
ABSTRACT 

GRIESHABER, CASEY ALYSON. Relation of Fish Intersex and Survival to Contaminants 

in a Riverine System. (Under the direction of Dr. Thomas J. Kwak and Dr. W. Gregory 

Cope) 

 

  Contaminants from human activities have been recognized for decades as harmful to 

natural ecosystems, and especially to aquatic habitats and organisms.  These contaminants, 

including endocrine active compounds, are known to affect the survival and health of fishes 

in impacted aquatic ecosystems.  The objectives of this research were to determine if and 

how aquatic contaminant stressors in a river ecosystem affect the survival and health of 

fishes by sampling adult, wild fish and by conducting 28-day in situ bioassays with juvenile 

hatchery-propagated fish.  Organic and inorganic environmental contaminants were 

measured in the sediment, water, and fish.  The presence of intersex, a condition where 

female germ cells are detected in a predominantly male gonad, and a known biomarker of 

endocrine disruption, was assessed in both wild, adult and bioassay fishes.  

Occurrence and severity of the intersex condition in wild, adult black bass 

(Micropterus), sunfish (Lepomis), and catfish (Ictaluridae) species at 11 sites located on the 

Yadkin-Pee Dee River, North Carolina and South Carolina, were evaluated.  Relationships 

among health parameters, intersex condition, and measured contaminants were evaluated 

using principal component analysis (PCA) and all subsets regression modeling.  Fish intersex 

condition was most frequently observed in black basses (mean 40%, range 7–100%) and was 

less frequently detected in sunfishes (mean 7%, range 0–20%) and catfishes (mean 1%, range 

0–7%).  Among intersex fish, the among-site mean severity index was 2.7 for black bass, 1.8 

for sunfish, and 1.0 for catfish, with the detected range spanning the entire index range of 1–

4.  The occurrence of the intersex condition in fish did not show any longitudinal trend in the 



river.  PCA identified waterborne polycyclic aromatic hydrocarbons (PAHs) as the most 

correlated environmental variable for intersex occurrence and severity in black bass and 

sunfish.  All subsets regression modeling and model selection procedures revealed that black 

bass intersex was associated with waterborne organochlorine pesticides and sediment-

associated mercury.  Sunfish intersex was related to waterborne PAHs in regression models.  

Survival, intersex condition, and contaminant accumulation of three species of fish, 

Largemouth Bass Micropterus salmoides (LMB), Fathead Minnow Pimephales promelas 

(FHM), and Robust Redhorse Moxostoma robustum (RRH) was assessed with in situ 

bioassays.  Juvenile hatchery-propagated fish were placed into cages located along the length 

of the Yadkin-Pee Dee River for a 28-day period, and contaminants were measured in the 

sediment and surface water near the cages.  No apparent longitudinal trends in fish survival 

were detected, and contaminant concentrations varied among sites.  Juvenile LMB and RRH 

did not survive past 13 and 23 days with corresponding Kaplan-Meier (K-M) median 

survival estimates of 9.7 d and 12.1 d, respectively.  In contrast, survival of LMB and RRH 

in reference cages deployed at fish hatcheries were much greater with 70% of LMB and 67% 

of RRH surviving, validating the bioassay procedure.  Survival of adult FHM deployed in 

cages alongside the juvenile LMB or RRH averaged 43% survival at the end of the 28-d 

exposure with a 22-d K-M median survival estimate.  Intersex was not observed in any 

bioassay fish individuals.  Contaminant accumulation in bioassay FHM tissue was apparent 

for almost all contaminants measured, with highest accumulated concentrations in 

polychlorinated biphenyls, organochlorine pesticides, and mercury.   

Water quality stressors and contaminants in this river system appear to adversely 

impact juvenile and adult fish.  The occurrence of intersex, contaminant accumulation within 



organisms, and low survival of juvenile fish all have presumed assemblage- and community-

level effects, which may impact fish sustainability.  These findings enhance the 

understanding of the relationship between contaminants and fish health and provide 

information that can guide ecologically comprehensive conservation and management 

decisions.   
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CHAPTER 1 

Relation of Fish Intersex to Contaminants in Riverine 

Sport Fishes 

 

Abstract 

Endocrine active compounds (EACs) are a group of pollutants that have been recognized as 

an emerging and widespread threat to aquatic ecosystems globally.  Intersex, the presence of 

female germ cells within a predominantly male gonad, is considered a biomarker of 

endocrine disruption caused by EACs.  I measured a suite of inorganic and organic EACs and 

assessed their associated impacts on fish intersex occurrence and severity in a river system in 

North Carolina and South Carolina.  The specific objective was to assess the relation of 

contaminants in water, sediment, and fish tissue to the occurrence and severity of the intersex 

condition in wild, adult black bass (Micropterus), sunfish (Lepomis), and catfish (Ictaluridae) 

species at 11 sites located on the Yadkin-Pee Dee River.  Polycyclic aromatic hydrocarbons 

(PAHs), ethinylestradiol (EE2), and heavy metals were the most prevalent contaminants that 

exceeded various thresholds or effect levels for the protection of aquatic organisms.  Fish 

intersex condition was most frequently observed in black basses (mean 40%, range 6.7–

100%) and was less frequently detected in sunfishes (mean 7%, range 0–20%) and catfishes 

(mean 1%, range 0–7%).   Among intersex fish, the among site mean severity index was 2.7 

for black bass, 1.8 for sunfish, and 1.0 for catfish, with the detected range spanning the entire 

range of the index (1–4).  The occurrence of the intersex condition in fish did not show any 
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longitudinal trend in the river.  There were no significant differences in condition or health 

parameters (gonadosomatic index, relative weight, etc.) between intersex and non-intersex 

black bass.  Mean black bass and catfish tissue contaminant concentrations were higher than 

that of sunfish, likely because of their higher trophic position in the food web.  Principal 

component analysis determined that waterborne PAHs was the most correlated 

environmental contaminant for intersex occurrence and severity in black bass and sunfish.  

All subsets regression modeling revealed that black bass intersex was associated with 

waterborne organochlorine pesticides and sediment-associated mercury.  Sunfish intersex 

was related to waterborne PAHs.  EACs are having an adverse effect on the health of wild 

fish species, as indicated by intersex condition, with variable effects throughout the river due 

to fluctuations in EAC inputs and the dynamic nature of the riverine system.  These findings 

enhance the understanding of the relationship between contaminants and fish health and 

provide information that can guide ecologically comprehensive conservation and 

management decisions. 

 

Keywords 

Endocrine active contaminants, intersex, fish, riverine, endocrine disruption, bass 
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1. Introduction 

 Aquatic ecosystems are under threat because of their susceptibility to act as a “sink” 

by accumulating numerous chemical contaminants that are being released from industrial, 

agricultural, and municipal sources (Scholz and Mayer, 2008).  Anthropogenic impacts may 

become increasingly problematic for aquatic species within ecosystems due to continued 

human population growth and pollution.  One class of contaminants that has been identified 

as problematic is endocrine active contaminants (EACs).  The endocrine system is important 

to maintain health and reproductive success of organisms, and alterations to this system can 

be detrimental (Solomon, 2015).  EACs have the ability to interfere with the endocrine 

system by disrupting normal synthesis, storage, release, metabolism, transport, binding 

action, and elimination of endogenous hormones (Kavlock et al., 1996).  With exposures at 

sufficient levels, or during critical times of development, EACs also have the potential to 

cause toxicity to an organism (Barton and Andersen, 1998).   

EACs are often introduced into aquatic systems through agriculture, industrial, and 

municipal effluents and include polychlorinated biphenyls (PCBs), organochlorine pesticides 

(OCPs), polycyclic aromatic hydrocarbons (PAHs), pharmaceuticals, bisphenol A (BPA), 

and heavy metals (Hinck et al., 2009; Muthumbi et al., 2003).  Originating from numerous 

routes of entry and anthropogenic influences, EACs have been detected in aquatic 

environments throughout the world and are likely to remain ever-present (Abdel-moneim et 

al., 2015; Kolpin et al., 2002; Ternes et al., 1999).   

 The estrogenic potency of EACs has been cause for concern because of the potential 

for negative effects on the reproduction and sustainability of wildlife populations.  EACs 
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have been linked to skewed sex ratios, reduced fecundity, production of vitellogenin (an egg-

yolk precursor) in male fish, intersex condition, and population collapse in fish (Bhandari et 

al., 2015; Brian et al., 2007; Jobling et al., 1998; Kidd et al., 2007; Puy-Azurmendi et al., 

2013; Williams et al., 2009; Woodling et al., 2006).  Intersex, the presence of female germ 

cells within a predominantly male gonad (Nolan et al., 2001), has been suggested as a 

biomarker of endocrine disruption from environmental, and especially estrogenic, EACs 

(Bahamonde et al., 2013; Barnhoorn et al., 2004; Leino et al., 2005). To assess the impacts of 

EACs on wildlife, intersex has been evaluated in various wild fish populations worldwide 

(Adeogun et al., 2016; Allen et al., 1999; Bizarro et al., 2014; Blazer et al., 2007; Tetreault et 

al., 2011).  By examining intersex and EACs researchers are able to better understand the 

dynamics and health of an ecosystem.  Fish are particularly applicable for this area of study 

because they are susceptible to EACs through the aquatic environment, can act as sentinel 

species, and are indicators of ecosystem health.  

 In the southeastern United States, intersex has been documented in several studies 

(Hinck et al., 2009; Kellock et al., 2014; Lee Pow et al., 2016).  This region is especially 

relevant for the study of EAC effects on fish because of previous research and the impacts 

caused by dense human populations, agriculture, industry, wastewater treatment, and 

concentrated animal feeding operations, which have all been described as significant sources 

of EACs (Kolpin et al., 2002; Mills and Chichester, 2005; Vajda et al., 2008).  Recently, a 

nation-wide study of intersex was completed by Hinck et al. (2009) in which researchers 

assessed the intersex condition in black basses at 111 sites in nine river basins.  This study 

found that the highest incidence of intersex, within the United States, occurred in the Yadkin-
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Pee Dee River basin.  Another study, by Sackett et al. (2015), detected high levels of EACs 

at the same sites where Hinck found high occurrence of intersex.  These studies prompted 

research to understand what was causing high incidences of intersex in the Yadkin-Pee Dee 

River and associated EAC relationships.  To better understand the association between 

intersex and EACs within a southeastern U.S. river system, I investigated intersex occurrence 

and severity associated with EAC concentrations.  The primary objectives of my research 

were to (1) determine intersex occurrence and severity in common sport fishes in a 

southeastern U.S. river, (2) measure and evaluate contaminants in surface water and 

sediments of the same river, (3) investigate relationships between intersex and EACs, and (4) 

determine trends in EAC concentrations, intersex occurrence, and intersex severity, 

longitudinally within the Yadkin-Pee Dee river system.  The ultimate goal of this research is 

to enhance the understanding of the relationship between contaminants and fish health to 

facilitate ecologically comprehensive conservation and management decisions.    

 

 

2. Methods 

2.1. Study System 

     The Yadkin-Pee Dee River of North Carolina and South Carolina was chosen as my study 

system.  A total of 11 sites were selected longitudinally along the river in North Carolina (8 

sites) and South Carolina (3 sites; Figure 1).  Coordinates of site locations and site 

descriptions are included in Table SI 1.  Sites exhibited varying levels of anthropogenic 

influence, land use, and habitat types and were also selected for ease of boat access and 

sampling logistics.  Eight sites were located in riverine habitats and three were located in 
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reservoirs impounded by high dams.  Three of the sites we studied were previously evaluated 

by Hinck et al. (2009; Hinck et al. sites PRB 336, PRB 337, PRB 338; this study sites 74 

Bridge, Pee Dee, Bucksport).  Their research and finding of relatively high occurrence of 

intersex in black bass among sites sampled nationwide also motivated the selection of this 

southeastern U.S., impacted river for my study.  

      

2.2. Fish Collection and Histopathology 

     In April and May of 2014, boat-mounted electrofishing was conducted to catch wild, adult 

fish at all sites (within 2 km upstream or downstream of a river site or within the sampled 

reservoir).  Additional sampling was conducted in June 2015 at the Bucksport, SC, site 

because of the high incidence of intersex observed by Hinck et al. (2009) at this site.  

Collections from 2014 and 2015 catches from the Bucksport site were combined for analyses.  

Up to 10 male black bass (Micropterus spp.), 10 sunfish (Lepomis spp.), and 10 catfish 

(Ictaluridae) were collected at each site whenever possible.  These taxa represent fish with 

varying life history strategies and are recreationally important sport fish within the river.  

Black bass have special relevance, because of previous related research conducted on both 

Largemouth Bass (Micropterus salmoides) and Smallmouth Bass (Micropterus dolomieu) 

examining intersex occurrence (Blazer et al., 2014; Hinck et al., 2009; Yonkos et al., 2014).  

Fish, at sizes that were indicative of sexual maturity, were collected, and any obvious 

females (eggs apparent when pressure was applied to the abdomen) were released back into 

the river.  Euthanasia of male fish was completed following IACUC guidelines, with a lethal 

overdose of pH-buffered tricaine methanosulfate (MS-222, Sigma Aldrich).  Length (TL, 
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mm) and weight (g) of each individual was measured, as well as observations of any external 

lesions and abnormalities.  Relative weight (Wr), an index of individual fish condition, was 

determined for each individual according to the formula (Neumann et al., 2012)   

 𝑊𝑟 =  (
𝑏𝑜𝑑𝑦 𝑤𝑒𝑖𝑔ℎ𝑡

10𝑎× 𝑙𝑒𝑛𝑔𝑡ℎ (𝑚𝑚)𝑏) ×  100. 

Intercept (a) and slope (b) parameters for each species are in Table SI 2.  Following 

measurements, sex was verified macroscopically and male internal organs were removed.  

Testes were weighed and gonadosomatic index (GSI; Strange, 1996) was calculated as 

𝐺𝑆𝐼 =  (
𝑔𝑜𝑛𝑎𝑑 𝑤𝑒𝑖𝑔ℎ𝑡

𝑏𝑜𝑑𝑦 𝑤𝑒𝑖𝑔ℎ𝑡
) ×  100. 

 Liver was removed, weighed, and hepatosomatic index (HSI; Tveranger, 1985) was 

calculated as 

𝐻𝑆𝐼 =  (
𝑙𝑖𝑣𝑒𝑟 𝑤𝑒𝑖𝑔ℎ𝑡

𝑏𝑜𝑑𝑦 𝑤𝑒𝑖𝑔ℎ𝑡
) ×  100. 

A gill segment and the spleen were excised and organs (including liver and testes) were 

preserved in modified Davidson’s fixative (35.15% distilled water, 31.35% ethanol, 22% 

formalin [37-40%], and 11.5% glacial acidic acid).  Macroscopic internal parasites and 

abnormalities were observed and noted.  Fish carcasses were placed in food-grade plastic 

bags, labeled, and stored on ice until frozen at -20°C for later muscle tissue collections.  

Tissues were left in fixative for 24 h and then were transferred to 70% ethanol until 

histological processing occurred.  Sections of the spleen, liver, and gill were cut and placed 

into a suitable labeled cassette (perforated basket).  Testis tissue was either embedded whole 

or cross sections were cut with a microtome (depending on testis size) creating a 
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representative tissue sample.  Preserved tissues were embedded in paraffin, sectioned at 5 

μm, and stained using hematoxylin and eosin by the North Carolina State University (NCSU) 

College of Veterinary Medicine Histopathology Laboratory (Raleigh, NC).  Following 

histological preparation, a certified fish pathologist examined testis tissue slides using light 

microscopy for the occurrence and severity of intersex, which for this study, was defined as 

the presence of oocytes within the testis tissue.  Intersex occurrence was evaluated and 

severity was determined using the method developed by Blazer et al. (2007), where severity 

is ranked 1 to 4, with 4 being the most severe ranking.  Spleen, gill, and liver tissue slides 

were examined for abnormalities using light microscopy.    

 

2.3. Water Estrogenic Activity Evaluation 

 Water samples were collected using solvent rinsed, and baked 2-L amber glass 

bottles.  At each site, a subsurface sample was collected and acidified to a pH of 2.  Samples 

were placed on ice and transported to NCSU where they were stored at 4°C for a maximum 

of 72 h before processing.  Water samples were then filtered and solid phase extraction was 

completed.  Extracts were analyzed for total estrogenic activity by a T47D-Kbluc bioassay, 

which uses human breast adenocarcinoma cells and an E2β standard to determine E2β 

equivalent concentrations (E2β Eq–ng/L).  The bioassay and extraction process were detailed 

by Yost (2014) and Lee Pow (2015).  
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2.4. Contaminant Analyses 

 We sampled organic contaminants in water using passive sampling devices (PSDs; 

O’Neal, 2014) and organic and inorganic contaminants in sediments with grab samples.  In 

addition to measuring contaminant loading in the abiotic environment, we analyzed fish 

white muscle tissue for PCBs, OCPs, and metals to determine whether contaminant 

concentrations exceeded published thresholds for the protection of aquatic wildlife.  We also 

examined the relationship between fish muscle contaminants and environmental 

contaminants from the water and sediment compartments.  Specific contaminants analyzed 

can be found in Table SI 3.  

 

2.5. Muscle Tissue Metal Analysis and Organic Contaminant Extraction  

A subsample of the fish, representing all of the sites and major genera, were selected 

for muscle tissue contaminant analyses.  Composite samples of individuals of the same 

species and site location were made when adequate tissue from an individual was not 

available (this was only necessary for sunfish).  Using standard fish processing protocols, 

muscle tissue samples were dissected and homogenized (US EPA, 2000).  Following 

homogenization, samples were frozen at -80°C until further processing was conducted.  In 

preparation for contaminant analyses, muscle tissue samples were lyophilized and manually 

homogenized.  RTI International (Durham, NC) analyzed the fish tissue samples for 22 

metals (Table SI 3).  Mercury (Hg) concentration in tissue samples was determined using a 

Milestone DMA-80 direct mercury analyzer.  Other metals were analyzed with a modified 

version of Method 3050B (US EPA, 1996) and a Thermo X-Series II ICP-MS or a Thermo 
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iCAP6500 ICP-OES depending on the concentration of the analyte present in the sample.  

The Analytical Toxicology Laboratory at NCSU (Raleigh, NC) analyzed the fish samples for 

PCBs and OCPs (Table SI 3) and determined percentage of lipids in each muscle tissue 

sample.  For organics, lyophilized muscle tissue was extracted with DCM by means of 

pressurized solvent extraction using a Buchi Speed Extractor E-916.  Extracts were then 

cleaned using gel permeation chromatography (GPC) and were processed through Florisil 

solid phase extraction cartridges.  

 

2.6. Sediment Metal Analysis and Contaminant Extraction 

 Sediment samples were collected at each site during May and June of 2014.  Samples 

were taken by wading from the shoreline, in an upstream direction from the boat access.  

Two composite samples, each consisting of 3-5 grabs of surficial (top 5 cm) sediment were 

collected using a stainless steel scoop and tray and were placed into 250 mL amber glass jars.  

Sediment was transported on ice and stored at -20°C until extraction.  RTI International 

(Durham, NC) analyzed samples for 22 metals.  Mercury (Hg) concentration in sediment 

samples was determined using a Milestone DMA-80 direct mercury analyzer.  Other metals 

were evaluated with a modified version of Method 3050B (US EPA, 1996) and a Thermo X-

Series II ICP-MS or a Thermo iCAP6500 ICP-OES depending on the concentration of the 

analyte present in the sample.  NCSU determined the concentrations of current use pesticides 

(CUPs), OCPs, PAHs, and PCBs (Table SI 3).  Sediment samples were extracted with 

dichloromethane (DCM) by means of pressurized fluid extraction using a Buchi Speed 
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extractor E-916.  Extracts were cleaned using GPC.  Before chemical analysis extracts were 

concentrated to 0.5 mL under a gentle stream of nitrogen.   

