish ova are from a robust redhorse (Moxostoma robustum). Tukey's HSD post-hoc test was performed for organic contaminants that showed a significant ANOVA result (p b 0.05). Taxa
designated by the same letter are not significantly different within each compound. n = number of samples analyzed.
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body, long life span, and relatively high lipid content of these fishes
(Table SI 4). Channel catfish and largemouth bass were the least con-
taminated species in our study, a finding contrary to other similar stud-
ies of fish in the system (Hinck et al., 2008; NCDHHS, 2009). Fish tissue
samples did not exceed any established aquatic life criteria or contami-
nant effect benchmarks. Most samples were below documented thresh-
olds, but low concentrations are known to cause adverse effects in
aquatic life (Beyer et al., 1996; Relyea, 2009; Vandenberg et al., 2012;
Sobolewski et al., 2014). The lack of aquatic life criteria for all analytes
and the physiological differences between species render it difficult to
quantify the overall risk of exposure formanyof the chemicals analyzed.
Elevated concentrations of PCBs at the Digg's Tract site and downstream
are presumably due to a former aluminum plant upstream and other
unknown sources. Other among-site differences are attributable to the
proximity of point and non-point sources of pollutants and their influx
and spiraling through the river ecosystem. CUPs were not significantly
different among sites, but the three most downstream sites generally
contained greater concentrations of these compounds. This could be a
result of proximity of the sites to active row crop agriculture in the
coastal plain and the absence of any major reservoirs downstream of
Digg's Tract to act as a chemical sink for runoff.
The Digg's Tract and Pee Dee sites possessed generally greater metal
concentrations than other sites, but no significant difference among
sites was detected. Hg concentrations showed a longitudinal increase
downstream, likely induced by a change in biogeochemical properties
or increased connectivity to wetlands and tributary streams draining
areas of greater methylmercury production. Many factors influence the
bioavailability and accumulation of mercury and other metals in aquatic
environments; such influencesmay includewater temperature, pH, salin-
ity, oxygenation, alkalinity, dissolved organic carbon, hydrologic alter-
ations, and interactions with other metals (Snodgrass et al., 2000; Chen
et al., 2005; Kidd et al., 2012; Nikinmaa, 2014). Hg, more specifically
methylmercury (CH3Hg+), is known to cause toxicity in wildlife
(Wiener and Spry, 1996; Wolfe et al., 1998; Boening, 2000;
Hammerschmidt et al., 2002; Scheuhammer et al., 2007). Findings for
this study showed that Hg was detected in every sample, and various
fish samples exceeded aquatic life thresholds, indicating a potential risk
for fish and piscivorous consumers. The mean Hg concentration in fish
in this study (0.86 μg/g DW or 0.19 μg/g WW) is similar to the national
mean concentration in river systems (0.21 μg/g WW, Hinck et al., 2009).
All othermetals were present in samples, but at generally low concentra-
tions; however, Cd andMn concentrations in sediment exceeded aquatic



Fig. 5. Mean contaminant concentrations and standard errors of select organochlorine pesticides for fish species and robust redhorse (Moxostoma robustum) ova from five sites on the
Yadkin-Pee Dee River of North Carolina and South Carolina. Species are ordered by ascending 15N enrichment. Tukey's HSD post-hoc test was performed for the organics that showed
a significant ANOVA result (p b 0.05). Species designated by the same letter are not significantly different within each compound. Sample sizes for each fish species are presented in
Table 4; n = 1 for robust redhorse ova.
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life thresholds. Cd is a nonessential metal that tends to bioaccumulate in
food webs and has exhibited adverse effects in aquatic life even at low
concentrations (Cearley and Coleman, 1974; Woodworth and Pascoe,
1982; Jarvinen and Ankley, 1999). There is a lack of information on the
toxicity of Mn to aquatic organisms in the current literature.