 

2.7. Water Contaminant Extraction 

 PSDs were deployed at each site for approximately 28 days to determine time-

weighted estimated concentrations of waterborne contaminants.  Two types of PSDs were 

deployed.  Low-density polyethylene strips (PEPSD) were utilized to measure OCPs, PCBs, 

and PAHs.  A sorbent containing cartridge, universal passive sampling device (UPSD), was 

used to assess CUPs, hormones, and industrial EACs (Table SI 3).  A weighted cage 

containing both types of PSDs was connected to the riverbank upstream and on the opposite 

bank of the boat access (to reduce impacts directly from boaters and deter vandalism of 

cages) or at least 100 m away from the boat access in reservoirs.  Each cage was suspended 

in the water column by a buoy and kept from moving downstream by attaching a brick.  After 

approximately 28 days, PSDs were retrieved from each site, removed from their cages, 

wrapped in baked aluminum foil, placed on ice, transported to NCSU, and stored at -20°C 

until extraction.  PEPSDs were serially extracted three times over a 24-h period with a total 

of 150 mL of DCM.  UPSDs analyzed for CUPs were placed in 20-mL vials and serially 

extracted two times over a 4-h period with a total of 40 mL DCM.  Extracts were 

concentrated, filtered, and stored at -20°C until analysis.  Extracts were further concentrated 

under a gentle stream of nitrogen to approximately 0.5 mL just prior to analysis.  UPSDs 

analyzed for hormones and industrial EACs were placed in 20-mL vials and extracted with 

10 mL of ethyl acetate by shaking for 1-h at 150 rpm.  Nitrogen evaporation at 35°C under 
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34.5 kPa was then conducted to reduce extracts to 0.5 mL.  Extracts for hormone and 

industrial EAC analysis were additionally filtered through a 0.45-μm polytetrafluoroethylene 

filter into a 1.5-mL microvial, evaporated with a nitrogen stream at ambient temperature until 

dry, and cap sealed with argon gas.  Complete description of PSD protocols, extraction 

procedures, and analytical instrumentation are detailed by O’Neal (2014) and Lee Pow 

(2015).    

 

2.8. Analysis of Sediment, PSD, and Muscle Extracts 

 Extracts from PSDs and sediment samples were analyzed for 42 PAHs, 28 OCPs, 21 

PCBs, and 47 CUPs.  PSD extracts were also analyzed for concentrations of 7 estrogen-

related hormones and 2 industrial EACs.  Muscle tissue extracts were analyzed for 21 PCBs 

and 28 OCPs (Table SI 3).  CUPs, OCPs, PAHs, and PCBs were measured using an Agilent 

6890 gas chromatograph (GC) connected to an Agilent 5973 mass selective detector (MSD) 

operated in Select Ion Monitoring (SIM) mode.  Analytes were separated on a Restek Rtx-

5MS column with a 5 m integrated guard column.  Hormones and industrial EACs were 

analyzed on an Agilent 7890 GC connected to an Agilent 7000 MSD operated in SIM mode, 

with back flushing following a blank injection of pyridine to condition the column.  All 

analyses adhered to rigorous quality assurance protocol and included procedural blanks, 

replicate samples, spiked samples, and data correction using surrogate recoveries, if 

necessary.  Water contaminant results are presented in ng/L and sediment and muscle tissue 

contaminant results are presented in ng/g dry weight (DW).  Detection limits (DL) for 

waterborne contaminants were 0.2 ng/L for PAHs, PCBs, and OCPs, 0.5 ng/L for CUPs, and 
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0.1 ng/L for hormones, nonylphenol, and BPA (based on an equivalent 30-day PSD 

deployment).  DLs for sediment and muscle tissue contaminants were 0.1 ng/g for OCPs and 

PCBs, 1.0 ng/g for PAHs, and 2.0 ng/g for CUPs (all DW).  Sediment DLs, for metals that 

were detected, are listed in Table 3.  DLs for metals in muscle tissue are identical to the DLs 

for sediment.  Muscle tissue results, when necessary for comparisons with thresholds, are 

presented in wet weight by conversions using percent moisture in each sample.  

 Chemicals were evaluated both as individual analytes and as total concentrations of 

chemical classes, when appropriate.  For PAHs, individual analytes were examined and a 

total sum of analytes was determined to compare to predicted effect concentrations and 

threshold effect concentrations (PECs; TECs; MacDonald et al., 2000).  PAHs in water and 

sediment samples were also analyzed using the equilibrium partitioning sediment benchmark 

toxicity units (ESBTU; US EPA, 2012) method, which incorporates the additive nature of 

PAH toxicity and the bioavailability of PAHs due to organic carbon in the sediment.  Of the 

42 PAHs analyzed, 34 have PAH potency divisors published by the US EPA (2012).  Using 

the potency divisor, the determined concentration and, for the sediment sample, the carbon 

content of the sediment sample, a toxic unit (TU) was determined for each PAH (acute and 

chronic values).  Then, all 34 PAH toxic units were summed to determine an overall PAH 

toxic unit value, with a value less than 1.0 indicating that it is unlikely for the PAHs to cause 

adverse effects to aquatic life and a value greater than 1.0 indicating that aquatic life is 

possibly being negatively affected.                
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2.9. Statistical Analysis 

All statistical analyses were completed using JMP Pro 12 (SAS, Cary, NC).  The 

Shapiro-Wilk normality test was conducted on all continuous variables to assess normality.  

The majority (>50%) of variables did not conform to a normal distribution and the condition 

was not remedied by transformation in most variables, thus, non-parametric statistical 

procedures were applied.  Intersex occurrence is presented as a percentage of fish sampled at 

each site with the intersex condition, and intersex severity is presented as the average 

severity index (1-4) among intersex individuals at each site.  A Kruskal-Wallis test was 

applied to assess relationships between species and fish health parameters, intersex severity 

ranking/occurrence and genera, intersex condition and fish health parameters, and fish 

families and muscle tissue contaminants.  Linear regression was utilized to determine 

relationships between environmental concentrations of contaminants and fish muscle tissue 

contaminant concentrations.  Logistic regression was performed to explain intersex condition 

by fish muscle tissue contaminant concentrations.  Principal component analysis (PCA) was 

used to assess the trends among environmental contaminants, intersex occurrence, and 

intersex severity within the river.  Analyses were weighted by the number of individuals 

collected at each site.  All significance levels were set to α = 0.05.   

We adopted an information theoretic approach to model contaminant-intersex 

relationships.  All subsets regression was performed to identify plausible relationships 

between environmental contaminants and intersex occurrence and severity.  The candidate 

model included waterborne and sediment contaminant concentrations.  The sum of chemical 

contaminants within a class, or a representative contaminant from each class, was selected as 
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independent variables for model development.  Atrazine (representative CUP, water, ng/L), 

industrial EACs (sum of BPA and nonylphenol, water, ng/L), ethinylestradiol (EE2, water, 

ng/L), PCBs (sum of all congeners, water, ng/L), OCPs (sum of all OCPs, water, ng/L), 

PAHs (sum of all PAHs, water, ng/L), PAHs (sum of all PAHs, sediment, ug/g DW), OCPs 

(sum of all OCPs, sediment, ug/g DW), and Hg (representative metal, sediment, ug/g DW) 

were the predictors selected based on their occurrence in the river, co-linearity, 

environmental relevance, and background knowledge of EACs and their influence on 

intersex in fish.  If a contaminant concentration was not detected the value used for statistical 

procedures was expressed as 50% of the DL.  Akaike’s information criteria corrected for 

small-sample bias (AICc) was determined for each candidate model (Akaike, 1973; Burnham 

and Anderson, 2002).  Candidate models were arranged from lowest to highest AICc and a 

ΔAICc was calculated for each model.  Akaike weight (wi) was calculated for each model to 

determine the relative likelihood of each model, with the highest wi indicating the most 

plausible model (Burnham and Anderson, 2002).  Then, a set of confidence models was 

identified by selecting models with wi within 10% of the best-model wi following Ruiz and 

Peterson (2007), Thompson and Lee (2000), and similar to Royall (1997), to evaluate model 

strength.  To determine relative variable importance, variables were ranked by summing all 

wi values of models that included a specific variable.  Total wi for variables were compared 

and ranked, and the variable with the highest wi was deemed the greatest importance.  The all 

subsets regression modeling process was completed for black bass intersex occurrence, black 

bass intersex average severity, sunfish intersex occurrence, and sunfish intersex average 

severity.   
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3. Results 

3.1. Fish Health Parameters 

 In 2014 and 2015, I collected a total of 268 male black bass, sunfish, and catfish 

(n=80, n=112, n=76; respectively, 12 species total).  Species and the number of individuals 

collected at each site varied (Table 1).  Individuals from each genus and family were 

captured at each site except for the Route 801 site, where only Ictaluridae were collected.  

Largemouth Bass, Bluegill Lepomis macrochirus, and Blue Catfish Ictalurus furcatus, were 

collected most frequently in the black bass, sunfish, and catfish groups, respectively.  

Seventy-eight individual fish were collected from reservoirs and 190 from riverine sites.  Of 

all individuals from all sites, there was no significant difference (p > 0.05) in the length or 

weight among the different black bass species (Figure SI 1A, B).  There were significant 

differences among black bass species in GSI, HSI, and Wr values (p<0.05; Figure SI 1C, D, 

E).  Length, weight, GSI, and Wr were significantly different among sunfish species (p<0.05; 

Figure SI 1A, B, C, E).  No significant difference in HSI was detected among sunfish species 

(Figure SI 1D).  Length, weight, HSI, and Wr differed significantly among catfish species, 

but GSI was not significantly different among catfish species (Figure SI 1A, B, C, D, E). 

Species within each group were combined for further statistical analysis.  

 

3.2. Fish Intersex Occurrence and Severity 

 Intersex was observed in 40% of black bass (32 of 80 collected), 7% of sunfish (8 of 

112 collected), and 1% of catfish (1 of 76 collected).  Specific intersex occurrence for each 

species at each site is found in Table 1.  Intersex occurrence in black bass ranged 6.3–100.0% 
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among the 10 sites where they were collected (Figure 2A).  Average severity of black bass 

intersex fish was 2.7.  Sunfish intersex occurrence ranged 0.0–16.7% among the 10 sites 

from which they were collected (Figure 2B).  Severity of intersex sunfish averaged 1.8 

(Table 1).  Intersex in catfish was only observed at the most downstream site (Bucksport, 

SC), with only one individual displaying the condition (7.7% occurrence, severity 1; Figure 

2C; Table 1).  Due to the low occurrence of catfish with the intersex condition they were 

excluded from further statistical analyses.  Intersex occurrence and fish health parameters 

were only compared for black bass because they were the only fish group with sufficient 

sample sizes of both intersex and non-intersex individuals.  When comparing black bass 

length (mm), weight (g), Wr, GSI, and HSI between intersex and non-intersex individuals 

there were no significant differences (p>0.05).  There were also no differences in fish health 

parameters among the severity ranking groups (p>0.05).  

 

3.3. Muscle Tissue Analyses 

 A total of 30 black bass, 28 sunfish (14 composite samples), and 29 catfish muscle 

tissue samples were analyzed for organic and inorganic contaminants, and results for each 

species at each site can be found in Table SI 4.  Black bass samples had a mean percent 

moisture of 79.8%, catfish had a mean 78.6%, and sunfish had a mean 80.0% moisture.  

OCPs were present in the muscle tissue of all three taxa, with 6 of the 28 OCPs detected.  

OCPs detected in black bass tissue were hexachlorobenzene, trans-chlordane, cis-chlordane, 

trans-nonachlor, 4,4'-DDE, and 4,4'-DDD (21% of the 28 OCPs analyzed).  

Hexachlorobenzene and 4,4'-DDD were present in only 1 and 2 samples, respectively.  Total 
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OCP concentration (sum of all OCPs detected) in black bass tissue samples ranged 2.2–88.0 

ng/g dry weight (DW) (0.6–18.4 ng/g wet weight (WW)).  OCPs detected in sunfish were 

heptachlor epoxide, trans-chlordane, cis-chlordane, trans-nonachlor, and 4,4'-DDE (18% of 

the 28 OCPs analyzed).  Heptachlor epoxide was detected in only one sample.  OCP 

concentrations in sunfish ranged from below detection limits (BDL) to 27.1 ng/g DW (BDL–

5.2 ng/g WW).  Trans-chlordane, cis-chlordane, trans-nonachlor, 4,4'-DDE, and 4,4'-DDD 

were OCPs detected in catfish muscle tissue.  4,4'-DDD was detected in only four samples. 

Concentrations of OCPs in catfish ranged BDL–127.6 ng/g DW (BDL–39.1 ng/g WW).  

OCP concentrations among the black bass, sunfish, and catfish were significantly different 

(p<0.0002) with catfish and black bass having higher concentrations of OCPs than sunfish 

(Figure 3A).  There were no significant differences detected in OCP concentrations between 

species of black bass, species of sunfish, or species of catfish when individuals from all sites 

were pooled (p>0.05).  OCP concentrations in fish tissue varied among sites, with highest 

OCP tissue concentrations occurring at the 74 Bridge, Digg’s Tract, Badin Lake, and Route 

801 sites (Figure 4A).  When examining differences among sites (with all species pooled) 

there was a significant difference between sites (p=0.0007) with the Route 801 site having 

significantly higher concentrations of OCPs than the rest of the sites (Figure 4A).  This 

significant difference is most likely influenced by low sample size (n=2) and that only catfish 

were collected at this site.  

 Fish muscle tissue samples were analyzed for 21 PCB congeners, and 14 (67%) of 

those congeners were detected (Table SI 3).  Concentrations of individual PCB congeners 

were summed as a total PCB concentration for each muscle tissue sample.  Total PCB 



 

 19 

concentration in black bass ranged 1.37–202.40 ng/g DW (0.31–42.5 ng/g WW). In sunfish 

samples, it ranged BDL–42.3 ng/g DW (BDL–12.8 ng/g WW), and in catfish it ranged 4.6–

215.2 ng/g DW (0.89–65.9 ng/g WW).  PCB concentrations were significantly different 

among black bass, sunfish, and catfish (p<0.0001; Figure 3B) with lower PCB concentrations 

in sunfish.  Significant differences in PCB concentrations were detected among black bass 

species (p=0.029) and catfish species (p=0.045); however, some sample sizes were small 

(n≤5).  No significant differences were detected in sunfish concentrations of PCBs.   Among 

sites, average PCB concentrations (DW of black bass, sunfish, and catfish) varied and were 

highest at the 74 Bridge, Digg’s Tract, and Society Hill sites (Figure 4B).  There was no 

significant difference detected in PCBs, with all species pooled among sites (p>0.05).  

Among all fish tissue sampled, the NC Department of Public Health total PCB action level 

for human consumption of freshwater fish of 50 ng/g WW was exceeded in only one catfish, 

at the 74 Bridge site (NC DPH, 2007).    

 Metal analysis revealed that 14 of the 22 metals were predominant (above DL in at 

least 20% of samples) in black bass, sunfish, and catfish tissue (Table SI 3).  These metals 

included aluminum (Al), barium (Ba), copper (Cu), iron (Fe), mercury (Hg), potassium (K), 

magnesium (Mg), manganese (Mn), nickel (Ni), lead (Pb), selenium (Se), silicon (Si), 

strontium (Sr), and zinc (Zn).  The only metal that was detected in fish tissue that was of 

concern (greater than the human health consumption advisory and/or aquatic wildlife 

thresholds, when available) was Hg (Figure 4C; NC human health consumption threshold= 

400 ng/g, muscle tissue WW).  Concentrations of Hg were highest (exceeded 400 ng/g WW) 

in black bass and catfish at the two most downstream sites, Pee Dee and Bucksport.  Hg 
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muscle tissue concentration was significantly lower in sunfish when compared to both black 

bass and catfish.  

 

3.4. Water E2β Equivalence and Contaminants 

 E2β equivalence was determined for each of the 11 sites and ranged from 0.10 to 1.26 

ng/L (Table 2).  No sample exceeded the 2.0 ng/L predicted-no-effect concentration for E2 

(Caldwell et al., 2012); however, if estrogenicity was caused by other, more potent estrogens 

not measured by the assay, the levels could be of concern.  E2β equivalence concentration 

varied among sites and was highest at the Route 801 and 74 Bridge sites (Figure 5A).   

 PAHs were present in the water at 100% of the sites, and 33 of the 42 PAHs tested 

were detected.  PAHs were summed and a total PAH value was determined (ng/L) for each 

site.  Total PAH concentrations ranged from 72.6 to 238.2 ng/L (Table 2).  Concentrations 

fluctuated among sites with the highest levels occurring at the Route 801 and Society Hill 

sites.  Downstream of these sites, concentrations seemed to attenuate (Figure 5B).  ESBTU 

values ranged 0.009–0.035 TU for acute toxicity, all below 1.  For chronic toxicity, TUs 

ranged 0.017–0.071 TU, all below 1, indicating a low likelihood for negative effects of 

waterborne PAHs on aquatic life (Table SI 5).             

OCPs were present in water at 100% of the sites and 9 of the 28 OCPs tested were 

detected. OCPs were summed to get a total OCP concentration (ng/L) for each site.  OCP 

concentrations ranged 0.26–12.29 ng/L (Table 2).  No individual OCP concentration 

exceeded published aquatic life protection thresholds.  No combined OCP concentration 
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threshold or aquatic life thresholds exist.  OCPs were notably elevated at the Red Hill, Route 

801, and Society Hill sites (Figure 5C).         

PCB congeners were present in water above detection limits at 8 of the 11 sites and of 

the 21 PCB congeners evaluated, 10 were present in the river.  All PCB congeners were 

summed and a total PCB concentration for each site was calculated (ng/L).  Concentrations 

ranged BDL–7.31 ng/L (Table 2).  Total PCB concentrations did not exceed the 14.0 ng/L 

chronic exposure threshold for freshwater aquatic life at any of the sites (US EPA, 2016).  

Concentrations were low (<1.5 ng/L) at all sites upstream of Digg’s Tract and the most 

downstream site, Bucksport, but they were elevated (4.5–7.5 ng/L) at the Digg’s Tract, 

Society Hill, and Pee Dee sites (Figure 5D).  

CUPs were present in water at 10 of the 11 sites, with no CUPs detected at Kerr Scott 

Reservoir, the most upstream site.  Out of the 47 CUPs evaluated, 8 were present in the river.  

CUPs were summed to get a total CUP concentration (ng/L) for each site (Table 2).  The 

CUPs ranged from BDL to 315.6 ng/L.  CUP concentrations were low at the uppermost sites, 

variable at intermediate sites, and decreased at the most downstream site, Bucksport (Figure 

5E).  

From the PSDs, two industrial EACs and 7 hormones were evaluated; both industrial 

EACs (nonylphenol and BPA) were detected.  Nonlyphenol was detected at all 11 sites and 

ranged 0.40–4.60 ng/L (Table 2).  Concentrations of nonylphenol were low (<1 ng/L) at 

upstream sites and higher (>1 ng/L) at all sites downstream of Badin Lake (Figure 5F).  None 

of the measured concentrations exceeded the 6,600 ng/L chronic exposure threshold 

determined by the US EPA (2005).  BPA was present at 9 of the 11 sites, with no detections 
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at the two most upstream sites.  Concentrations of BPA ranged BDL–2.27 ng/L (Table 2).  

Concentrations of BPA were similar to nonylphenol, with concentrations low upstream (<1 

ng/L) and higher (>1 ng/L) at downstream sites below Blewett Lake (Figure 5G).  BPA 

concentrations did not exceed the 1,500 ng/L predicted-no-effect-concentration (PNEC), set 

by the European Union (Aschberger et al., 2010) for the protection of freshwater aquatic 

species, at any site.  EE2 was the only hormone detected and was above detection limits at 7 

of 11 sites.  Concentrations of EE2 ranged BDL–1.97 ng/L (Table 2) and at all sites where 

EE2 was detected, the concentrations exceeded the 0.1 ng/L PNEC for aquatic organisms 

(Caldwell et al., 2012).  The DL for EE2 was 0.1 ng/L, so any sites without detections should 

not be considered absent of EE2, similar to all other BDL instances, and was supplemented 

with half of the DL for modeling analysis.  EE2 was detected at the 7 most downstream sites 

(Figure 5H). 

 

3.5. Sediment Contaminants 

Of the 28 OCPs evaluated, 5 were detected in sediment samples.  OCPs were summed 

to get a total OCP concentration (ng/g DW) at each site.  OCP concentrations ranged from 

BDL–101.49 ng/g DW with concentrations highest at the Badin Lake site (36 times higher 

than any other site, Table 2, Figure 6A).  This high level of OCPs at the Badin Lake site was 

due to the detection of hexachlorobenzene, which was not detected at any other site and 

accounted for 100% of the OCP concentration.  Hexachlorobenzene does not have any 

known thresholds for human or aquatic wildlife health, and in a study by Fuchsman et al. 

(1998), limited toxicity to benthic invertebrates was observed.  4'4-DDE was the most 
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frequently detected OCP with detections at 6 of 11 sites.  4'4-DDE levels did not exceed the 

threshold of 3.16 ng/g DW for freshwater ecosystems at any site (MacDonald et al., 2000).  

Chlordane was also detected at two sites (Route 801 and Digg’s Tract) but was below the 4.5 

ng/g DW interim sediment quality guideline that corresponds to threshold level effects, 

below which adverse biological effects are not expected (Environment Canada, 1999).    

PCBs were detected in sediment at only 5 of the sites and a maximum of 4 of 21 

congeners were present at any site (Table 2; Table SI 3).  Overall, concentrations were low 

(<5 ng/g DW Total PCB concentration) and did not exceed the 59.8 ng/g DW threshold 

(MacDonald et al., 2000).  Sites with PCB detections were Badin Lake and four more 

downstream sites (Figure 6B).  Atrazine was the only CUP detected in the sediment (Table 

2).  It was present at only 4 of the sites and never exceeded the 6.62 ng/g DW screening 

benchmark developed by the US EPA (US EPA, 2006; Figure 6C).   

Thirty-nine of the 42 PAHs evaluated were detected in sediment (Table SI 3).  PAHs 

were summed to get a total PAH concentration in ng/g DW at each site.  Total PAH 

concentrations ranged 1.66–11,068.05 ng/g DW (Table 2).  PAH concentrations were similar 

at all sites except for Route 801, which was slightly elevated, and Badin Lake where PAH 

concentrations were eight times higher than average (Figure 6D).  Total PAH levels exceeded 

the 1,610 ng/g DW threshold effect concentration (TEC) for freshwater ecosystems 

(MacDonald et al., 2000) at two sites, Route 801 and Badin Lake.  PAH concentration did 

not exceed the PEC of 22,800 ng/g DW (MacDonald et al., 2000) at any site.  ESBTU values 

ranged 0.0002–0.069 for acute toxicity and 0.001–0.281 for chronic toxicity (Table SI 6).  
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No sediment TUs exceeded 1, indicating little likelihood of sediment PAHs negatively 

affecting aquatic life.     

 Of the 22 metals analyzed in sediment, 18 were detected.  Concentrations at each site 

and thresholds for each metal (when available) are listed in Table 3.  Mn exceeded the lowest 

effect level of 460 ug/g DW at 5 of the 11 sites and exceeded the severe effect level of 1,100 

ug/g DW at 1 site, Digg’s Tract (Persaud and Jaagumagi, 1993; Figure 7A).  Cd exceeded the 

TEC of 0.99 ug/g DW at all sites (Figure 7B), but did not exceed the PEC of 4.98 ug/g DW 

at any site (MacDonald et al., 2000).  No other metal concentrations exceeded known 

benchmarks.    

 

3.6. Environmental and Fish Muscle Tissue Contaminant Relationships  

PCB and OCP concentrations in the water were not significantly correlated to the 

muscle tissue concentrations of PCBs and OCPs found in black bass (ρ<0.6).  Sediment PCB 

and OCP concentrations were also unrelated to black bass PCB and OCP muscle tissue 

concentrations.  There was no significant relationship between Hg in the sediment and black 

bass tissue.  Sunfish muscle tissue contaminant concentrations were not significantly 

correlated to OCPs or PCBs in water, or OCPs or PCBs in sediment, or sediment Hg.  Catfish 

muscle tissue contaminant concentration was not significantly related to sediment Hg, PCBs, 

or OCPs.  There was also no significant relationship between catfish muscle tissue PCBs or 

OCPs and PCBs or OCPs in water.  
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3.7. Intersex and Contaminants 

 Significant relationships between environmental contaminants and intersex 

occurrence and severity were evaluated for the black bass and sunfish taxa (catfish did not 

have enough intersex individuals for statistical analysis, n=1).  Black bass intersex 

occurrence (% of fish at each site with the intersex condition) was significantly correlated 

with Cu (sediment, μg/g DW, Spearman’s correlation coefficient, ρ=0.72), Hg (sediment, 

μg/g DW, ρ=0.67), Pb (sediment, μg/g DW, ρ=0.64), Mn (sediment, μg/g DW, ρ=0.78), Sr 

(sediment, μg/g DW, ρ=0.66), PAHs (sediment, μg/g DW, ρ=0.64), PCBs (sediment, μg/g 

DW, ρ=0.88) and OCPs (sediment, μg/g DW, ρ=0.89).  Black bass intersex severity was not 

correlated to any environmental variable.  Sunfish intersex occurrence was significantly 

correlated with Ba (sediment, μg/g DW, ρ=0.65) and Si (sediment, μg/g DW, ρ=0.70).  

Sunfish severity was correlated with Ba (sediment, μg/g DW, ρ=0.78), Cu (sediment, μg/g 

DW, ρ=0.64), Hg (sediment, ng/g DW, ρ=0.69), Mn (sediment, μg/g DW, ρ=0.67), Si 

(sediment, μg/g DW, ρ=0.83), and Sr (sediment, μg/g DW, ρ=0.64).  

Adequate sample size of intersex (n=32) and non-intersex (n=48) black bass 

individuals allowed analysis of relationships between intersex condition and environmental 

contaminant concentrations.  PAHs, OCPs, CUPs, and PCBs (water, ng/L) were significantly 

higher in relation to the intersex black bass, relative to those without the condition.  PAHs, 

OCPs, and PCBs were significantly higher in the sediment (μg/g DW) at sites with intersex 

black bass individuals.  Ba, Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni, Pb, Si, Sr, and V concentrations 

(sediment, ng/g DW) were also significantly higher at sites with intersex individuals.  K and 

Mg (sediment, μg/g DW) were significantly lower at sites with intersex individuals.    
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3.8. Principal Components Analysis 

 Principal component analysis was applied to assess the relationship of environmental 

contaminants on the intersex occurrence and severity of black bass and sunfish.  Two 

principal components accounted for 68.9% of data variability for black bass intersex 

occurrence and severity (Figure 8A, Table SI 7).  Sites with high intersex occurrence and 

severity clustered most closely to PAHs in the water.  Occurrence and severity were similarly 

related to the other waterborne and sediment contaminants.  Sites with lower intersex 

occurrence (<20%) were clustered and less correlated with any EACs.  Two principal 

components accounted for 63.2% of data variability in sunfish intersex occurrence and 

severity (Figure 9B, Table SI 7).  Occurrence closely clustered with PAHs in the water.  

Severity grouped evenly between Hg in the sediment and PAHs in the water.  Most lower 

(<8%) intersex occurrence sites clustered together, away from EAC variables.  Intersex 

occurrence and severity in sunfish and black bass both grouped between waterborne and 

sediment sequestered EACs, with PAHs in the water and Hg in the sediment being the most 

correlated for black bass and sunfish, respectively.   

 

3.9. Intersex Models 

 A total of 10 confidence models were developed for bass intersex occurrence using 

the AICc analysis for model selection.  The most plausible candidate model weight (wi) was 

0.244.  All candidate models with wi greater than 0.0244 (10% of the best-fitting model) were 

selected as confidence models (Table 4).  Top models included OCPs (water) and Hg 

(sediment) as explanatory variables.  Variable ranking also identified OCPs (water) and Hg 
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(sediment) in the top two rankings for the bass intersex occurrence model (Table 5).  Bass 

intersex severity modeling yielded three confidence models.  The most plausible candidate 

model weight was 0.4317, and two more models were selected within the 10% wi range 

(Table 6).  Only two variables were included within these three models, atrazine (water) and 

industrial EACs (water).  These variables were also highly ranked (Table 7).   

   A total of five confidence models were developed for sunfish intersex occurrence.  

The most plausible model wi was 0.3452.  Additional confidence models were selected with 

wi ≥ 0.03452 (Table 4).  All confidence models were comprised of one variable, with PAHs 

(water) and PCBs (water) being most plausible.  PAHs (water) and Hg (sediment) were the 

highest-ranking model variables (Table 5).  Sunfish intersex severity modeling developed 10 

confidence models.  The most plausible model included PAHs (water, ng/L, wi=0.2645).  

Nine additional confidence models were selected with wi ≥0.02645 (Table 6).  PAHs (water) 

and Hg (sediment) were the top ranking variables for this model set (Table 7).      

 

4. Discussion 

4.1. Intersex Occurrence and Severity 

My results indicate that the intersex condition occurs throughout the Yadkin-Pee Dee 

River at varying frequencies, is dependent on species, and is related to EACs.  Black bass 

displayed the intersex condition most frequently, which is similar to other studies that 

examined intersex in riverine fishes (Lee Pow et al., 2016; Hinck et al., 2006; Hinck et al., 

2009). The percentage of black bass with intersex (40%) lies within ranges of intersex 

occurrence in previous studies (Blazer et al., 2007; Blazer et al., 2014; Kellock et al., 2014; 
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Hinck et al., 2009).  Intersex was also found in sunfish, but to a lesser extent (7% compared 

to 40% in black bass), which is similar to findings of Lee Pow et al. (2016).  Intersex was 

almost non-existent in catfish (1% of individuals at 9% of sites), which differs from findings 

by Barnhoorn et al. (2004), who found 20% intersex occurrence in Sharptooth Catfish 

(Clarias gariepinus) and Hinck et al. (2009), who found 7% intersex in Channel Catfish 

(Ictalurus punctatus) at 50% of sites.  This variation in catfish intersex may be due to species 

differences or varying EAC exposures.  Another study of Sharptooth Catfish (Brink et al., 

2012) found subtle changes in EAC biomarkers, but no intersex condition, indicating limited 

catfish susceptibility to EACs.   

Intersex severity also varied among sites and species.  Black bass severity was, on 

average, higher than both sunfish and catfish.  For example, 60% of black bass were 

identified as severity 3 or 4 and the majority (75%) of intersex sunfish were classified as 

either severity 1 or 2.  One catfish (Channel Catfish) displayed the intersex condition and was 

identified as a severity “2”.  Most related studies do not include a severity index, and there is 

little known regarding severity among different species; however, black bass may be more 

susceptible to intersex based on frequent higher severity rankings. 

Differences in fish health parameters between intersex and non-intersex black bass 

were not detected.   There were also no significant distinctions in health parameters between 

the severities.  This lack of variation in fish health parameters and intersex condition is 

consistent with other studies that found little to no significant relations (Hinck et al., 2009; 

Kellock et al., 2014).  Hinck et al. (2009), however, found significant differences in age and 

reproductive stage of fish that displayed the intersex condition in the Yadkin-Pee Dee River. 
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I did not determine age or reproductive stage and thus could not assess these influences in my 

study.  Overall, the intersex condition was not related to general fish health parameters such 

as length, weight, or GSI of black bass.  

 

4.2. EACs  

EACs were prevalent at all 11 sites examined on the Yadkin-Pee Dee River.  In total, 

169 contaminants were analyzed and many (58%, n=98) were detected in fish muscle tissue, 

sediment, or surface water (Table SI 3).  Contaminant detection and concentration in muscle 

tissue of fish were generally lowest in sunfish.  This may be due to the sunfishes’ lower 

trophic level in the food web and consumption of primary consumers, compared to black 

bass, which are piscivorous secondary consumers and may, therefore, be exposed to more 

EACs through their diet (Keast, 1978; Walter III and Austin, 2003).  This lower level of 

dietary exposure in sunfish may help to explain the observed differences in intersex 

occurrence between sunfish and black bass.  As opportunistic omnivores, it is difficult to 

infer a relationship between catfish diet and the intersex condition (Graham, 1999).   

PAHs were detected at every site in water and sediment.  Sediment PAHs were the 

only EAC that exceeded published thresholds for aquatic life in sediment.  Although levels 

did not exceed an ESBTU value of 1, these levels only refer to acute and chronic toxicity and 

may not account for reproductive impairment or reduction in overall health.  PAHs are 

ubiquitous in the environment and reach higher levels through anthropogenic sources such as 

coal- and gas-fired power plants, and many industrial processes (NRC, 1983).  When PAHs 

enter aquatic environments, they adsorb onto organic particulate matter with most PAHs 
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adsorbing rapidly onto the sediment particles (Tuvikene, 1995).  In our study, intersex black 

bass were associated with higher PAH concentrations in sediment (p=0.003) and water 

(p=0.0002).  PAHs adversely impact organisms through suppression of the immune system, 

acting as anti-estrogens, and altering reproduction in fish (Tuvikene, 1995).  Water PAHs 

were identified as the top explanatory variable in the sunfish intersex model and were 

associated with occurrence and severity in the PCA model.  Sediment PAHs were also 

important in explaining the variation in black bass intersex.  Negative effects of PAHs on fish 

endocrine and immune systems helps explain the intersex condition that I detected in the 

Yadkin-Pee Dee River and suggest that PAH exposure and effects be investigated further.   

OCPs were detected at every site in the water and sediment compartments of the nine 

most downstream sites.  However, none of the OCPs exceeded aquatic life thresholds, when 

they were available.  Chlordanes and 4'4-DDE were the most prevalent OCPs in water and 

sediment.  Hexachlorobenzene was also detected in water and in the sediment at one site 

(Badin Lake).  OCPs were used extensively in agriculture and mosquito control from the 

1940s to the 1960s and are, for the most part, now banned from use in the U.S.  OCPs and 

their metabolites are extremely persistent in the environment and can bioaccumulate in 

organisms and biomagnify through the food webs (Skaar et al., 1981).  The OCPs that I 

detected have been shown to bind and compete for androgen and estrogen receptors, inhibit 

androgen production, and block estradiol binding, thus possibly interrupting normal 

endocrine function (Mnif et al., 2011).  Associated concentrations of OCPs in water and 

sediment were significantly higher in intersex black bass.  Water concentration of OCPs were 

the highest ranking variables in the black bass intersex occurrence model and this may be due 
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to bioaccumulation and the black bass’ position as an apex predator.  Sediment OCPs were 

also important for black bass intersex occurrence, but were less important than waterborne 

OCPs.  Water and sediment OCPs were not very relevant in sunfish intersex modeling and 

PCA, possibly due to the fishes’ lower trophic position.  

PCBs were detected in water at downstream sites and in the sediment of five sites.  

All PCB levels were low and did not exceed published aquatic life thresholds.  PCBs are 

known persistent EACs and cause endocrine disruption and alter reproductive capabilities in 

fish (Baldigo et al., 2006; Hillis et al., 2015; Simmons et al., 2014).  Elevated concentrations 

of PCBs in sediment and water were associated with black bass intersex.  Waterborne PCBs 

were equally important in both the black bass and sunfish intersex occurrence models, and 

this is due to their endocrine disruption capabilities, persistence, and ability to bioaccumulate 

into all trophic levels of a food web.   

CUPs were detected at 10 of the 11 sites in water and at 4 of the sites in sediment.  

Atrazine, simazine, and metolachlor were frequently detected in the water and atrazine was 

the only CUP detected in sediment.  CUPs are used on agricultural lands and in the Yadkin-

Pee Dee River basin, agriculture accounts for 24% of land use (Homer et al., 2015).  CUPs 

are capable of endocrine disruption by acting as anti-androgens, strong estrogens, and 

receptor activators (Mnif et al., 2011).  With existing pesticide use, and probable future use 

in NC and SC, CUPs will most likely remain in the aquatic environment for the foreseeable 

future.  The toxicity of many CUPs has not been fully investigated for aquatic organisms and 

even less is known about the effects of pesticide mixtures or interactions with other EACs.  

In the PCA, CUPs tracked closely with industrial EACs, but were not explicitly related to 
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intersex occurrence or severity in black bass or sunfish.  Atrazine (the representative CUP for 

modeling) was not identified as particularly important for explaining intersex occurrence in 

black bass or sunfish and was not significantly different between intersex and non-intersex 

black bass.  This may be because of the low concentrations and overall detections of atrazine 

or CUPs in general.  However, an important limitation was that water (PSD) sampling 

occurred for a one-month duration and CUP application times may vary throughout the year.  

A more comprehensive CUP field assessment coupled with laboratory testing during critical 

windows of fish development may bring to light CUP effects on fish health in natural 

environments.  Atrazine was a predominant variable in black bass intersex severity, and this 

may indicate that CUPs have a more influential role on EAC effects in areas where initial 

disruptions are occurring (areas of intersex occurrence).        

Industrial EACs and estrogens have been increasingly investigated because of their 

potential to cause endocrine disruption at low concentrations (ng/g, ng/L; Mills and 

Chichester, 2005).  In my study system, industrial EACs (BPA and nonylphenol), E2β-Eq, 

and EE2 were detected at most sites and were often found in higher concentrations 

downstream of, or in association with, urbanized areas.  Six other estrogens were not 

detected in the river, but this may be due to instrument and method detection limits.  In the 

future, improved methods for detecting estrogens and other EACs in environmental samples 

will be critical because EACs are thought to be capable of disruption at very low 

concentrations or within mixtures (Brian et al., 2007; Kolpin et al., 2002).  EE2 is a synthetic 

estrogen and is >10 fold more potent than estradiol for several estrogen receptors and has a 

low threshold (0.1 ng/L), making its presence in the river of great concern (Caldwell et al., 
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2012; Thorpe et al., 2003).  Industrial EACs and estrogens were not important explanatory 

variables in PCA or modeling of black bass or sunfish intersex occurrence.  Similar to CUPs, 

these compounds may fluctuate in the environment due to flow and input.  

Within fish muscle tissue and sediment samples, up to 18 different metals were 

detected at almost all sites.  Most metal concentrations did not exceed thresholds; however, 

Mn and Cd exceeded thresholds for aquatic life in sediment, and Hg in fish exceeded human 

health consumption thresholds in several specimens.  Even at low concentrations, Cd enters 

the food web and bioaccumulates.  It can interfere with steroid hormones of both male and 

female reproductive organs by disrupting biosynthesis of hormones and by binding to both 

androgen and estrogen receptors (Georgescu et al., 2011).  Mn is a naturally occurring metal 

but can be found at higher levels in the environment because of anthropogenic influences 

such as industrial waste discharges, combustion of fossil fuels, mining, and leaching from 

landfills (ATSDR, 2012).  Mn has been studied very little in fish; however, a study on rats 

found that Mn altered the production and secretion of reproductive hormones (Pine et al., 

2005).  Hg, and associated methylmercury, can cause adverse reproductive effects through 

suppressed and altered hormone levels (Tan et al., 2009).  The presence of these heavy 

metals in both sediment and fish tissue is of concern because of the direct impacts they may 

exert on the endocrine system.  Sediment Hg (the representative metal chosen for PCA and 

modeling) tracked with intersex severity in sunfish and, to a lesser extent, intersex 

occurrence in black bass when examining PCA results.  Modeling identified Hg as high 

importance in black bass and sunfish intersex occurrence and sunfish intersex severity.  
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4.3. Riverine Contaminants and Intersex Trends 

No distinct longitudinal trend in the fish intersex condition was observed within the 

Yadkin-Pee Dee River, which may be due to variable inputs of EACs, fluctuations in habitat 

characteristics and fish assemblages, and the dynamic nature of the river system.  Some 

waterborne EACs (PCBs, nonylphenol, EE2, BPA) had elevated concentrations at 

downstream sites, and these may be due to influx from the confluence of smaller rivers, that 

may be influenced by wastewater effluent from several major cities.  Sediment EACs did not 

exhibit any longitudinal trend and this may be due to sediment accumulation occurring 

locally from pollution sources and the possible lack of EAC degradation in sediment.  Fish 

tissue concentrations also did not exhibit longitudinal trends, again presumably because of 

varying species and EAC inputs along the river.  Hg concentrations in muscle tissue were 

elevated at the most downstream sites and this is likely due to the stimulation of 

methylmercury production in the sediments of low pH areas (i.e., swamps) that drain into the 

lowland rivers (Jernelov, 1972).   

By examining EACs and the fishes in freshwater ecosystems, these organisms may 

function as sentinels for human populations and to investigate human health.  EACs, and 

particularly estrogenic EACs, have been found in sediment, surface water, ground water, 

wastewater, aquatic life, and even the atmosphere (Campbell et al., 2006).  To protect human 

health and ecosystems, it is imperative that contaminant influx be reduced and best practices 

for doing so are determined.  Improved wastewater technologies, reduced outputs from 

industrial and power production facilities, low impact agriculture practices, and public 

awareness of EAC effects on the environment may be beneficial first steps.  
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4.4. Future Implications 

Long-term exposure to EACs, even at low concentrations, has raised concern for 

population-level effects of fishes (Nash et al., 2004).  Although population level threats were 

not examined in this study, EACs have been shown to cause population collapse of Fathead 

Minnow (Pimephales promelas) in a lake environment (Kidd et al., 2007).  Monitoring of 

intersex condition, overall fish health, and EAC concentrations in the Yadkin-Pee Dee River 

will be required to detect reproductive failure or other population-level impacts.  With 

probable increased anthropogenic impacts and new chemical contaminants being produced 

and released into the environment, it will be vital to investigate EACs in the environment and 

their subsequent influences on fish health and populations.  In addition to contaminant 

monitoring, it may be necessary to improve wastewater treatment, reduce runoff, and 

mitigate overall contaminant pollution to reduce inputs of EACs into the aquatic 

environment.   