Themajority of freshwater foodweb toxicology studies have focused
on lentic systems (Kidd, 1998; Borgå et al., 2004; Lawet al., 2006;Houde
et al., 2008) that are subject to different biological and environmental
processes than those in flowingwaters. Streams are generallymore het-
erotrophic than reservoirs, lakes, and ponds, which are autotroph dom-
inated (Allan, 1995), providing different exposure and cycling routes for
contaminants that result in non-uniform fate and transport (Morrissey
et al., 2005). Studies that have been conducted in lotic systems are diffi-
cult to compare to our results in this regulated river system for these
reasons.
4.2. Food web pathways

Results of this study revealed that the δ13C and δ15N composition of
foodweb components and taxawere significantly different among sites.
Isotopic composition variability is commonly found in research on lotic
systems (France, 1995; Finlay, 2001; Woodward and Hildrew, 2002).
Mean δ15N isotope values of common taxa in the Yadkin-Pee Dee
River showed that site 801 was the most 15N-depleted site, indicating
among-site variation in nutrient inputs. There was an increase in δ15N
at the Red Hill site making it the most enriched, after which δ15N de-
creased longitudinally downstream. The 15N enrichment of primary
consumers at this site suggests anthropogenic influences from urbani-
zation or agriculture, which have been shown to alter nitrogen input
and food web structure (Cabana and Rasmussen, 1996; Kwak and
Zedler, 1997; Fogg et al., 1998; DeBruyn and Rasmussen, 2002; Finlay



Fig. 6.Meanmetal concentrations and standard error for detritus, plant, mussel, clam, snail, insect, crayfish, andfish samples atfive sites on the Yadkin-PeeDee River of North Carolina and
South Carolina. Tukey's HSD post-hoc test was performed for metals that showed a significant ANOVA result (p b 0.05). Taxa designated by the same letter are not significantly different
within each metal. n = number of samples analyzed.
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and Kendall, 2008; Atkinson et al., 2014). 15N enrichment at the Red Hill
sitemay be explained by the input from the Rocky River, a tributary that
drains a large metropolitan center (Charlotte-Mecklenburg County
area) and the occurrence of agricultural land within the watershed.
Aquatic plants were highly enriched in 15N among all sites. The enrich-
ment of 15N in plants is not unusual, however, and could be a result of
volatilization, nitrification, denitrification, or other biogeochemical pro-
cesses that control the variability in dissolved inorganic nitrogen forms
(Finlay and Kendall, 2008). Our results did not demonstrate the ex-
pected relationship between δ15N and contaminant concentrations,
but there was a moderate association with lipid content and some hy-
drophobic chemicals (DDTs, PCBs, and chlordanes) and agricultural
land cover and δ15N enrichment. Dietary sources of consumers were
not conclusively determined by δ13C, likely due to the temporal and spa-
tial variation associated with hydrology, fish species migration, and un-
sampled basal sources. δ34S showed similar values among taxa and did
not distinguish between marine and freshwater sources.

TMFs provide insight into the transport and fate of contaminants for
different organisms in an aquatic ecosystem. Our regression analysis of
total DDT, BHC, and chlordane concentrations and trophic level suggests
that largemouth bass and blue catfish accumulate the majority of their
DDTs through dietary exposure, as evidenced by elevated TMF values,
compared to other fishes that we sampled in the Yadkin-Pee Dee
River. TMFs calculated in this study indicate that contaminants are accu-
mulated through bothwater and diet. Our results demonstrate that bio-
accumulation and biomagnification rates vary among organisms and
contaminants. Differences among species are likely due to their diver-
sity in lipid content, feeding strategy, exposure as a result of habitat af-
finity (e.g., benthic versus pelagic), size, age, and rates of assimilation,
elimination, and biotransformation (Weech et al., 2004; Arnot and