In conclusion, the intersex condition appears to be correlated with both sediment and 

waterborne EACs, which are taxon-specific.  There is a possibility that mixtures of EACs, 

working in an additive or synergistic manner, may increase their toxicity to organisms 

(Rajapakse et al., 2002).  This mixture of EACs was also evident in the Lee Pow et al. (2016) 

study where it appeared that different EACs influenced the intersex condition and its 

severity.  Further, the absence of intersex does not necessarily indicate that a fish is 

reproductively viable and thus, monitoring other reproductive biomarkers and reproductive 

success should be considered when evaluating the health of fish populations.  Using 

modeling and PCA, we identified which variables are most plausible for explaining intersex 
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occurrence in black bass and sunfish.  Although modeling was limited by sample sizes, this 

method is a valuable initial exploratory exercise for identifying relationships between EACs 

and the intersex condition.  Our findings document a strong correlation between EACs and 

intersex and provide the basis for future research to examine molecular mechanisms involved 

with the development of the intersex condition.  Such mechanistic research, along with 

additional field research, may further elucidate individual- and population-level effects of 

contaminants in aquatic systems toward sustainability of wild fish populations and help 

determine best management practices.    
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Tables 

 

Table 1.  Fish collected at each site by species and group.  Numbers within parentheses are the number of individuals with intersex 

and the mean intersex severity. LMB: Largemouth Bass.  SMB: Smallmouth Bass.  SPB: Spotted Bass.  RES: Redear Sunfish.  WAR: 

Warmouth.  BLG: Bluegill.  RBS: Redbreast Sunfish.  PKS: Pumpkinseed.  CHC: Channel Catfish.  WHC: White Catfish.  BLC: Blue 

Catfish.  FHC: Flathead Catfish.  

 

 

 

Site LMB SMB SPB RES WAR BLG RBS PKS CHC WHC BLC FHC 

Kerr Scott R. 3 
 

7 (1,4) 1 2 10 (1,1) 1 
 

1 6 
  

Ronda 
 

2 5 (1,2) 
  

1 4 
 

1 
   

Route 801 
        

1 
 

2 1 

Badin Lake 10 (8, 2.6) 
  

3 (1,2) 
 

9 1 
  

2 
  

Red Hill 2 (2,3) 
  

2 
 

8 
  

2 
 

4 1 

Blewett Lake 10 (2,2) 
    

10 
  

2 
   

74 Bridge 3 (1,4) 
  

2 
  

8 (1,1) 
 

5 
 

5 
 

Digg's Tract 5 (4,2.3) 
  

4 
 

4 4 (2,2) 
 

6 
 

4 
 

Society Hill 8 (6,3.7) 
  

1 (1,4) 
 

9 (1,1) 
  

2 
 

6 2 

Pee Dee 10 (6,2.3) 
  

2 
 

8 
  

1 
 

5 3 

Bucksport 15 (1,1) 
  

9 (1,1) 1 6 1 1 
  

11 (1,2) 3 

Total Collected 

Per Species 
66 2 12 24 3 65 19 1 21 8 37 10 

Total Collected 
Black Bass Sunfish Catfish 

80 112 76 

Intersex (%) 40 (n=32) 7.14 (n=8) 1 (n=1) 

Mean Severity 2.72 1.75 2 
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Table 2.  Water (ng/L) and sediment (ug/g DW) contaminant concentrations at each site.  Values in bold exceed published thresholds 

for aquatic life (Caldwell et al., 2012; US EPA, 2005; Aschberger et al., 2010; MacDonald et al., 2000; US EPA, 2006).  NA: no 

known thresholds exist. BDL: below detection limits.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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

Threshold 

and Site PAHs OCPs PCBs CUPs EE2 

Nonyl-

phenol BPA 

E2β-

Eq. 

 

PAHs OCPs PCBs Atrazine 

Threshold NA NA 14 NA 0.1 6600 1500 2.0  1610 NA 59.8 6.62 

Kerr Scott 

R. 128.60 0.26 0.03 BDL BDL 0.85 BDL 0.269 

 

1.66 BDL BDL BDL 

Ronda 105.22 1.64 0.04 3.16 BDL 0.56 BDL 0.507  349.73 BDL BDL BDL 

Route 801 219.00 5.01 0.35 39.36 BDL 0.7 0.62 0.895  2960.20 2.28 BDL BDL 

Badin Lake 152.47 1.67 0.04 24.04 BDL 0.4 0.4 0.212  11068.05 101.49 1.03 BDL 

Red Hill 118.86 12.29 1.36 153.99 0.62 0.21 0.89 0.103  595.33 1.06 2.97 3.8 

Blewett 

Lake 72.60 2.83 0.63 20.18 1.35 0.97 0.65 0.282 

 

7.34 BDL BDL 0.7 

74 Bridge 95.23 3.05 0.92 315.55 1.97 3.1 1.4 1.259  383.48 0.99 0.15 0.85 

Digg's Tract 134.48 3.46 4.92 74.07 0.84 2.4 1.9 0.118  1343.62 2.81 5.18 BDL 

Society Hill 238.25 5.29 6.67 205.05 0.33 4.6 2.51 0.351  237.26 0.74 0.48 BDL 

Pee Dee 159.44 4.53 7.31 190.66 1.62 3.5 1.05 0.533  210.94 0.49 BDL BDL 

Bucksport 113.70 1.85 1.47 29.38 0.27 1.4 2.27 0.32  336.66 BDL BDL 3.4 
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Table 3.  Sediment metal concentrations (ug/g DW) at each site.  Lightly shaded values indicate a TEC/LEL threshold has been 

exceeded.  Darkly shaded values indicate a PEC/SEL threshold has been exceeded. DL: detection limit (ug/g DW).  TEC: threshold 

effect concentration (ug/g DW; MacDonald et al., 2000).  LEL: lowest effect level (ug/g DW; Persaud and Jaagumagi, 1993).  PEC: 

predicted effect concentration (ug/g DW; MacDonald et al., 2000). SEL: severe effect level (ug/g DW; Persaud and Jaagumagi, 1993). 

* indicates a LEL or SEL threshold.  BDL: below detection limit.   

 

    Site 

Metal DL 

TEC/L

EL* 

PEC/

SEL* 
Kerr 

Scott R. Ronda 

Route 

801 

Badin 

Lake 

Red 

Hill 

Blewett 

Lake 

74 

Bridge 

Digg's 

Tract 

Society 

Hill 

Pee 

Dee 

Buck-

sport 

Aluminum (Al) 0.5 NA NA 1656.0 659.0 1505.8 1011.6 1192.8 393.7 687.3 1620.8 859.1 836.8 1086.3 

Barium (Ba) 0.25 NA NA 98.3 49.4 113.8 108.7 85.9 34.2 64.1 177.3 95.7 73.6 90.2 

Berylium (Be) 0.25 NA NA 0.4 BDL 0.7 BDL 0.5 BDL BDL 0.9 0.5 0.5 0.6 

Cadmium (Cd) 0.25 0.99 4.98 2.3 1.1 2.7 4.2 2.9 1.2 1.7 3.6 1.9 1.8 2.0 

Cobalt (Co) 0.25 NA NA 8.7 4.8 10.3 15.7 8.5 4.2 6.2 15.9 8.4 7.4 6.9 

Chromium (Cr) 0.25 43.4 111 6.8 10.6 24.5 14.4 19.5 8.2 12.3 26.1 15.5 15.6 19.1 

Copper (Cu) 0.25 31.6 149 8.0 6.4 17.8 41.5 21.1 2.7 10.3 25.8 12.5 10.1 12.3 

Iron (Fe) 0.5 20,000* NA 2226.6 1032.9 2446.8 3591.5 2617.8 1109.4 1435.6 3155.8 1693.3 1597.8 1797.3 

Mercury (Hg) 0.001 0.18 1.06 0.016 0.006 0.024 0.076 0.053 0.003 0.022 0.062 0.029 0.014 0.028 

Potassium (K) 0.5 NA NA 4424.6 1475.6 2183.5 274.3 554.0 1879.9 711.4 906.7 747.2 890.3 812.9 

Magnesium (Mg) 0.5 NA NA 3500.5 1829.9 3264.2 945.9 1908.6 1457.1 1218.1 2416.2 1549.5 1797.3 1929.6 

Manganese (Mn) 0.25 460* 1100* 210.0 107.4 540.3 759.1 724.3 100.0 424.3 2595.3 920.5 458.2 226.1 

Nickel (Ni) 0.25 22.7 48.6 BDL BDL 5.0 4.8 7.9 BDL 3.3 11.8 5.9 4.7 6.4 

Lead (Pb) 0.25 35.8 128 6.4 4.4 13.3 13.2 9.8 3.7 6.9 15.2 8.1 8.7 9.0 

Silicon (Si) 0.5 NA NA 1041.5 638.2 1314.8 1573.2 544.0 478.7 809.1 1263.5 1116.7 916.2 858.8 

Strontium (Sr) 0.25 NA NA 9.9 4.0 16.3 40.3 12.2 2.3 7.9 21.1 10.1 8.1 8.5 

Vanadium (V) 0.25 NA NA 25.6 14.6 38.4 83.0 37.8 17.6 22.4 46.8 26.7 24.8 28.4 

Zinc (Zn) 0.25 121 459 44.2 30.8 65.2 31.0 28.3 16.2 28.9 71.3 38.0 35.6 42.7 
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Table 4.  Intersex occurrence (%) confidence models for black bass and sunfish.  Confidence 

models are models with AICc weights 10% or more of the top model. (+) indicates a positive 

relationship with severity.  (–) indicates a negative relationship with severity.   

 

 Taxon Model r2 AICc ΔAICc 

AICc 

Weight 

Black 

Bass 
OCPs (Water, +); Hg (Sediment, +) 0.82 97.44 0.00 0.244 

PCBs (Water, +); OCPs (Water, +); Hg 

(Sediment, +) 
0.92 98.22 0.78 0.165 

PCBs (Water, +); OCPs (Water, +); 

PAHs (Sediment, +) 
0.91 98.79 1.35 0.124 

OCPs (Water, +); PAHs (Sediment, +) 0.76 100.15 2.71 0.063 

Hg (Sediment, +) 0.55 100.25 2.80 0.060 

PCBs (Water, +); Hg (Sediment, +) 0.74 100.90 3.45 0.043 

OCPs (Water, +); OCPs (Sediment, +) 0.73 101.11 3.67 0.039 

PCBs (Water, +); OCPs (Water, +); 

OCPs (Sediment, +) 
0.89 101.13 3.69 0.039 

OCPs (Water, +); PAHs (Water, +); Hg 

(Sediment, +) 
0.89 101.68 4.23 0.029 

OCPs (Water, +) 0.48 101.74 4.30 0.028 

Sunfish PAHs (Water, +) 0.38 72.04 0.00 0.3452 

PCBs (Water, +) 0.16 75.15 3.11 0.0729 

Mercury (Sediment, +) 0.14 75.33 3.29 0.0667 

Industrial EACs (Water, +) 0.09 75.98 3.93 0.0483 

Atrazine (Water, +) 0.08 76.01 3.97 0.0474 
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Table 5. Intersex occurrence confidence model variable rankings for black bass and sunfish. 

 

Taxon Variable Rank Sum AICc Weight 

Black Bass OCPs-Water  1 0.7965 

Hg-Sediment 2 0.6436 

PCBs-Water  3 0.3896 

PAHs-Sediment 4 0.2193 

OCPs-Sediment 5 0.1027 

PAHs-Water  6 0.0699 

Atrazine-Water 7 0.0366 

EE2-Water 8 0.0190 

Industrial EACs-Water 9 0.0004 

Sunfish PAHs-Water  1 0.5167 

Hg-Sediment 2 0.1364 

PCBs-Water  3 0.1304 

Industrial EACs-Water 4 0.1017 

Atrazine-Water  5 0.0996 

OCPs-Water 6 0.0894 

EE2-Water 7 0.0839 

PAHs-Sediment 8 0.0738 

OCPs-Sediment 9 0.0727 
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Table 6.  Intersex severity (average per site) confidence models for black bass and sunfish.  

Confidence models are models with AICc weights 10% or more of the top model.   (+) 

indicates a positive relationship with severity.  (–) indicates a negative relationship with 

severity.  

 

Taxon  Model r2 AICc ΔAICc 

AICc 

Weight 

Black 

Bass 

Atrazine (Water, +); Industrial EACs 

(Water, –) 
0.69 31.12 0.00 0.4317 

Atrazine (Water, +) 0.25 34.01 2.89 0.1018 

Industrial EACs (Water, +) 0.23 34.38 3.26 0.0845 

Sunfish PAHs (Water, +) 0.42 30.95 0.00 0.2645 

Hg (Sediment, +) 0.33 32.46 1.51 0.1243 

PAHs (Water, +); Hg (Sediment, +) 0.59 33.59 2.64 0.0707 

PAHs (Sediment, +) 0.18 34.47 3.51 0.0456 

OCPs (Sediment, +) 0.16 34.71 3.75 0.0405 

OCPs (Water, –); PAHs (Water, +) 0.53 34.87 3.91 0.0374 

PAHs (Water, +); PAHs (Sediment, +) 0.52 34.99 4.03 0.0352 

PAHs (Water, +); OCPs (Sediment, +) 0.51 35.32 4.37 0.0298 

EE2 (Water, –) 0.10 35.40 4.45 0.0286 

PCBs (Water, –); PAHs (Water, +)  0.50 35.54 4.59 0.0267 
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Table 7. Intersex severity confidence model variable rankings for black bass and sunfish. 

 

 

Taxon Variable Rank Sum AICc Weight 

Black Bass Atrazine- Water 1 0.6549 

Industrial EACs- Water  2 0.6278 

PAHs- Water  3 0.1035 

EE2- Water 4 0.0634 

PCBs- Water 5 0.0548 

Hg- Sediment  6 0.0507 

OCPs- Sediment 7 0.0505 

OCPs- Water 8 0.0504 

PAHs- Sediment 9 0.0496 

Sunfish PAHs- Water 1 0.5403 

Hg- Sediment 2 0.2924 

OCPs- Water  3 0.1211 

PAHs- Sediment 4 0.1144 

OCPs- Sediment  5 0.1012 

PCBs- Water 6 0.0904 

EE2- Water 7 0.0767 

Industrial EACs- Water 8 0.0589 

Atrazine- Water 9 0.0579 
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Figures 

 

Figure 1. Map of the Yadkin-Pee Dee River basin in North Carolina and South Carolina and 

the 11 study sites.   
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Figure 2. Total number of black bass (A), sunfish (B), and catfish (C) analyzed for intersex at 

each site.  Sites are arranged (left to right) from upstream to downstream.  
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Figure 3.  Total OCP (A) and total PCB (B) concentration in black bass, sunfish, and  

catfish muscle tissue (mean ± standard error). Sites having the same letter indicate no 

significant difference (p>0.05).  
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Figure 4. Total OCP (A), total PCB (B), and Hg (C) muscle tissue concentrations at each site 

(mean ± standard deviation).   
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Figure 5.  Concentrations of E2β-Eq. (A), PAHs (B), OCPs (C), PCBs (D), CUPs (E), 

nonylphenol (F), BPA (G), and EE2 (H) in ng/L at each site.   
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Figure 6. Sediment concentrations of OCPs (A), PCBs (B), atrazine (C), the only CUP 

detected), and PAHs (D) in ng/g DW at each site.  
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Figure 7.  Manganese (A) and cadmium (B) sediment concentrations at each site (ng/g DW), 

with severe effect and lowest effect manganese threshold level concentrations (Persaud and 

Jaagumagi, 1993) and probable effect (i.e., above which harmful effects are likely to be 

observed) and threshold effect (i.e., below which harmful effects are unlikely to be observed) 

cadmium concentrations (MacDonald et al., 2000).   
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Figure 8.  Principal components analysis for black bass (A) and sunfish (B) intersex and 

severity (solid lines) with sediment PAHs, OCPs, and Hg (ug/g DW, dotted lines) and water 

CUPs, industrial EACs, PCBs, OCPs, EE2, PAHs, and E2β-Eq (ng/L, dashed lines).  Labels 

are percent intersex occurrence per site (see legend).
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CHAPTER 2 

Survival and Contaminant Accumulation  

in Riverine Fish Assessed with an In Situ Bioassay 

Approach 

 

Abstract 

The aim of this research was to determine if aquatic contaminant stressors in a river 

ecosystem affect the survival and health of juvenile fish using an in situ bioassay approach.  

With two sequential 28-d in situ bioassays, we assessed the survival of three species of fish, 

Largemouth Bass Micropterus salmoides (LMB), Fathead Minnow Pimephales promelas 

(FHM), and Robust Redhorse Moxostoma robustum (RRH).  Hatchery-propagated fish were 

placed into cages (20 of each species in 3 replicated cages at each site; LMB and FHM in 

bioassay 1 and RRH and FHM in bioassay 2) located along the length of the Yadkin-Pee Dee 

River in North Carolina and South Carolina, and contaminants were measured in the 

sediment and surface water near the cages.  No apparent longitudinal trends in fish survival 

were detected, and contaminant concentrations varied among sites.  Juvenile LMB and RRH 

did not survive past 13 and 23 days with corresponding Kaplan-Meier (K-M) median 

survival estimates of 9.7 d and 12.1 d, respectively.  In contrast, survival of LMB and RRH 

in reference cages at their respective hatchery ponds were much greater with 70% of LMB 

and 67% of RRH surviving to the end of the 28-d bioassay, validating the bioassay 
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procedure.  Survival of adult FHM deployed in cages alongside the juvenile LMB or RRH 

averaged 43% survival at the end of the 28-d exposure with a 22-d K-M median survival 

estimate.  Intersex (a biomarker of endocrine disruption) was not observed in any adult FHM 

(baseline or post-exposure).  Contaminant accumulation in bioassay FHM was apparent, 

when compared to baseline concentrations, for almost all contaminants measured, with 

highest accumulated concentrations in polychlorinated biphenyls, organochlorine pesticides, 

and mercury.  Contaminants and other water quality stressors in this river system appear to 

detrimentally impact juvenile fish survival and overall health with presumed effects at the 

fish assemblage and community levels.    

 

Keywords 

In situ bioassay, fish, contaminants, survival, intersex, Robust Redhorse 
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1. Introduction 

With increasing human populations and associated anthropogenic influences, 

understanding and protecting aquatic ecosystems is critical.  Aquatic ecosystems are 

especially vulnerable to anthropogenic impacts because they receive and sequester many 

contaminants (Scholz and Mayer, 2008).  Contaminants are being released from industrial, 

agricultural, and municipal activities, and the magnitude and frequency of releases is likely to 

grow as human sprawl continues (Daughton and Ternes, 1999).  In the southeastern United 

States, where this study was conducted, many diverse assemblages of animals are at risk, and 

threats continue to increase (Warren et al., 2000), associated with substantial human 

population and infrastructure growth.  The many contaminants that enter aquatic ecosystems 

can be detrimental to the health and survival of organisms.  Contaminants which are 

commonly introduced into aquatic systems include polychlorinated biphenyls (PCBs), 

organochlorine pesticides (OCPs), polycyclic aromatic hydrocarbons (PAHs), 

pharmaceuticals, bisphenol A (BPA), and heavy metals, among others (Hinck et al., 2009; 

Muthumbi et al., 2003).     

Contaminants cause reproductive problems through endocrine disruption, high levels 

of stress and reduced ability to combat stress, altered behaviors, and ultimately death 

(Colman et al., 2009; Kidd et al., 2007; Tan et al., 2009).  Exposure during critical periods of 

development can also be important in determining how an organism will respond to 

contaminants (Barton and Andersen, 1998).  In addition to causing impaired health and 

mortality, contaminants, and especially contaminants with estrogenic properties, cause the 

occurrence of the intersex condition (Bahamonde et al., 2013).  Intersex, in this study, is 



 

 66  

defined as the presence of female germ cells within a predominantly male gonad (Nolan et 

al., 2001).  Research on fish intersex has previously been conducted throughout the United 

States by Hinck et al. (2009).  Their survey involved examining intersex in adult male black 

bass and included three sites on the Yadkin-Pee Dee River of North Carolina and South 

Carolina.  They found that fish intersex occurrence in this river was the highest detected of 

any location they sampled throughout the United States.  That study, along with the 

knowledge of impacts caused by dense human populations, industry, wastewater treatment, 

agriculture, and concentrated animal feeding operations in this area, motivated our research 

to examine contaminant impacts on the survival and health of riverine fish.  Fish are 

regularly considered an indicator of aquatic ecosystem health, because they are continuously 

exposed to the contaminants in their environments (Blazer et al., 2012).  By examining fish 

health and survival, researchers are able to assess water quality stressors and the overall 

condition of the river ecosystem.       

The Yadkin-Pee Dee River is an important study system, because it is home to a rare 

fish species, the Robust Redhorse Moxostoma robustum.  Robust Redhorse (RRH) is a long-

lived sucker species that only inhabits three drainages in the southern United States, and in 

the Yadkin-Pee Dee River, the species is further impacted by habitat alteration (Fisk et al., 

2015).  Population estimates of this species in the Yadkin-Pee Dee River are very low 

(estimated 35-58 adult, spawning individuals, RRCC, 2014).  Past research suggested that 

adequate physical habitat (i.e., water depth and velocity, substrate, and cover) for this species 

exists in the Yadkin-Pee Dee River (Fisk et al., 2015), indicating that water quality may be 
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more problematic than physical habitat availability.  The low population numbers and limited 

recruitment of this imperiled species further motivated our study.  

To study the effects of contaminants on fish in a field setting, our research employed 

the use of in situ bioassays, which allow for ecologically relevant toxicity testing, in a time- 

and cost-effective manner.  Hewitt et al. (2006) and Cope et al. (2011) have previously 

applied this exposure method with other fish species in river ecosystems, and I employed 

similar procedures.  These bioassay exposures allow juvenile and adult, captively-propagated 

fish to be exposed to the river environment in a controlled manner, while giving investigators 

the ability to monitor survival and determine contaminant accumulation at the end of the 

exposure.  This allows researchers to provide a better understanding of what environmentally 

relevant conditions exist, their impacts on organism health and survival, and overall water 

and sediment quality (Goulden, 1999).  Research has examined intersex and contaminant 

effects in adult, wild fish (black bass, sunfish, and catfish); however, less has been done to 

examine contaminant effects on juvenile fish or on fish through in situ bioassays (i.e., 

controlled exposures of organisms to ambient field conditions).         

The objectives of this study utilized in situ bioassays to (1) examine survival of three 

fish species in the river ecosystem, (2) determine whether the intersex condition or other 

obvious health abnormalities develop in exposed fish, (3) assess water and sediment quality, 

and (4) determine whether contaminant accumulation occurs in river-exposed fish over a 

relatively short (28 d) duration.   
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2. Methods 

2.1. Site Selection and Test Design 

Eight riverine sites located on the Yadkin-Pee Dee River in North Carolina and South 

Carolina were selected for our in situ bioassays.  Five sites were located in North Carolina 

and three in South Carolina (Figure 1).  Sites exhibited varying levels of anthropogenic 

influence, land use, and habitat types (Sackett et al., 2015) and were also selected for 

availability of boat access and sampling logistics.  Three of the sites we assessed were 

previously evaluated by Hinck et al. (2009) (Hinck: PRB 336, PRB 337, PRB 338; this study: 

74 Bridge, Pee Dee, Bucksport).  The Digg’s Tract site is a known area of RRH spawning.  

Bioassays were conducted at these sites to assess potential associations between poor RRH 

recruitment and contaminants.  

 The experimental test included the use of three species of fish, Fathead Minnow 

Pimephales promelas (FHM), Largemouth Bass Micropterus salmoides (LMB), and RRH.  

Two separate and sequential in situ bioassays were each conducted for 28 days.  The first 

bioassay utilized adult FHM and juvenile LMB, and the second included adult FHM and 

juvenile RRH.  The bioassays were conducted at the eight selected sites located on the 

Yadkin-Pee Dee River.  At each site, three cages per species were deployed containing 20 

fish each.  Survival and physicochemical properties were monitored every 3 days for the 

duration of the 28-d bioassay.  During each bioassay, in addition to riverine bioassay cages, 

three cages of juvenile LMB and three cages of juvenile RRH were placed at the Watha State 

Fish Hatchery and the McKinney Lake State Fish Hatchery, respectively.  These cages 
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allowed us to determine how well the fish survived in hatchery ponds compared to riverine 

sites.  

  

2.2. Fish Transport and Deployment  

  All FHM used in the bioassays were purchased from Aquatic Biosystems Inc. (Fort 

Collins, CO), were approximately 8 to 10 months old, were all presumptive males (based on 

presence of breeding tubercles), and were housed in ‘clean systems’ with minimal exposure 

to contaminants.  Using a subsample of baseline individuals, which were anesthetized, 

average lengths and weights were determined.  FHM were 65.44 mm ± 0.77 mm and 63.60 

mm ± 1.10 mm total length for the first and second bioassays, respectively (mean ± standard 

error).  FHM were 3.16 g ± 0.14 g and 2.91 g ± 0.15 g weight for the first and second 

bioassays, respectively (mean ± standard error).  LMB were obtained from the Watha State 

Fish Hatchery, North Carolina, and were approximately 30 days old at the beginning of 

testing.  LMB were 27.9 mm ± 0.34 mm (total length, mean ± standard error) and 0.199 g ± 

0.013 g (weight, mean ± standard error).  RRH were acquired from the McKinney Lake State 

Fish Hatchery, North Carolina, and were the captively propagated offspring of adults 

collected from the Yadkin-Pee Dee River.  RRH were approximately 45 days old at the 

beginning of testing.  RRH were 38.60 mm ± 0.26 mm (total length, mean ± standard error) 

and 0.519 g ± 0.011 (weight, mean ± standard error).   

 At the initiation of each bioassay, fish were obtained in-person from the respective 

state hatchery or shipped via overnight courier from Aquatic Biosystems Inc. and placed into 

a fish transport box equipped with a compressed oxygen tank that provided aeration, with 
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adequate temperature acclimation.  Water quality was routinely monitored for dissolved 

oxygen (DO) and temperature (°C) in the fish transport box, and mortality was monitored 

throughout transportation during deployment to bioassay cages in the river.  Fish were 

transported to each riverine site where 60 of each species (60 LMB and 60 FHM, for the first 

bioassay and 60 RRH and 60 FHM, for the second bioassay) were removed from the fish 

transport box and placed into a 5 g bucket for a brief (1 h) acclimation period.  Over the 1-h 

acclimation period, river water (approximately 1 L) was added to the bucket every 15 

minutes.  Twenty fish (of the same species) were placed into each cage with three replicate 

cages per species, per site.  Cages were held in buckets with river water and transported by 

boat to the riverine locations and deployed.  The first in situ bioassay was conducted during 

June 2014, and the second was conducted during July 2014.           

 Cages were constructed with a plexiglass tube (length, 25 cm; outer diameter, 15 cm) 

with 1.6-mm holes drilled into the sides to ensure flow.  Nitex screen (1-mm mesh) was 

secured to each end of the cage with stainless steel circular clamps.  Cages were fastened to a 

concrete block using cable.  Concrete blocks ensured that cages were elevated approximately 

25 cm off the river bottom.  Cages were secured to solid structure on the riverbank with 

parachute cord leads.  Each replicate cage was uniquely identified by different colors and 

numbers of zip ties.  We attempted to place cages nearly parallel to the riverbank to reduce 

drag and allow water flow through the cages. 

 Additional fish, which served as the baseline subsample, were returned to North 

Carolina State University (NCSU) where they were euthanized using a lethal overdose of pH 

buffered tricaine methanesulfonate (MS-222).  Each fish was weighed (g) and measured 
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(total length, mm) and for FHM, the presence or absence of nuptial tubercles was recorded.  

A subsample of fish from this group was then preserved in modified Davidson’s fixative 

(35.15% distilled water, 31.35% ethanol, 22% formalin [37-40%], and 11.5% glacial acidic 

acid) for histological evaluation.  Remaining fish were randomly allocated into groups of 

approximately 25 fish each and stored frozen at -20°C for contaminant analysis.   

 

2.3. Bioassay Monitoring and Termination 

Approximately every three days throughout the in situ bioassays, cages were 

monitored for fish mortality, biofouling, and sediment accumulation.  Each cage was 

carefully pulled to the surface, and the cage was assessed and cleaned, as necessary.  If a 

large mortality event had occurred, dead fish were removed from the cage.  Any vandalism 

or abnormal conditions were noted.  During each monitoring event, water chemistry variables 

including water temperature, conductivity, salinity, DO, and pH were measured using a YSI 

Model 556 multiprobe system and a Beckman Coulter Phi 400 series, model 410 pH meter.   

If complete mortality in a replicate occurred before the end of the planned 28-d 

bioassay, the cage was removed from the river.  At the end of the 28-d duration, any 

remaining cages were retrieved, the total number of live fish was recorded, and cages with 

live fish were labeled and transported to NCSU using an oxygenated fish transport box.  Any 

additional mortality during transportation was noted.  Remaining fish were euthanized with 

MS-222 and subsamples of fish from each site (3-10 depending on survival) were preserved 

in modified Davidson’s fixative.  All other fish were frozen at -20°C for further contaminant 

analysis.  Presence or absence of nuptial tubercles was noted on FHM. 
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2.4. Fish Histopathology 

 Preserved fish were transported to the NCSU College of Veterinary Medicine for 

microscopic evaluation.  Whole fish (some with head or tail excluded depending on size) 

were embedded in paraffin wax, sectioned at 5 μm with a microtome, and stained with 

hematoxylin and eosin.  Following histological preparation, a certified fish pathologist 

examined the slides with light microscopy for the occurrence and severity of intersex, as well 

as any other abnormalities. 

 

2.5. Contaminant Analyses 

 Contaminants were examined in the water and sediment of the Yadkin-Pee Dee River 

at each of the eight sites.  Surface water was analyzed using grab samples (2-L bottles) and 

passive sampling devices (PSDs).  Sediment was analyzed using grab samples of bottom 

sediments.  FHM whole body composite samples were analyzed for contaminants; both 

baseline and river-exposed individuals were assessed.     

   To determine estrogenicity in the water, grab water samples were collected using 

solvent rinsed and baked 2-L amber glass bottles during the fish bioassay period of 2014.  At 

each site, a subsurface sample was collected and acidified to a pH of 2 to prevent bacterial 

degradation.  Samples were placed on ice and transported to NCSU where they were stored at 

4°C for a maximum of 72 h before processing.  Water samples were then filtered and solid 

phase extraction was completed.  Extracts were analyzed for total estrogenic activity by a 

T47D-Kbluc assay, which uses human breast adenocarcinoma cells and 17β-estradiol (E2β) 
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standard to determine E2β equivalent concentrations (E2β Eq–ng/L).  Full descriptions of the 

assay and extraction process were detailed by Yost et al. (2014).  

  Passive sampling devices (PSDs; O’Neal, 2014) were deployed at each site for 

approximately 28 days to determine time-weighted estimated concentrations of waterborne 

contaminants.  Two types of PSDs were deployed.  Low-density polyethylene strips (PEPSD) 

were utilized to sample OCPs, PCBs, and PAHs.  A sorbent containing cartridge, universal 

passive sampling device (UPSD), was used to sample CUPs, hormones, and industrial 

contaminants (Table SI 1).  A cage containing both types of PSDs was connected to the 

shoreline upstream and on the opposite bank of any boat access.  Each PSD cage was 

suspended in the water column by a buoy and kept stationary by attaching a brick.  After 

approximately 28 days, PSDs were collected from each site, removed from their cages, 

wrapped in baked aluminum foil, placed on ice, transported to NCSU, and stored at -20°C 

until extraction.  PEPSDs were serially extracted three times over a 24 h period with a total 

of 150 mL of dichloromethane (DCM).  UPSDs analyzed for CUPs were placed in 20 mL 

vials and serially extracted two times over a 4 h period with a total of 40 mL DCM.  Extracts 

were concentrated, filtered, and stored at -20°C until analysis.  Extracts were further 

concentrated under a gentle stream of nitrogen to approximately 0.5 mL just prior to analysis.  

UPSDs analyzed for hormones and industrial contaminants were placed in 20 mL vials and 

extracted with 10 mL ethyl acetate by shaking for 1 h at 150 rpm.  Nitrogen evaporation at 

35°C under 34.5 kPa as then conducted to reduce extracts to 0.5 mL.  Extracts for hormone 

and industrial contaminant analysis were additionally filtered through a 0.45 μm 

polytetrafluoroethylene filter into a 1.5 mL microvial, evaporated with a nitrogen stream at 
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ambient temperature until dry, and cap sealed with argon gas.  Complete detail of PSD 

protocols and extraction procedures are explained by O’Neal (2014) and Lee Pow (2015).  

PSDs were deployed once during the bioassay period, from mid-June to mid-July. 

Sediment samples were collected at each site within two months of the bioassays.  

Samples were taken from the shoreline, upstream of boating access points.  Two composite 

samples (3-5 grabs each) of surficial (top 5 cm) sediment were collected using a stainless 

steel scoop and tray and were stored in 250 mL amber glass jars.  Sediment was transported 

on ice and stored at -20°C until extraction.  RTI International (Durham, NC) analyzed 

samples for metals.  Mercury (Hg) concentration was determined using a Milestone DMA-80 

direct mercury analyzer.  Other metals were evaluated with a modified version of Method 

3050B (US EPA, 1996) and a Thermo X-Series II ICP-MS or a Thermo iCAP6500 ICP-OES 

depending on the concentration of the analyte present in the sample.  The Analytical 

Toxicology Laboratory at NCSU determined the concentrations of current use pesticides 

(CUPs), OCPs, PAHs, and PCBs (Table SI 1).  Sediment samples were extracted with 

dichloromethane (DCM) by means of pressurized fluid extraction using a Buchi Speed 

Extractor E-916.  Extracts were cleaned using GPC.  Before chemical analysis extracts were 

concentrated to 0.5 mL under a gentle stream of nitrogen.   

Whole-fish samples were homogenized and stored frozen at -80°C until further 

processing.  One FHM sample was prepared for each site during each bioassay, as well as 3 

baseline samples for each bioassay.  In preparation for contaminant analyses, samples were 

lyophilized and manually homogenized.  RTI International (Durham, NC) analyzed fish 

tissue samples for 22 metals (Table SI 1).  Hg concentration in tissue samples was 
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determined using a Milestone DMA-80 direct mercury analyzer.  Other metals were analyzed 

with a modified version of Method 3050B (US EPA, 1996) and a Thermo X-Series II ICP-

MS or a Thermo iCAP6500 ICP-OES depending on the concentration of the analyte present 

in the sample.  The Analytical Toxicology Laboratory at North Carolina State University 

(NCSU, Raleigh, NC) analyzed samples for PCBs and OCPs (Table SI 1).   Lyophilized 

muscle tissue was extracted with DCM by means of pressurized solvent extraction using a 

Buchi Speed Extractor E-916.  Extracts were then cleaned using gel permeation 

chromatography (GPC) and were processed through Florisil solid phase extraction cartridges.  

Extracts from PSDs and sediment samples were analyzed for 42 PAHs, 28 OCPs, 21 PCBs, 

and 47 CUPs.  PSDs were also used to determine concentrations of seven estrogen hormones 

and two industrial contaminants.  Whole-fish composite sample extracts were analyzed for 

21 PCBs and 28 OCPs (Table SI 1).  CUPs, OCPs, PAHs, and PCBs were measured using an 

Agilent 6890 gas chromatograph (GC) connected to an Agilent 5973 mass selective detector 

(MSD) operated in Select Ion Monitoring (SIM) mode.  Analytes were separated on a Restek 

Rtx-5MS column with a 5m integrated guard column.  Hormones and industrial contaminants 

were analyzed on an Agilent 7890 GC connected to an Agilent 7000 MSD operated in SIM 

mode, with back flushing following a blank injection of pyridine to condition the column.  

All analyses adhered to rigorous quality assurance protocols and included procedural blanks, 

replicate samples, spiked samples, and data correction using surrogate recoveries, if 

necessary.  Water contaminant results are expressed as ng/L, and sediment and whole-fish 

contaminant results are expressed as ng/g dry weight (DW) for organics and ug/g DW for 

metals.  Detection limits (DL) for waterborne contaminants were 0.2 ng/L for PAHs, PCBs, 
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and OCPs, 0.5 ng/L for CUPs, and 0.1 ng/L for hormones and contaminants (based on an 

equivalent 30 day PSD deployment).  DLs for sediment and whole-fish contaminants were 

0.1 ng/g for OCPs and PCBs, 1.0 ng/g for PAHs, and 2.0 ng/g for CUPs (all DW).  

 Chemicals were evaluated both as individual analytes and as total concentrations of 

classes of chemicals, when appropriate.  For PAHs, individual analytes were examined and a 

total sum of analytes was calculated to compare to predicted effect concentrations (PECs).  

PAHs in water and sediment samples were also analyzed using the equilibrium partitioning 

sediment benchmark toxicity units (ESBTU) method because it incorporates the additive 

nature of PAH toxicity and the bioavailability of PAHs due to organic carbon in the 

sediment.  Of the 42 PAHs analyzed, 34 have PAH potency divisors published by the US 

EPA (2012).  Using the potency divisor, the determined concentration, and, for the sediment 

sample, the carbon content of the sediment sample, a toxic unit (TU) was determined for 

each PAH (acute and chronic values).  Then, all 34 PAH toxic units were summed to an 

overall PAH toxic unit value; a value below 1.0 indicates that it is unlikely for the PAHs to 

be causing adverse effects to aquatic life, and a value above 1.0 indicates that aquatic life is 

possibly negatively affected.                

  

2.6. Statistical Analysis 

Statistical analyses were completed using JMP Pro 12 and SAS 9.4 (SAS, Cary, NC). 

All significance levels were set to α=0.05.  Fish survival was modeled using the Kaplan-

Meier Proc Lifetest in SAS to estimate median survival within the 28-d bioassay (Kaplan and 

Meier, 1958).  Differences in survival among test sites were evaluated with the log-rank test.  
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Significant relationships between environmental conditions, contaminants, and fish survival 

were assessed using a pairwise correlation matrix and correlation probabilities.  To determine 

significant differences in length and weight of fish between baseline and test sites ANOVA 

and Tukey’s tests were performed.  

 

3. Results 

3.1. Fish Survival and Growth 

 Mean survival among all river sites during the first bioassay was 58% for FHM and 

0% for LMB.  FHM survival remained high (>90%) for the first 20 days of the bioassay at 

most sites.  Ronda, the most upstream site exhibited the lowest survival with only 15% of 

fish surviving to day 28.  FHM survival remained above 50% for all other sites (Figure 2).  

FHM K-M survival functions were significantly different among sites (χ2 =30.65, df=7, p< 

0.0001).  LMB survival was lower than FHM, and almost no fish survived after day 9 at most 

sites.  By day 16, no surviving LMB were present and all cages were removed from the river.  

Median survival for LMB was 9.7 d and 24.9 d for FHM, at river sites within the 28 d test 

(Figure 3A).  LMB survival at the hatchery site was 70%.  LMB K-M survival functions 

were significantly different among river and hatchery sites (χ2=148.18, df=8, p<0.0001).  

 Survival trends during the second bioassay were similar to those of the first.  

However, higher mortality at the beginning of the bioassay and overall lower survival of 

FHM was observed when compared to FHM survival in the first bioassay.  Mean FHM 

survival was 28.1% and 0% for RRH among river sites.  By day 12, FHM at four of the sites 

had experienced ≥ 50% mortality.  Survival of FHM was lowest at the Ronda, 74 Bridge, and 
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Digg’s Tract sites (Figure 2).  FHM K-M survival functions were significantly different 

among river sites (χ2=140.38, df=7, p<0.0001).  RRH in the river did not survive to the end 

of the planned 28-d test.  RRH survival was >60% before day 9, but following day 9, 

survival at most sites declined precipitously.  All RRH cages were pulled from the river on or 

before day 27 due to complete mortality.  Median survival for RRH was 12.1 d and 19.5 d for 

FHM, at river sites within the 28 d period (Figure 3B).  Survival of RRH (28 d) at the 

hatchery site was 67%.  RRH K-M survival functions were significantly different among 

river and hatchery sites (χ2=139.86, df=8, p<0.0001).  

 FHM were the only species to survive to the end of the 28-d bioassay and were 

collected for comparison to baseline fish measurements.  In the first bioassay, river-exposed 

fish length was significantly lower at two sites, and weight was significantly lower at all 

sites, relative to baseline measurements (Figure 4A).  In the second bioassay, there were no 

significant differences in lengths of fish at river sites and baseline fish, but there were 

significantly differences in weights of fish at river sites compared to baseline fish, with 

exposure fish weighing less (Figure 4B).  

    

3.2. Fish Intersex and Histopathology 

 From the first bioassay, a total of 12 baseline FHM individuals were assessed for the 

intersex condition.  Another 76 FHM (5–15 from each river site) were assessed for intersex, 

post river exposure.  Intersex was not detected in any FHM.  Baseline LMB (n=7) and 

hatchery site exposed LMB (n=5) were also examined for intersex condition, and it was not 

found.  This result was expected because these juvenile LMB were sexually immature. 
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 From the second bioassay, a total of 11 baseline FHM were assessed for the intersex 

condition.  Another 60 FHM, (2–16 from 7 river sites; not enough FHM survived at the 

Digg’s Tract site to create a composite sample) were assessed for intersex, post river 

exposure.  Intersex was not detected in any FHM.  Baseline RRH (n=5) and hatchery site 

RRH (n=5) were also examined, and no intersex was observed.  Likewise, this result was 

expected because these juvenile RRH were sexually immature. 