Fig. 7. Mean metal concentrations and standard error for fish species at five sites on the Yadkin-Pee Dee River of North Carolina and South Carolina. Tukey's HSD post-hoc test was
performed for metals that showed a significant ANOVA result (p b 0.05). Species designated by the same letter are not significantly different within each metal. Sample sizes for each
fish species are presented in Table 4; n = 1 for robust redhorse ova.
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Gobas, 2006; Jezierska and Witeska, 2006; Hu et al., 2010; Kidd et al.,
2012). Most of our results showed weak to no correlations between
metal concentrations and trophic level, but the majority of those that
showed an association exhibited an inverse relationship. The inverse re-
lationships suggest that the majority of the metals measured do not
biomagnify up the food web in this river system. Hg results positively
correlated with trophic level supporting previous findings that Hg
tends to biomagnify in aquatic food webs (Kidd et al., 2012; Lavoie
et al., 2013); however, only two fish species showed a TMF N1.
Largemouth bass is a top predator in the Yadkin-Pee Dee River and ex-
hibited a TMF of 0.76 for Hg (b1.0), contrary to expected results. The dif-
ference in observed and expected TMF is likely due to the different
contributions from a variety of food sources (Dallinger et al., 1987;
Cabana and Rasmussen, 1994).

The overall findings from the foodweb analyses of this study provide
evidence that supports the presence of disparity along a highly regu-
lated river and the general variability in dynamic lotic systems (Finlay
and Kendall, 2008). The variation that we observed was certainly influ-
enced by dams and resulting impoundments (Ward and Stanford, 1983;
Growns et al., 2014), interactingwith watershed land use, various point
and non-point sources including industrial effluent, inputs and mixing
from tributaries, and physical and chemical properties (Poff et al.,
2006; Jardine et al., 2013). Due to the variability in chemical and phys-
ical characteristics of the system, as well as variation in contaminant
fate and transport, lotic ecotoxicological studies like this one should be
considered unique ecosystems and compared broadly to other non-
lotic systems with caution.

4.3. Robust redhorse implications

The robust redhorse population in the Yadkin-Pee Dee River is ex-
tremely depauperate and is protectedwith state listing. Therefore, sam-
pling and analyzing muscle tissue from this species was not feasible.
However, to make inferences about this critically imperiled species,



Table 4
Mean trophic level (±standard error) and total DDT, BHC, and chlordane, chromium (Cr), mercury (Hg), and lead (Pb) trophicmagnification factors (TMFs) for consumers in the Yadkin-
Pee Dee River of North Carolina and South Carolina, n = number of samples analyzed.

Species n Mean trophic level (±SE) Total DDT TMF Total BHC TMF Total chlordane TMF Cr TMF Hg TMF Pb TMF

Mollusks 18 2.06 (±0.07) 0.55 0.28 1.65 0.11 0.76 10.94
Aquatic insects 27 2.24 (±0.12) – – – 0.39 0.49 0.21
Crayfishes 4 1.87 (±0.25) – – – – 0.98 0.77
Fishes 87 2.84 (±0.08) 1.33 1.19 1.43 0.98 0.90 1.04
American eel 8 2.88 (±0.16) 0.44 0.38 0.33 1.27 0.50 1.75
Blue catfish 10 3.18 (±0.15) 3.75 1.86 2.80 1.01 1.19 0.90
Bluegill 10 2.56 (±0.19) 0.47 0.37 0.47 1.05 1.19 0.78
Channel catfish 10 2.57 (±0.25) 0.96 1.22 0.94 1.14 0.84 1.19
Common carp 10 2.34 (±0.29) 1.04 0.75 1.21 0.77 0.73 0.92
Largemouth bass 10 3.60 (±0.15) 2.22 3.65 2.92 1.18 0.76 0.72
Notchlip redhorse 6 2.60 (±0.19) 1.64 2.95 0.84 0.82 0.72 –
Shorthead redhorse 10 3.12 (±0.12) 1.89 1.03 1.39 0.92 0.95 1.06
Smallmouth buffalo 8 2.51 (±0.27) 0.96 0.73 1.41 0.88 0.78 1.09
Whitefin shiner⁎ 5 3.03 (±0.20) 0.65 0.68 0.69 0.98 0.92 –