 Using light microscopy, fish gastrointestinal (GI) tracts were assessed for the 

presence of food items to determine whether starvation was a potential factor in the observed 

mortality.  The GI tracts of FHM, from all riverine sites, and RRH and LMB taken from the 

hatchery sites, were filled with organic material, indicating feeding was occurring.  

Mineralization deposits were seen in the testes of FHM, although these deposits were not 

considered to represent any adverse health condition, and were present in both baseline and 

river-exposed fish.  In general, there was no discernible evidence of confounding disease or 

infection in the river-exposed FHM.   

 The presence or absence of breeding tubercles on the male FHM snout was noted for 

baseline and river-exposed fish.  All baseline FHM had noticeable to large tubercles, and 

some had enlarged dorsal epithelial fat pads (male characteristics).  Upon termination of the 

bioassay, all river-exposed FHM had no tubercles or had very small, light tubercles and light 

or non-existent dorsal epithelial fat pads.    
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3.3. Contaminants Analysis 

E2β-Eq was detected in the water at all eight sites with concentrations ranging 0.20–

0.44 ng/L (Table SI 2).  All concentrations detected were below the 2.0 ng/L predicted no-

effect concentration (PNEC) for E2β (Caldwell et al., 2012); however, if some estrogenecity 

was caused by other, more potent estrogens not measured by the assay, the levels could be of 

concern.   

Of the 7 hormones assessed with PSDs only ethinylestradiol (EE2) was detected.  

EE2 was detected at the 6 most downstream sites and concentrations ranged 0.27–1.62 ng/L, 

all above the 0.1 ng/L PNEC for aquatic organisms (Caldwell et al., 2012).  Two industrial 

contaminants, nonylphenol and BPA, were measured.  Both were detected at all sites.  

Nonylphenol concentrations ranged 0.2–3.5 ng/L and was higher at downstream sites (>1 

ng/L downstream of 74 Bridge).  None of the concentrations measured exceeded the 6,600 

ng/L chronic exposure threshold determined by the US EPA (2005).  BPA concentrations 

ranged 0.16–2.27 ng/L, and similar to nonylphenol, concentrations were higher downstream 

(Table SI 2).  BPA concentrations did not exceed the 1,500 ng/L predicted no-effect 

concentration (PNEC, freshwater), set by the European Union (Aschberger et al., 2010) for 

the protection of aquatic species, at any site.   

PAHs were present in the water at 100% of the sites, and 31 of the 42 PAHs analyzed 

were detected.  Total PAH concentrations ranged from 85.8 to 242.36 ng/L (Table SI 2).  

Concentrations fluctuated between sites with the highest levels occurring at the Route 801, 

Pee Dee, and Society Hill sites (Table 1).  ESBTU values ranged 0.0009–0.035 TU for acute 
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toxicity, all < 1.  For chronic toxicity, TUs ranged 0.017–0.071 TU, all < 1, indicating low 

likelihood for any negative effects of water PAHs on aquatic life (Table SI 3).   

OCPs were present in the water at all of the sites and 9 of the 28 OCPs analyzed were 

detected.  Total OCP concentrations ranged 1.9–12.3 ng/L (Table SI 2).  No individual OCP 

concentrations exceeded published thresholds, when they existed.  No combined OCP 

concentration threshold or aquatic life thresholds exist.  OCPs were noticeably elevated at the 

Red Hill, Route 801, and Society Hill sites (Table 1). 

PCBs were present in the water at all but one site (Ronda, most upstream site) and 9 

of the 21 congeners analyzed were detected.  Concentrations ranged BDL–7.3 ng/L and were 

highest at the Pee Dee site (Table SI 2; Table 1).  Total PCB concentrations did not exceed 

the 14.0 ng/L chronic exposure threshold for freshwater aquatic life at any of the sites (US 

EPA, 2016).   

CUPs were present in the water at all of the sites and 8 of the 47 CUPs analyzed were 

detected.  Concentrations ranged 1.4–190.7 ng/L and were highest at the Pee Dee, Red Hill, 

and Digg’s Tract sites (Table SI 2; Table 1).    

PAHs were present in the sediment at all sites, and 37 of the 42 PAHs analyzed were 

detected.  Total PAH concentrations ranged 211–2,960 ng/g DW and were highest at the 

Route 801, Digg’s Tract, and Red Hill sites (Table SI 2; Table 1).  Total PAH levels 

exceeded the 1,610 ng/g DW threshold effect concentration (TEC) for freshwater ecosystems 

(MacDonald et al., 2000) at the Route 801 site.  PAH levels did not exceed the PEC of 

22,800 ng/g DW (MacDonald et al., 2000) at any site.  ESBTU values ranged 0.004–0.069 
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for acute toxicity and 0.015–0.281 for chronic toxicity (Table SI 4).  No sediment TUs 

exceeded 1, indicating little likelihood of negative sediment PAH effect on aquatic life.   

OCPs were detected in the sediment at 6 of the 8 sites and were not present at Ronda, 

the most upstream site, and Bucksport, the most downstream site.  4 of the 28 OCPs analyzed 

were detected.  Concentrations ranged BDL–2.8 ng/g DW and were highest at the Route 801, 

Digg’s Tract, and Red Hill sites (Table SI 2; Table 1).  4,4'-DDE was the most frequently 

detected OCP with detections at 6 of the 8 sites.  4,4'-DDE levels did not exceed the 

threshold of 3.16 ng/g DW for freshwater ecosystems at any site (MacDonald et al., 2000).  

Chlordane was also found at two sites (Route 801 and Digg’s Tract) but was below the 4.5 

ng/g DW interim sediment quality guideline that corresponds to threshold level effects below 

which adverse biological effects are not expected (Environment Canada, 1999).    

PCBs were detected in the sediment at 4 of the 8 sites and 6 of the 21 congeners 

analyzed were detected.  All congeners were summed to calculate a total PCB concentration 

(ng/g DW), and concentrations ranged BDL–5.2 ng/g DW (Table SI 2).  Levels were overall 

low (<6 ng/g DW total PCB concentration) and did not exceed the 59.8 ng/g DW threshold 

(MacDonald et al., 2000).  PCB concentrations were highest at the Digg’s Tract, Red Hill, 

and Society Hill sites (Table 1).   

Atrazine was the only CUP detected in sediment and was found at 3 of the 8 sites.  

Concentrations were 3.8 ng/g DW at Red Hill, 3.4 ng/g DW at Bucksport, and 0.9 ng/g DW 

at the 74 Bridge site (Table SI 2; Table 1).  Atrazine detections did not exceed the 6.62 ng/g 

DW screening benchmark developed by the EPA (US EPA, 2006).  
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 Sediment metals were detected at each site, and specific metals and concentrations 

varied among sites.  Eighteen of the 22 metals analyzed were detected.  Many metals did not 

exceed published thresholds or thresholds do not exist, and their concentrations can be found 

in Table SI 2.  Selected metals known for their endocrine disruption capabilities are 

highlighted in Table 1.  Mn exceeded the lowest effect level of 460 ug/g DW at 4 of the 8 

sites and exceeded the severe effect level of 1,100 ug/g DW at 1 site, Digg’s Tract (Persaud 

and Jaagumagi, 1993).  

One composite FHM whole-body tissue sample was analyzed for contaminants from 

each site, for each bioassay.  The baseline concentration of each contaminant was determined 

by averaging the 6 baseline FHM sample concentrations.  Fourteen of the 21 PCB congeners 

analyzed were detected in the FHM tissue samples.  Baseline average total PCB 

concentration was 29.55 ng/g DW.  Total PCB concentrations in FHM surviving to the end 

of the first bioassay ranged 39.7–93.4 ng/g DW (Figure 5A; Table SI 2).  The total PCB 

concentrations in FHM from the end of the second bioassay ranged 34.6–92.0 ng/g DW 

(Figure 5A; Table SI 2).  All FHM PCB concentrations were greater in the river-exposed fish 

when compared to the baseline fish PCB concentrations.  No PCB action levels or thresholds 

were exceeded in FHM tissue. 

OCPs were detected in FHM tissue samples at every site.  Seven of the 28 OCPs 

analyzed were detected and average baseline concentration was 31.64 ng/g DW.  Total OCP 

concentrations for the first bioassay ranged 42.3–66.1 ng/g DW.  Total OCP concentrations 

for the second bioassay ranged 19.9–64.5 ng/g DW (Table SI 2).  With the exception of two 
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sites in the second bioassay, all riverine FHM samples had higher OCP concentrations than 

baseline FHM samples (Figure 5B). 

Seventeen of the 22 metals analyzed were detected in fish tissue samples (Cd was 

detected in sediment but not in fish tissue).  Concentrations of each metal varied and many 

did not exceed published thresholds or thresholds do not exist (Table SI 2).  Hg was 

evaluated because of its known endocrine disrupting capabilities (Georgescu et al., 2011).  

FHM baseline Hg concentration averaged 0.19 μg/g DW.  Hg concentrations in FHM from 

the first bioassay ranged 0.25–0.38 μg/g DW.  Hg concentrations in FHM from the second 

bioassay ranged 0.17–0.63 μg/g DW (Figure 6A).  With the exception of one sample, Hg 

concentrations in FHM increased in every river-exposed fish sample.  Mn was also examined 

because of its high rate of accumulation in fish tissue.  The FHM Mn baseline average 

concentration was 4.5 μg/g DW.  Mn concentrations in FHM from the first bioassay ranged 

8.2–61.0 μg/g DW.  Mn concentrations in FHM from the second bioassay ranged 15.4–49.1 

μg/g DW (Table SI 2; Figure 6B).  Mn concentrations in river-exposed FHM samples 

exceeded concentrations in baseline samples.  

 

3.4. Water Physicochemical Characteristics 

 In general for a given bioassay, water temperatures (ºC) were warmer at downstream 

sites, but were similar between bioassays one and two (Table 2).  Conductivity (μS cm-1) was 

also higher downstream and similar between bioassays.  Salinity (ppt) remained fairly 

constant and was slightly higher downstream.  Dissolved oxygen (DO, mg/L) was higher at 

upstream sites and during the first bioassay.  Although over-night DO was not measured, 
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cages were placed in areas with water flow likely to allow for adequate oxygenation.  pH was 

consistent between bioassays and was similar among sites, with Bucksport, the most 

downstream site, exhibiting the lowest pH.  At the Watha State Fish Hatchery pond with the 

LMB cages, temperatures were slightly higher than the river, conductivity was more than two 

times higher than any river site, salinity was more than double that of any river site, and DO 

was higher (Table 2).  At the McKinney Lake State Fish Hatchery pond with the RRH cages, 

temperatures were higher, conductivity was two times lower than any river sites, salinity was 

low, DO was higher than any river site, and pH was also higher than any river site (Table 2).   

 

3.5. Correlations of Survival to Contaminants and Physicochemical Characteristics 

 Pairwise correlations were examined between FHM survival and contaminants and 

water physicochemical characteristics.  In the first bioassay, survival of FHM at each site was 

negatively correlated with water temperature (ºC, p=0.0232) and conductivity (μS cm-1, 

p=0.0139).  In the second bioassay, survival of FHM at each site was not correlated with any 

contaminant or physicochemical properties.   

 

 

4. Discussion 

 I examined the effects of contaminants on survival and health of caged fish in two 

longitudinal riverine bioassays, and results indicated that water and sediment quality may 

have adversely affected the survival of RRH, LMB, and FHM.  No RRH or LMB survived to 

the end of the planned 28-d bioassay, and a combined average of 43% of FHM survived.  

FHM survival among sites followed similar spatial patterns between bioassay one and two, 
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with low survival at Ronda, decreasing survival from Route 801 downstream to Digg’s Tract, 

increasing survival at Society Hill and Pee Dee, and lower survival at Bucksport.  LMB 

survival was slightly less than RRH and this may have been due to their smaller size or their 

sensitivity to riverine contaminants and water quality because they survived in cages held in 

the hatchery pond.  FHM survival was significantly, negatively correlated with water 

temperature and conductivity.  Fluctuations in temperature have been shown to cause 

mortality, reduced growth, and the development of skin ulcers in fish (Coulter et al., 2015).  

Although we did not monitor temperature continuously, it may be a direct or indirect 

contributing factor to the mortality that we observed.   Water temperature is strongly tied to 

DO dynamics that possibly influenced the observed mortality of FHM.  

Although contaminants did not significantly correlate with survival of fish, there were 

trends of high contaminant loading and low survival observed throughout the river.  For 

example, the Digg’s Tract site yielded low survival of all fish species in both bioassays, 

associated with consistently high levels of contaminants in the sediment, water, and fish 

tissue.  Contaminants were present at every site, to varying degrees, and may have caused 

toxicant-induced stress to the fish.  Previous studies have shown that when FHM are exposed 

to contaminated effluent there are impacts on the individuals swimming performance and 

aerobic energy metabolism (Goertzen et al., 2011).  Metal contaminants in effluents have 

also been linked to reduced reproductive success, significant metal accumulation into fish 

tissues, and overall metal toxicity (Rozon-Ramilo et al., 2011).  Many contaminants detected 

did not exceed aquatic life thresholds; however, these thresholds, and our ability to measure 

contaminants, did not account for the possibility of toxicity from ‘pulse’ (high concentrations 
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for short periods of time which are difficult to measure) exposures, which may be associated 

with greater risk than continuous exposures (Diamond et al., 2005).   

Accumulation of contaminants in fish tissue over the short duration of the bioassay 

(<28 days) was substantial.  OCP concentrations in FHM tissue increased from baseline 

concentrations in all but two samples.  PCB concentrations increased at all sites, and 

although exposure with no associated significant effects on survival, growth, or reproduction 

has been shown in FHM (Suedel et al., 1997), mixture effects with other contaminants are 

possible.  Mn and Hg concentrations in fish tissue increased at almost every site.  Mn and Hg 

toxicity, as well as toxicity to the other metals detected and their ability to act in an additive 

response, may have caused mortality.  Additional research to examine the effects of heavy 

metal accumulation on fish survival would be required to elucidate biotic responses.       

Although evidence revealed that FHM were feeding within the cages, weights of 

surviving FHM were significantly reduced in bioassay individuals at the end of the exposures 

relative to baseline samples.  In addition to water quality stress, this may have been partially 

due to inadequate nutrition of food resources in the cages or greater energy expenditures in 

flowing river water (compared to relatively static hatchery ponds), which influenced their 

weight loss.  However, the presence of FHM feeding (material in the GI tracts) and the 

accumulation of biofilm within the cages suggest that starvation may not have been a primary 

factor in the FHM mortality.  Whether this was also the case for the LMB and RRH mortality 

is uncertain.  The higher percentages of survival of RRH and LMB in cages in hatchery 

ponds and positive evidence of feeding occurring while inside hatchery cages suggests that 



 

 88  

they could have fed and survived similarly in the cages in the river, had contaminant and 

water quality conditions been suitable.    

The intersex condition was not observed in any assayed FHM, RRH, or LMB, but it 

was not expected in the juvenile RRH or LMB because of their sexual immaturity and 

absence of developed gonads.  Exposed adult FHM did not develop the intersex condition, 

which has been shown to exist in this species under ecologically relevant concentrations of 

estrogenic contaminants (Kidd et al., 2007).  The absence of the intersex condition in FHM 

may have been due to low concentrations of contaminants, the short duration or 

developmental timing of exposure, or some other unknown factor.  The near complete loss of 

breeding tubercles in FHM exposed to the river is a possible indicator of endocrine effects 

and exposure to estrogenic contaminants (Vajda et al., 2011).   

Low survival rates of caged fish and the rapid accumulation of contaminants into fish 

tissue, as well as high sediment and water contaminant concentrations, indicate that 

pollutants may be exerting an adverse impact on juvenile and adult fish within the Yadkin-

Pee Dee River.  The complete mortality of juvenile LMB and RRH in the riverine bioassays 

may indicate a critical recruitment bottleneck in these (and perhaps other) species at early life 

stages, which may directly reflect the low population size and limited recruitment of RRH in 

the river.  Contaminants accumulated within 28 d in FHM tissues, indicate that contaminants 

may pose a substantial risk to fish health in the system, especially considering that wild fish 

are chronically exposed to ambient river conditions during all life stages, including those 

where critical reproductive changes occur.  In the future, effective management actions exist 

that could be implemented to improve water quality conditions and reduce contaminant 
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influx within the river system.  Improved wastewater treatment technologies, reduced 

discharges from industrial and power production facilities, reduced agricultural and urban 

runoff, and public awareness of pollutant impacts on the environment may be beneficial first 

steps.  This research provides important findings that may inform and guide those actions 

toward maintaining and enhancing habitat for aquatic life.  
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Tables 

Table 1.  Summary of selected contaminants among sites during the in situ bioassays. For 

each triangle, a filled section represents a measured contaminant concentration among the 

highest three for a given analyte at all sites. Top = water; middle = sediment; bottom left = 

FHM, first bioassay; bottom right = FHM, second bioassay.  If more than three sections are 

filled this was because the third highest concentration was present in multiple samples.  
 

 

  
a Metals not measured in water. 
b PAHs and CUPs not measured in fish tissue. 

Cda Cra Hga Mna Zna PCBs OCPs PAHsb CUPsb
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Table 2.  Mean physicochemical characteristics of river water (standard error in parentheses) measured at each site during the 28-d 

bioassay.  

 

Bioassay 1  Bioassay 2 

Site 
Temperature  

(°C) 

Conductivity 

(μS/cm) 

Salinity 

(ppt) 

Dissolved 

Oxygen 

(mg/L) pH  

 

Temperature 

(°C) 

Conductivity 

(μS/cm) 

Salinity 

(ppm) 

Dissolved 

Oxygen 

(mg/L) pH  

Ronda 22.3 (0.5) 61 (2) 0.03 (0.00) 7.6 (0.2) 7.4 (0.0) 

 

22.1 (0.3) 66 (3) 

0.03 

(0.00) 6.0 (0.7) 7.1 (0.1) 

Route 801 25.7 (0.6) 83 (2) 0.04 (0.00)  7.2 (0.2) 7.4 (0.0) 

 

24.9 (0.6) 94 (6) 

0.04 

(0.00) 5.9 (0.6) 7.3 (0.1) 

Red Hill 25.5 (0.8) 99 (3) 0.04 (0.00) 5.2 (0.2) 7.2 (0.0) 

 

26.3 (0.7) 118 (15) 

0.05 

(0.01) 5.0 (0.6) 7.1 (0.1) 

74 Bridge 26.7 (0.8) 97 (3) 0.04 (0.00) 5.7 (0.3) 7.2 (0.0) 

 

27.5 (0.4) 100 (4) 

0.05 

(0.00) 5.1 (0.3) 7.2 (0.1) 

Diggs 

Tract 27.6 (0.4) 96 (1) 0.04 (0.00) 5.6 (0.5) 7.3 (0.0) 

 

27.1 (0.4) 96 (8) 

0.04 

(0.00) 4.7 (0.4) 7.1 (0.1) 

Society 

Hill 27.4 (0.9) 111 (11) 0.05 (0.00) 6.5 (0.3) 6.9 (0.0) 

 

27.5 (0.3) 113 (5) 

0.05 

(0.00) 6.2 (0.3) 7.2 (0.1) 

Pee Dee 27.7 (0.7) 106 (4) 0.05 (0.00) 6.1 (0.2) 7.0 (0.0) 

 

27.6 (0.4) 113 (4) 

0.05 

(0.00) 5.5 (0.7) 7.2 (0.1) 

Bucksport 27.8 (2.5) 97 (0) 0.05 (0.01) 5.1 (0.3) 6.7 (0.0) 

 

27.1 (0.4) 96 (3) 

0.04 

(0.00)  4.7 (0.4) 6.8 (0.1) 

Watha 

State Fish 

Hatchery 28.2 (0.6) 278 (2) 0.13 (0.00) 8.6 (1.1) – 

 

– – – – – 

McKinney 

Lake Fish 

Hatchery – – – – – 

 

28.2 (0.7) 31 (1) 

0.01 

(0.0) 7.4 (0.1) 8.4 (0.4) 



 

 99  

Figures

 

Figure 1. Map of study sites located on the Yadkin-Pee Dee River for the in situ bioassays with Fathead Minnow, Largemouth Bass, 

and Robust Redhorse, June-August 2014. 
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Figure 2.  Fathead minnow survival at each site, at day 28 of in situ bioassays 1 and 2.  
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Figure 3.  Kaplan-Meier survival distribution function for Fathead Minnow, Largemouth 

Bass, and Robust Redhorse at all river sites during in situ bioassays 1 (A) and 2 (B).   
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A 

 

B 

 

  

 

Figure 4.  Mean (± SE) fish total length (mm) and weight (g) of baseline Fathead Minnow and those recovered from cages at each site 

for bioassay 1 (A) and bioassay 2 (B).  Sites with the same letter indicate no significant difference (p>0.05).  
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A 

      

 
B 

    
 

Figure 5. PCB (A; ng/g DW) and OCP (B; ng/g DW) Fathead Minnow whole-fish 

concentrations (composite samples) from each site following the in situ bioassay (1 and 2) 

and baseline samples.   
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       A 

 

       B 

        
 

Figure 6. Hg (A; ug/g DW) and Mn (B; ug/g DW) Fathead Minnow whole-fish 

concentrations (composite samples) from each site following the in situ bioassay (1 and 2) 

and baseline samples.   
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APPENDIX A 

 

Supporting Information for Chapter 1 
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Table SI 1. Yadkin-Pee Dee River site descriptions. NC: North Carolina. SC: South Carolina. 

 

 

 

Site  Latitude Longitude Type State 

Kerr Scott Reservoir 36.130355 -81.229061 Reservoir NC 

Ronda 36.21601 -80.937164 River NC 

Route 801 35.838287 -80.484752 River NC 

Badin Lake 35.407817 -80.114984 Reservoir NC 

Red Hill 35.0847222 -79.9986111 River NC 

Blewett Lake  34.9877778 -79.8911111 Reservoir NC 

74 Bridge 34.9455556 -79.8691667 River NC 

Diggs Tract 34.8652778 -79.8791667 River NC 

Society Hill 34.524154 -79.832815 River SC 

Pee Dee 34.203845 -79.547676 River SC 

Bucksport 33.661734 -79.153058 River SC 
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Table SI 2.  Fish species common name, scientific name, family, and associated abbreviation along with species-specific standard 

weight equation parameters for determining relative weights.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Common Name Scientific Name Family Abbreviation Intercept (a) Slope (b) Minimum TL (mm) 

Largemouth Bass Micropterus salmoides Centrarchidae LMB –5.528 3.273 150 

Smallmouth Bass Micropterus dolomieu Centrarchidae SMB –5.329 3.2 150 

Spotted Bass Micropterus punctulatus Centrarchidae SPB –5.392 3.215 100 

Redear Sunfish Lepomis microlophus Centrarchidae RES –4.968 3.119 70 

Warmouth Lepomis gulosus Centrarchidae WAR –5.180 3.241 80 

Bluegill Sunfish Lepomis macrochirus Centrarchidae BLG –5.374 3.316 80 

Redbreast Lepomis auritus Centrarchidae RBS –4.755 2.997 NA 

Pumpkinseed Lepomis gibbosus Centrarchidae PKS –5.179 3.237 50 

Channel Catfish Ictalurus punctatus Ictaluridae CHC –5.800 3.294 70 

White Catfish Ameiurus catus Ictaluridae WHC –5.851 3.395 100 

Blue Catfish Ictalurus furcatus Ictaluridae BLC –6.067 3.4 160 

Flathead Catfish Pylodictis olivaris Ictaluridae FHC –5.542 3.23 130 
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Table SI 3.  Full list of all contaminants analyzed.  PAHs, OCPs, PCBs, CUPs, hormones, and industrial EACs were evaluated in 

water.  PAHs, PCBs, OCPs, CUPs, and metals were analyzed in sediment.  PCBs, OCPS, and metals were evaluated in fish muscle 

tissue.   (*) indicates water detection; (+) indicates fish muscle tissue detection; () indicates sediment detection. 

 

 

 

 

PAHs OCPs PCBs CUPs Hormones Industrial EACs Metals 

Naphthalene * 2,4'-DDD Cl2(08) Acetochlor 17_-Estradiol (aE2) BisphenolA * Aluminum (Al) + 

Acenaphthylene  2,4'-DDE Cl3(18) * alachlor 17_-Estradiol (bE2) Nonylphenol * Antimony (Sb) 

Acenaphthene * 2,4'-DDT Cl3(28)* Atrazine* 17_-Testosterone (bT) 

 

Arsenic (As) 

C1 – Naphthalenes * 4,4'-DDD *+ Cl4(52) *+ Atrazine-desethyl * Epitestosterone (aT) 

 

Barium (Ba) + 

C2 – Naphthalenes * 4,4'-DDE *+ Cl4(44) *+ Atrazine-desisopropyl * Estriol (E3) 

 

Berylium (Be)  

C3 – Naphthalenes * 4,4'-DDT Cl4(66) *+  Benfluralin Estrone (E1) 

 

Cadmium (Cd)  

C4 – Naphthalenes * Aldrin Cl5(101) *+ Bifenthrin Ethinylestradiol (EE2) * 

 

Cobalt (Co)  

Fluorene * alpha-BHC Cl4(77) Butylate 

  

Chromium (Cr)  

C1 – Fluorenes *  betaBHC Cl5(118) *+  Chlorothalonil 

  

Copper (Cu) + 

C2 – Fluorenes * Chlorothalonil Cl6(153) *+ Chlorpyrifos 

  

Iron (Fe) + 

C3 – Fluorenes * Chlorpyrifos * Cl5(105) *+  Cyfluthrin 

  

Mercury (Hg) + 

Dibenzothiophene   cis-Chlordane *+ Cl6(138) *+ Cypermethrin 

  

Potassium (K) + 

C1 – Dibenzothiophene * Delta-BHC Cl5(126) Dacthal 

  

Magnesium (Mg) +  

C2 – Dibenzothiophene * Dieldrin Cl7(187) + Deltamethrin 

  

Manganese (Mn) + 

C3 – Dibenzothiophene * Endosulfan I Cl6(128) +  Diazinon 

  

Molybdenum (Mo) 

Phenanthrene * Endosulfan II Cl8(201) Dimethenamid * 

  

Nickel (Ni) + 

Anthracene * Endosulfan Sulfate Cl7(180) +   Dimethoate 

  

Lead (Pb) + 

C1 - Phenanthrenes/Anthracenes * Endrin Cl7(170) + EPTC 

  

Selenium (Se) + 

C2 - Phenanthrenes/Anthracenes * Endrin Aldehyde Cl8(195) Esfenvalerate 

  

Silicon (Si) +  

C3 - Phenanthrenes/Anthracenes * Endrin Ketone Cl9(206) + Ethalfluralin 

  

Strontium (Sr) +  

C4 - Phenanthrenes/Anthracenes * gamma-BHC (Lindane) Cl10(209) + Ethopropyl 

  

Vanadium (V)  
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Table SI 3-continued.  

PAHs OCPs PCBs CUPs Hormones Industrial EACs Metals 

Fluoranthene * Heptachlor 

 

Fenpropathrin 

  

Zinc (Zn) + 

Pyrene * Heptachlor epoxide * 

 

Flumetralin 

   C1 - Fluoranthenes/Pyrene * Hexachlorobenzene *+ 

 

Fonofos 

   C2 - Fluroanthrene/Pyrene * Methoxychlor 

 

lambda cyhalothrin 

   C3 - Fluoranthrene/Pyrene  Mirex 

 

Malathion 

   Retene * Trans-Chlordane *+ 

 

Methidathion 

   Benz[a]anthracene * Trans-Nonachlor *+ 

 

Methyl parathion 

   Chrysene * 

  

Metolachlor * 

   C1 - Chrysenes * 

  

Metribuzin 

   C2 - Chrysenes * 

  

Napropamide 

   C3 – Chrysenes 

  

Pebulate 

   C4 – Chrysenes  

  

Pendimethalin 

   Benzo[b]fluoranthene * 

  

Permethrin 

   Benzo[k]fluoranthene * 

  

Phorate 

   Benzo[e]pyrene * 

  

Phosmet 

   Benzo[a]pyrene 

  

Prometon * 

   Perylene * 

  

Propachlor 

   Indeno[1,2,3-cd]pyrene  

  

Propazine * 

   Dibenz[a,h,]anthracene  

  

Propiconazole 

   Benzo[g,h,i]perylene * 

  

Simazine * 

   Coronene  

  

Tebuthiuron 

   

   

Terbufos 

   

   

Triallate 

   

   

Tribufos 

   

   

Trichlorfon 

      Trifluralin    
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Table SI 4. Average contaminant concentrations and average percent moisture in fish muscle tissue for each species at each site. 

PCBs, 4'4-DDE, and OCPs measured in ng/g WW. Hg in ug/g WW. NA=not applicable. SD=standard deviation. n=sample size. 

 

      % Moisture  PCBs  OCPs  4'4-DDE  Hg 

Site Species n Mean SD  Mean SD  Mean SD  Mean SD  Mean SD 

Kerr Scott R. Micropterus salmoides 3 75.706 6.385  1.420 1.490  1.679 1.864  0.661 0.919  0.344 0.209 

Lepomis microlophus 1 80.024 NA  1.123 NA  0.476 NA  0.285 NA  0.049 NA 

Lepomis macrochirus 2 81.515 0.530  0.621 0.249  1.308 0.613  0.78 0.452  0.048 0.004 

Ictalurus catus 3 83.212 1.047  4.018 1.643  4.159 1.749  2.125 0.783  0.218 0.111 

Ronda Micropterus punctulatus 3 79.931 0.483  1.407 0.310  1.441 0.366  0.944 0.275  0.176 0.028 

Lepomis auritus 2 81.709 1.603  0.368 0.203  0.443 0.124  ND NA  0.062 0.01 

Ictalurus punctatus 1 82.272 NA  2.163 NA  2.720 NA  1.623 NA  0.386 NA 

Route 801 Ictalurus punctatus 1 78.421 NA  14.566 NA  25.675 NA  15.542 NA  0.174 NA 

Ictalurus furcatus 1 79.715 NA  9.258 NA  15.795 NA  9.615 NA  0.21 NA 

Badin Lake Micropterus salmoides 3 73.942 10.652  6.688 0.856  12.035 1.606  9.241 1.067  0.326 0.041 

Lepomis macrochirus 3 81.045 0.116  3.188 0.834  3.262 1.135  2.823 1.054  0.039 0.003 

Ictalurus catus 2 85.260 4.945  1.763 1.561  2.646 2.375  1.93 1.688  0.034 0.008 

Red Hill Micropterus salmoides 1 79.180 NA  4.174 NA  3.265 NA  2.713 NA  0.209 NA 

Lepomis macrochirus 2 80.007 0.232  1.070 0.277  1.313 0.308  1.011 0.155  0.04 0.003 

Ictalurus furcatus 3 78.980 5.505  6.421 5.042  3.422 3.910  2.526 2.503  0.129 0.044 

Blewett Lake Micropterus salmoides 5 76.472 2.463  8.022 1.674  5.664 1.963  4.559 1.440  0.198 0.064 

Lepomis macrochirus 3 81.111 0.959  2.243 0.282  1.712 0.102  1.364 0.083  0.051 0.007 

Ictalurus punctatus 2 78.120 4.291  7.137 3.039  4.475 1.476  3.955 1.565  0.178 0.103 
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Table SI 4-continued. 

 

      % Moisture  PCBs  OCPs  4'4-DDE  Hg 

Site Species n Mean SD  Mean SD  Mean SD  Mean SD  Mean SD 

   74 Bridge Micropterus salmoides 3 80.238 2.017  7.25 4.988  7.262 6.416  5.67 4.501  0.167 0.03 

Lepomis auritus 3 81.034 0.0652  7.389 0.931  4.201 0.83  3.427 0.745  0.047 0.005 

Lepomis microlophus 1 81.456 NA  7.376 NA  0.351 NA  0.351 NA  0.158 NA 

Ictalurus punctatus 3 72.437 5.639  28.879 32.2  17.817 18.558  11.129 12.085  0.084 0.004 

Digg's Tract Micropterus salmoides 3 79.033 0.508  10.834 9.996  8.799 8.46  6.536 5.918  0.22 0.071 

Lepomis microlophus 3 75.290 8.791  6.882 5.122  1.369 0.378  0.888 0.775  0.091 0.07 

Ictalurus furcatus 3 70.641 8.403  54.452 36.258  6.896 4.711  4.547 3.179  0.171 0.083 

Ictalurus punctatus 1 71.773 NA  71.773 NA  3.825 NA  2.578 NA  0.085 NA 

Society Hill Micropterus salmoides 3 78.985 0.134  18.396 20.874  3.726 0.677  3.171 0.348  0.209 0.053 

Lepomis macrochirus 3 80.580 0.129  1.065 0.703  0.877 0.1  0.745 0.095  0.058 0.026 

Ictalurus furcatus 3 78.141 6.769  3.377 2.465  1.665 0.6  1.357 0.419  0.121 0.017 

Pee Dee Micropterus salmoides 3 77.938 1.291  4.187 0.461  3.069 1.472  2.494 1.06  0.526 0.159 

Lepomis macrochirus 3 79.882 2.204  1.898 2.333  1.525 1.781  1.022 1.209  0.074 0.009 

Ictalurus furcatus 3 79.921 0.709  4.933 0.766  0.987 0.876  0.641 1.11  0.362 0.209 

Bucksport Micropterus salmoides 3 72.487 4.391  1.638 1.184  2.123 1.457  1.777 1.142  0.666 0.16 

Lepomis macrochirus 3 78.665 0.422  0.376 0.458  0.446 0.666  0.348 0.602  0.27 0.092 

Ictalurus furcatus 3 80.627 1.498  10.898 13.634  3.343 4.483  2.787 3.539  0.406 0.184 
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Table SI 5.  PAH ESBTU calculations for water at each site.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Site 

PAH 
Kerr S. 

R. 
Ronda Rt. 801 

Badin 

Lake 
Red Hill 

Blewett 

Lake 

74 

Bridge 

Digg's 

Tract 

Society 

Hill 
Pee Dee Bucksport 

Naphthalene 0.0 0.6 0.4 0.5 1.1 0.4 0.4 0.3 1.0 1.6 0.9 

Acenaphthylene 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Acenaphthene 0.0 1.0 1.2 0.0 0.5 0.1 0.1 0.7 0.7 0.3 0.1 

C1 - Naphthalenes 1.0 0.7 0.8 1.1 1.0 0.4 0.4 0.6 1.0 1.7 0.7 

C2 - Naphthalenes 5.4 3.1 3.5 5.2 2.6 1.1 1.4 2.2 2.9 1.9 1.6 

C3 - Naphthalenes 25.0 8.3 8.2 17.4 6.0 3.2 4.2 5.2 7.8 3.5 3.9 

C4 - Naphthalenes 22.1 7.9 8.7 21.4 12.1 4.7 6.4 6.5 14.8 7.3 7.0 

Fluorene 0.3 1.1 1.3 0.4 0.4 0.1 0.3 0.9 0.7 0.3 0.2 

C1 - Fluorenes 7.9 2.8 3.1 5.1 3.0 1.7 1.7 2.5 3.5 1.6 1.4 

C2 - Fluorenes 15.6 5.8 8.4 14.2 7.7 3.9 4.8 5.1 16.6 6.6 5.0 

C3 - Fluorenes 12.0 5.2 8.3 10.1 5.4 2.8 4.1 5.4 25.8 12.4 5.3 

Dibenzothiophene 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

C1 - Dibenzothiophene 0.4 0.8 2.8 0.0 0.9 0.4 0.6 0.9 1.4 0.0 0.0 

C2 - Dibenzothiophene 0.0 1.5 2.5 0.0 2.4 1.1 1.6 2.3 7.8 2.5 1.1 

C3 - Dibenzothiophene 0.0 1.7 2.5 0.0 2.0 1.3 1.4 2.1 8.7 4.2 1.7 

Phenanthrene 1.0 6.8 9.9 1.0 3.8 1.0 1.3 5.8 3.8 1.3 0.7 

Anthracene 0.2 0.5 0.8 0.5 0.5 0.3 0.3 0.6 0.6 0.4 0.2 

C1 - P/A 8.5 5.3 15.2 7.7 6.3 2.7 3.6 7.5 8.8 4.4 3.4 

C2 - P/A 11.5 6.5 14.2 12.5 6.9 3.3 5.1 7.8 18.9 11.0 5.9 

C3 - P/A 5.2 0.0 11.6 7.7 6.1 3.7 5.2 5.9 18.1 12.0 7.6 

C4 - P/A 0.0 0.0 0.0 2.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Fluoranthene 5.0 15.3 30.2 9.9 16.0 8.9 10.9 21.1 20.0 13.0 6.6 

Pyrene 2.7 11.6 19.8 12.3 9.7 5.5 8.0 15.2 15.2 10.7 5.7 

C1 - F/P 1.9 2.8 5.9 5.2 3.8 2.4 3.0 4.9 8.8 6.4 3.3 

C2 - F/P 0.0 2.0 3.3 3.5 2.5 1.6 2.2 3.1 4.4 4.1 2.4 
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Table SI 5-continued.  

 

 Site 

 

PAH 
Kerr S. 

R. 
Ronda 

Route 

801 

Badin 

Lake 
Red Hill 

Blewett 

Lake 
74 Bridge 

Digg's 

Tract 

Society 

Hill 
Pee Dee Bucksport 

C3 - F/P 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Retene 1.6 7.9 41.9 1.7 8.2 4.7 6.5 8.4 23.0 26.4 28.2 

Benz[a]anthracene 0.0 1.1 1.5 1.4 0.0 0.0 0.8 1.5 1.8 1.2 0.8 

Chrysene 0.3 1.6 3.9 1.5 0.0 0.0 2.8 4.1 5.1 4.7 1.7 

C1 - Chrysenes 0.3 0.6 1.3 1.1 0.0 0.0 0.9 1.1 1.6 1.2 0.0 

C2 - Chrysenes 0.0 0.0 0.7 0.6 0.0 0.0 0.0 0.6 0.8 0.7 0.0 

C3 - Chrysenes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

C4 - Chrysenes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Benzo[b]fluoranthene 0.0 0.0 2.6 2.7 1.9 1.1 1.4 1.7 2.0 2.1 0.9 

Benzo[k]fluoranthene 0.0 0.0 0.6 0.6 0.3 0.2 0.3 0.4 0.4 0.3 0.1 

Benzo[e]pyrene 0.3 0.8 1.6 1.9 1.2 0.0 0.0 1.1 1.5 1.9 0.0 

Benzo[a]pyrene 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Perylene 0.3 1.8 2.3 1.6 6.4 15.8 15.5 8.7 10.8 13.9 17.1 

Indeno[1,2,3-cd]pyrene 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Dibenz[a,h,]anthracene 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Benzo[g,h,i]perylene 0.0 0.0 0.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Coronene 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Sum of PAH 42 128.60 105.22 219 152.47 118.86 72.60 95.23 134.48 238.25 159.44 113.70 

Sum of PAH 34 126.58 91.27 165.96 147.21 102.84 63.47 83.00 117.64 192.98 122.24 80.23 

 Sum of ESBTUs 

           Acute  0.014 0.009 0.023 0.024 0.015 0.014 0.018 0.019 0.035 0.026 0.018 

Chronic 0.026 0.017 0.046 0.047 0.030 0.029 0.036 0.038 0.071 0.054 0.037 
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Table SI 6.  PAH ESBTU calculations for sediment at each site.  

  
 Site 

PAH 
Kerr S. 

R. 
Ronda 

Route 

801 

Badin 

Lake 
Red Hill 

Blewett 

Lake 

74 

Bridge 

Digg's 

Tract 

Society 

Hill 

Pee 

Dee 
Bucksport 

Naphthalene 0.4 1.2 3.4 15.1 2.1 0.2 1.1 5.9 1.2 0.9 1.0 

Acenaphthylene 0.0 0.0 5.4 13.7 5.7 0.0 2.6 5.7 1.1 0.0 0.8 

Acenaphthene 0.0 0.0 12.3 22.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

C1 - Naphthalenes 0.0 0.0 4.6 14.7 4.2 0.0 0.0 5.2 1.4 0.0 1.3 

C2 - Naphthalenes 0.0 0.0 0.0 67.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

C3 - Naphthalenes 0.0 0.0 0.0 43.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

C4 - Naphthalenes 0.0 0.0 0.0 29.3 0.0 0.0 0.0 3.7 0.0 0.0 0.0 

Fluorene 0.0 0.6 17.6 29.9 1.7 0.0 1.2 3.3 0.7 0.6 0.8 

C1 - Fluorenes 0.0 0.0 10.7 22.8 9.7 0.0 0.0 12.1 0.0 0.0 0.0 

C2 - Fluorenes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

C3 - Fluorenes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Dibenzothiophene 0.0 0.0 11.5 17.6 1.9 0.0 0.0 2.1 0.0 0.0 0.0 

C1 - Dibenzothiophene 0.0 0.0 9.0 10.2 3.2 0.0 0.0 0.0 0.0 0.0 0.0 

C2 - Dibenzothiophene 0.0 0.0 10.5 15.2 4.4 0.0 0.0 0.0 0.0 0.0 0.0 

C3 - Dibenzothiophene 0.0 0.0 9.8 0.0 4.3 0.0 0.0 0.0 0.0 0.0 0.0 

Phenanthrene 0.5 10.1 237.7 281.7 19.5 0.4 12.8 35.7 6.5 5.0 5.5 

Anthracene 0.0 2.1 27.3 94.1 5.7 0.0 3.9 10.0 1.8 1.1 1.6 

C1 - P/A 0.0 5.3 88.9 124.5 21.2 0.0 12.9 29.1 6.7 5.3 6.2 

C2 - P/A 0.0 0.0 73.1 128.5 29.7 0.0 0.0 0.0 0.0 0.0 0.0 

C3 - P/A 0.0 0.0 44.1 87.6 23.9 0.0 0.0 0.0 0.0 0.0 0.0 

C4 - P/A 0.0 0.0 26.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Fluoranthene 0.4 43.0 399.8 710.3 50.3 0.5 30.3 107.6 16.7 13.2 12.5 

Pyrene 0.3 35.5 313.5 611.6 45.0 0.5 28.2 91.2 14.1 10.8 10.7 

C1 - F/P 0.0 9.5 142.2 270.0 24.8 0.9 14.1 41.9 8.1 6.0 7.9 

C2 - F/P 0.0 10.7 80.9 372.4 17.9 0.0 12.7 36.9 8.2 6.1 0.0 

C3 - F/P 0.0 2.9 26.3 94.6 6.7 0.0 4.3 12.4 3.2 0.0 0.0 
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Table SI 6-continued. 