⁎ Based on whole-body concentrations.
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the notchlip redhorsewas designated as a surrogate based on its related
habitat, taxonomy, and food habits (Jenkins and Burkhead, 1994;
Freeman et al., 2002). In a Georgia robust redhorse population,
Freeman et al. (2002) found that the species typically fed uponmollusks
(primarily Asian clams) and other invertebrates.Wewere able to obtain
a sample of robust redhorse ova during this study from an adult female
and analyzed it for organic contaminants and trace metals. By examin-
ing the occurrence and concentrations of contaminants in robust red-
horse ova and in the notchlip redhorse surrogate species muscle
tissue, known diet sources, and water, we were able to infer robust red-
horse exposure. Notchlip redhorse samples showed a substantial in-
crease in organic contaminant detections and concentrations at the
Digg's Tract site where the robust redhorse currently resides and
spawns. Notchlip redhorse samples showed generally low metal con-
centrations; however, As and Se, known hazardous metals, were de-
tected at notably high concentrations (Fig. 7). Unfortunately, the
surrogate species was not collected at the two most downstream sites.
Asian clams, a food source for notchlip redhorse and robust redhorse,
exhibited fewer organic contaminant detections, but overall higher con-
centrations among all sites. High concentrations of As, Cr, and Se were
detected in clam tissues. The robust redhorse ova sample contained
PCBs (0.17 μg/g DW) and 15 of the 20 OCP analytes, with a high total
DDT concentration (0.65 μg/g DW; Figs. 4 and 5). The ova sample also
showed detectable limits for 15 of the 23 metals, including Hg (0.19
μg/g DW), Cr (0.16 μg/g DW), and Pb (0.05 μg/g DW; Figs. 6 and 7).
These findings provide strong evidence that contaminants are present
in robust redhorse tissues and organs, as indicated by the results from
the ova sample. This also indicates thatmaternal transfer of these legacy
organic and inorganic contaminants is likely occurring, but the potential
risk to fry development and recruitment of juvenile robust redhorse re-
mains unknown, but has been observed in other fish species (Hogan
and Brauhn, 1975; Russell et al., 1999; Metcalfe et al., 2000). Our results
warrant additional study into the potential influence of contaminants
on robust redhorse reproduction and development; controlled labora-
tory experiments with robust redhorse ova and PCBs and OCPs seem
logical next steps.

5. Conclusions

Ourfindings demonstrated that legacy organic contaminants and es-
sential and nonessential metals are present in the Yadkin-Pee Dee River
ecosystem and vary among food web components and taxa. These con-
taminants, although relatively low in most concentrations, may pose a
serious concern for ecological health. The effects of chemical mixtures,
even at low concentrations, may exert chronic adverse effects in aquatic
organisms (Beyer et al., 1996; Relyea, 2009; Sobolewski et al., 2014). Hg
notably exhibited biomagnification potential within the food web, but
other metals did not. Hg is a major cause of impairment in freshwater
systems and will continue to be of concern in river ecosystems
(USEPA, 2011).

Chemicals that were banned from use decades ago remain prevalent
in water, sediment, and biota, and elicit concern for water quality and
organismal health. The significance of understanding that both diet
and water are important routes of exposure for aquatic organisms is il-
lustrated by the contamination in all components of the foodweb in this
riverine ecosystem. Our results also confirm the importance of under-
standing the variability in fish species exposure and accumulation of or-
ganic compounds and trace metals, with clear implications for their
potential susceptibility and toxicity. Our findings revealed by integrated
sampling of the entire riverine foodwebwith two analytical approaches
provide new insight into trophic and contaminant dynamicswith impli-
cations for understanding ecological processes associated with anthro-
pogenic pollution and associated protection and conservation of river
ecosystems.
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