 

 Site 

PAH 
Kerr S. 

R. 
Ronda 

Route 

801 

Badin 

Lake 
Red Hill 

Blewett 

Lake 

74 

Bridge 

Digg's 

Tract 

Society 

Hill 

Pee 

Dee 
Bucksport 

Retene 0.0 20.9 21.7 119.7 38.5 2.4 9.8 233.3 30.8 15.3 48.4 

Benz[a]anthracene 0.0 14.1 132.7 551.8 21.9 0.0 15.2 37.1 6.2 4.2 6.5 

Chrysene 0.0 25.8 204.0 956.2 32.7 0.6 18.5 67.5 10.3 7.5 9.1 

C1 - Chrysenes 0.0 7.7 59.8 237.1 15.5 0.0 11.5 27.5 5.0 3.5 0.0 

C2 - Chrysenes 0.0 0.0 23.7 77.2 7.0 0.0 0.0 14.9 0.0 0.0 0.0 

C3 - Chrysenes 0.0 0.0 12.3 112.9 3.7 0.0 0.0 8.8 0.0 0.0 0.0 

C4 - Chrysenes 0.0 0.0 0.0 56.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Benzo[b]fluoranthene 0.0 36.0 237.2 1812.1 42.8 0.8 23.5 99.0 15.3 10.7 14.5 

Benzo[k]fluoranthene 0.0 13.1 80.0 472.0 14.6 0.0 8.5 32.9 5.0 3.2 4.7 

Benzo[e]pyrene 0.0 20.7 127.2 1068.1 23.5 0.0 12.8 54.6 8.3 5.2 7.2 

Benzo[a]pyrene 0.0 20.5 143.0 612.5 22.8 0.0 14.7 51.7 7.5 0.0 0.0 

Perylene 0.0 15.2 65.4 193.9 35.7 1.1 115.7 186.6 59.2 98.9 187.0 

Indeno[1,2,3-cd]pyrene 0.0 20.4 117.3 769.1 21.7 0.0 11.9 53.5 8.0 5.2 7.7 

Dibenz[a,h,]anthracene 0.0 4.2 28.1 237.3 5.2 0.0 0.0 0.0 0.0 0.0 0.0 

Benzo[g,h,i]perylene 0.0 21.0 120.0 584.3 20.6 0.0 13.6 57.8 9.5 6.3 0.0 

Coronene 0.0 9.2 32.2 130.3 7.3 0.0 3.6 15.6 2.4 1.9 3.3 

Sum of PAH 42 1.66 349.73 2960.20 11068.05 595.33 7.34 383.48 1343.62 237.26 210.94 336.66 

Sum of PAH 34 1.66 306.08 2758.21 10308.10 511.15 4.98 353.11 1043.34 192.66 187.65 285.01 

 Sum of ESBTUs 
           

Acute  0.0002 0.022 0.069 0.024 0.017 0.001 0.013 0.008 0.005 0.008 0.004 

Chronic  0.001 0.088 0.281 0.095 0.068 0.003 0.052 0.032 0.020 0.032 0.015 
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Table SI 7.  Principal component analysis loading coefficients and variance explained for 

black bass and sunfish.   

 

  

Black Bass  Sunfish 

 

Loading Coefficients PC1 PC2  PC1 PC2 

Intersex Occurrence (%) 0.49 0.81  -0.17 0.80 

Severity Ranking (1-4) 0.29 0.29  -0.50 0.77 

Water (ng/L) E2β-Eq. 0.49 -0.40  0.66 0.10 

EE2 0.61 -0.39  0.81 0.02 

Industrial EACs 0.97 0.07  0.74 0.59 

CUPs 0.97 0.06  0.74 0.57 

PCBs 0.84 0.13  0.32 0.67 

OCPs 0.73 0.15  0.34 0.20 

PAHs 0.55 0.58  -0.17 0.82 

Sediment 

(ug/g DW) 

Hg -0.13 0.91  -0.63 0.45 

PAHs -0.35 0.85  -0.75 0.20 

OCPs -0.35 0.83  -0.74 0.17 

Variance Explained 38.30 30.60  35.20 28.00 
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Figure SI 1.  Total length (A), weight (B), gonadosomatic index (C), hepatosomatic index 

(D), and relative weight (E) by species (mean ± standard error). Largemouth bass (LMB, 

n=66), Smallmouth Bass (SMB, n=2), Spotted Bass (SPB, n=12), Redear Sunfish (RES, 

n=24), Warmouth (WAR, n=3), Bluegill (BLG, n=65), Redbreast (RBS, n=19), Pumpkinseed 

(PKS, n=1), Channel Catfish (CHC, n=21), White Catfish (WHC, n=8), Blue Catfish (BLC, 

n=37), and Flathead Catfish (FHC, n=10).  
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APPENDIX B 

 

Supporting Information for Chapter 2 
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Table SI 1.  Complete list of contaminants analyzed.  PAHs, OCPs, PCBs, CUPs, hormones, and industrial contaminants were 

analyzed in water.  PAHs, PCBs, OCPs, CUPs, and metals were analyzed in sediment.  PCBs, OCPS, and metals were analyzed in 

whole-fish composite samples.   (*) indicates water detection; (+) indicates whole-fish detection; () indicates sediment detection. 

 

PAHs OCPs PCBs CUPs Hormones Industrial Metals 

Naphthalene * 2,4'-DDD Cl2(08) Acetochlor 17_-Estradiol (aE2) BisphenolA * Aluminum (Al) + 

Acenaphthylene  2,4'-DDE Cl3(18) * alachlor 17_-Estradiol (bE2) Nonylphenol * Antimony (Sb) 

Acenaphthene * 2,4'-DDT Cl3(28)* Atrazine* 17_-Testosterone (bT) 
 

Arsenic (As) 

C1 – Naphthalenes * 4,4'-DDD *+ Cl4(52) *+ Atrazine-desethyl * Epitestosterone (aT) 
 

Barium (Ba) + 

C2 – Naphthalenes * 4,4'-DDE *+ Cl4(44) *+ Atrazine-desisopropyl * Estriol (E3) 
 

Berylium (Be)  

C3 – Naphthalenes * 4,4'-DDT Cl4(66) *+  Benfluralin Estrone (E1) 
 

Cadmium (Cd)  

C4 – Naphthalenes * Aldrin Cl5(101) *+ Bifenthrin Ethinylestradiol (EE2) * 
 

Cobalt (Co)  

Fluorene * alpha-BHC Cl4(77) Butylate 
  

Chromium (Cr)  

C1 – Fluorenes *  betaBHC Cl5(118) *+  Chlorothalonil 
  

Copper (Cu) + 

C2 – Fluorenes * Chlorothalonil Cl6(153) *+ Chlorpyrifos 
  

Iron (Fe) + 

C3 – Fluorenes * Chlorpyrifos * Cl5(105) *+  Cyfluthrin 
  

Mercury (Hg) + 

Dibenzothiophene   cis-Chlordane *+ Cl6(138) *+ Cypermethrin 
  

Potassium (K) + 

C1 – Dibenzothiophene * Delta-BHC Cl5(126) Dacthal 
  

Magnesium (Mg) +  

C2 – Dibenzothiophene * Dieldrin Cl7(187) + Deltamethrin 
  

Manganese (Mn) + 

C3 – Dibenzothiophene * Endosulfan I Cl6(128) +  Diazinon 
  

Molybdenum (Mo) 

Phenanthrene * Endosulfan II Cl8(201) Dimethenamid * 
  

Nickel (Ni) + 

Anthracene * Endosulfan Sulfate Cl7(180) +   Dimethoate 
  

Lead (Pb) + 

C1 - Phenanthrenes/Anthracenes * Endrin Cl7(170) + EPTC 
  

Selenium (Se) + 

C2 - Phenanthrenes/Anthracenes * Endrin Aldehyde Cl8(195) Esfenvalerate 

  

Silicon (Si) +  

C3 - Phenanthrenes/Anthracenes * Endrin Ketone Cl9(206) + Ethalfluralin 
  

Strontium (Sr) +  

C4 - Phenanthrenes/Anthracenes  gamma-BHC (Lindane) Cl10(209) + Ethoprop 
  

Vanadium (V)  
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Table SI 1-continued. 

PAHs OCPs PCBs CUPs Hormones Industrial Metals 

Fluoranthene * Heptachlor * 
 

Fenpropathrin 
  

Zinc (Zn) + 

Pyrene * Heptachlor epoxide * 

 

Flumetralin 

   
C1 - Fluoranthenes/Pyrene * Hexachlorobenzene *+ 

 
Fonofos 

   
C2 - Fluroanthrene/Pyrene * Methoxychlor 

 

lambda cyhalothrin 

   
C3 - Fluoranthrene/Pyrene  Mirex 

 
Malathion 

   
Retene * Trans-Chlordane *+ 

 

Methidathion 

   
Benz[a]anthracene * Trans-Nonachlor *+ 

 
Methyl parathion 

   
Chrysene * 

  

Metolachlor * 

   
C1 - Chrysenes * 

  
Metribuzin 

   
C2 - Chrysenes * 

  

Napropamide 

   
C3 – Chrysenes 

  
Pebulate 

   
C4 – Chrysenes  

  

Pendimethalin 

   
Benzo[b]fluoranthene * 

  

Permethrin 

   
Benzo[k]fluoranthene * 

  

Phorate 

   
Benzo[e]pyrene * 

  
Phosmet 

   
Benzo[a]pyrene 

  

Prometon * 

   
Perylene * 

  
Propachlor 

   
Indeno[1,2,3-cd]pyrene  

  

Propazine * 

   
Dibenz[a,h,]anthracene  

  
Propiconazole 

   
Benzo[g,h,i]perylene * 

  

Simazine * 

   
Coronene  

  
Tebuthiuron 

   

   

Terbufos 

   

   

Triallate 

   

   

Tribufos 

   

   
Trichlorfon 

   

   

Trifluralin 
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Table SI 2. Contaminants detected in whole fish (DW, ug/g=metals, ng/g=organics), water (ng/L), and sediment 

(ug/g=metals, ng/g=organics) among sites and baseline fish.  

 

a BDL= below detection limits.  – = not applicable. FHM 1= Fathead Minnow composite, whole-body fish 

samples from bioassay 1.  FHM 2= Fathead Minnow composite, whole-body fish samples from bioassay 

Analyte   Site 

   Compartment Baseline Ronda Rt. 801 Red Hill 74 Bridge Digg’s Tract Society Hill Pee Dee Bucksport 

Al 

             FHM 1/FHM 2 45.4/45.1 147/572 124/326 149/218 220/283 204/114 142/114 121/125 124/183 

   Water – – – – – – – – – 

   Sediment – 659.0 1505.8 1192.8 687.4 1620.8 859.1 836.8 1086.3 

Ba          

   FHM 1/FHM 2 2.0/1.8 6.7/9.5 7.5/7.8 7.4/8.1 10.8/11.6 8.9/7.7 7.3/7.8 7.6/8.2 8.1/8.4 

   Water – – – – – – – – – 

   Sediment – 49 114 86 64 177 96 74 90 

Cr          

   FHM 1/FHM 2 0.02/0.1 0.3/0.4 0.37/0.74 0.46/BDL 0.3/0.49 0.91/0.1 0.15/0.66 0.31/0.36 0.37/0.15 

   Water – – – – – – – – – 

   Sediment – 10.6 24.5 19.5 12.3 26.1 15.5 15.6 19.1 

Cu          

   FHM 1/FHM 2 0.02/0.10 0.30/0.42 0.37/0.74 0.46/BDL 0.30/0.49 0.91/0.10 0.15/0.66 0.31/0.36 0.37/0.15 

   Water – – – – – – – – – 

   Sediment – 6.4 17.8 21.1 10.3 25.8 12.5 10.1 12.3 

Fe          

   FHM 1/FHM 2 133/92 197/489 187/383 211/231 244/267 274/148 211/157 163/166 159/208 

   Water – – – – – – – – – 

   Sediment – 1032 2447 2618 1436 3156 1693 1598 1797 

Hg          

   FHM 1/FHM 2 0.21/0.18 0.25/0.17 0.32/0.26 0.31/0.38 0.27/0.31 0.28/0.63 0.38/0.39 0.32/0.31 0.36/0.26 

   Water – – – – – – – – – 

   Sediment – 0.01 0.02 0.05 0.02 0.06 0.03 0.01 0.03 

K          

   FHM 1/FHM 2 

12242/ 

15146 

12494/ 

15146 

14345/ 

15465 

13900/ 

12032 

10978/ 

12782 

13282/ 

12915 

13605/ 

13906 

13772/ 

13980 

13675/ 

12252 

   Water – – – – – – – – – 

   Sediment – 1476 2183 554 711 907 747 890 813 

Mg          

   FHM 1/FHM 2 

1204/ 

1137 

1418/ 

1552 

1618/ 

1380 

1463/ 

1669 

1860/ 

1712 

1668/ 

1515 

1598/ 

1477 

1497/ 

1488 

1570/ 

1430 

   Water – – – – – – – – – 

   Sediment – 1830 3264 1909 1218 2416 1549 1797 1930 

Mn          

   FHM 1/FHM 2 3.8/5.1 16.6/20.4 8.21/15.8 59.8/41.4 61/49.1 59.6/23.4 31.1/15.4 11.2/16.3 13.4/28.2 

   Water – – – – – – – – – 

   Sediment – 107.4 540.3 724.3 424.3 2595.4 920.5 458.2 226.1 

Ni          

   FHM 1/FHM 2 

BDL/ 

BDL 0.2/0.24 0.2/0.34 0.34/BDL 0.23/0.24 0.53/BDL BDL/0.33 

BDL/ 

BDL 0.27/BDL 

   Water – – – – – – – – – 

   Sediment – 0.1 5.0 7.9 3.3 11.8 5.9 4.7 6.4 

Pb          

   FHM 1/FHM 2 BDL/0.2 BDL/0.48 

BDL/ 

BDL 0.05/0.51 0.41/0.27 0.26/0.06 0.11/BDL BDL/0.08 BDL/0.37 

   Water – – – – – – – – – 

   Sediment – 4.39 13.28 9.8 6.89 15.19 8.12 8.69 8.96 
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Table SI 2-continued. 

 

 

 

 

 

Analyte  Site 

  Compartment Baseline Ronda Rt. 801 Red Hill 74 Bridge Digg’s Tract Society Hill Pee Dee Bucksport 

Se          

   FHM 1/FHM 2 1.0/BDL 0.96/BDL BDL/1.18 0.72/BDL 

BDL/ 

BDL 

BDL/ 

BDL 

BDL/ 

BDL 

BDL/ 

1.48 

BDL/ 

BDL 

   Water – – – – – – – – – 

   Sediment – BDL BDL BDL BDL BDL BDL BDL BDL 

Si          

   FHM 1/FHM 2 51/35 83/222 77/144 97/116 110/144 119/79 89/72 76/76 86/104 

   Water – – – – – – – – – 

   Sediment – 638 1315 544 809 1263 1117 916 859 

Sr          

   FHM 1/FHM 2 54/47 93/83 99/68 90/109 145/121 104/103 90/80 94/88 90/87 

   Water – – – – – – – – – 

   Sediment – 15 38 38 22 47 27 25 28 

Zn 

            FHM 1/FHM 2 118/131 134/184 162/177 170/191 221/229 221/201 194/262 150/224 220/200 

   Water – – – – – – – – – 

   Sediment – 659.0 1505.8 1192.8 687.4 1620.8 859.1 836.8 1086.3 

PCBs          

   FHM 1/FHM 2 30/29 39.7/34.6 70.7/52.0 69.7/92.0 68.0/36.1 68.7/68.2 72.8/70.9 93.4/58.7 82.3/45.8 

   Water – 0.1 1.1 1.4 0.8 1.4 3.4 7.3 1.5 

   Sediment – BDL BDL 3.0 0.3 5.2 0.5 BDL BDL 

OCPs          

   FHM 1/FHM 2 31.2/32.0 47.7/31.8 66.1/45.3 63.6/19.9 52.9/26.5 43.9/48.3 42.3/64.5 56.9/47.9 45.7/40.2 

   Water – 2.6 11.5 12.3 2.8 3.6 11.9 4.5 1.9 

   Sediment – BDL 2.8 1.1 1.0 2.8 0.7 0.5 BDL 

PAHs          

   FHM 1/FHM 2 – – – – – – – – – 

   Water – 97 242 119 92 86 137 159 114 

   Sediment – 350 2960 595 383 1344 237 211 337 

CUPs          

   FHM 1/FHM 2 – – – – – – – – – 

   Water – 1.4 7.2 154.0 44.6 71.1 61.1 190.7 29.4 

   Sediment – BDL BDL 3.8 0.9 BDL BDL BDL 3.4 

Nonylphenol          

   FHM 1/FHM 2 – – – – – – – – – 

   Water – 0.4 0.3 0.2 1.6 1.2 2.3 3.5 1.4 

   Sediment – – – – – – – – – 

BPA          

   FHM 1/FHM 2 – – – – – – – – – 

   Water – 0.16 0.30 0.89 1.60 1.50 0.98 1.05 2.27 

   Sediment – – – – – – – – – 

EE2          

   FHM 1/FHM 2 – – – – – – – – – 

   Water – BDL BDL 0.62 0.60 0.41 0.85 1.62 0.27 

   Sediment – – – – – – – – – 

E2β- Eq.          

   FHM 1/FHM 2 – – – – – – – – – 

   Water – 0.27 0.20 0.25 0.44 0.28 0.34 0.35 0.21 

   Sediment – – – – – – – – – 
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Table SI 3.  PAH ESBTU calculations for water at each site.  

 
     Site    

PAH 
Ronda Rt. 801 

Red 

Hill 

74 

Bridge 

Digg's 

Tract 

Society 

Hill 

Pee 

Dee 
Bucksport 

Naphthalene 0.6 0.4 1.1 0.4 0.3 1.0 1.6 0.9 

Acenaphthylene 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Acenaphthene 1.0 1.2 0.5 0.1 0.7 0.7 0.3 0.1 

C1 - Naphthalenes 0.7 0.8 1.0 0.4 0.6 1.0 1.7 0.7 

C2 - Naphthalenes 3.1 3.5 2.6 1.4 2.2 2.9 1.9 1.6 

C3 - Naphthalenes 8.3 8.2 6.0 4.2 5.2 7.8 3.5 3.9 

C4 - Naphthalenes 7.9 8.7 12.1 6.4 6.5 14.8 7.3 7.0 

Fluorene 1.1 1.3 0.4 0.3 0.9 0.7 0.3 0.2 

C1 - Fluorenes 2.8 3.1 3.0 1.7 2.5 3.5 1.6 1.4 

C2 - Fluorenes 5.8 8.4 7.7 4.8 5.1 16.6 6.6 5.0 

C3 - Fluorenes 5.2 8.3 5.4 4.1 5.4 25.8 12.4 5.3 

Dibenzothiophene 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

C1 - Dibenzothiophene 0.8 2.8 0.9 0.6 0.9 1.4 0.0 0.0 

C2 - Dibenzothiophene 1.5 2.5 2.4 1.6 2.3 7.8 2.5 1.1 

C3 - Dibenzothiophene 1.7 2.5 2.0 1.4 2.1 8.7 4.2 1.7 

Phenanthrene 6.8 9.9 3.8 1.3 5.8 3.8 1.3 0.7 

Anthracene 0.5 0.8 0.5 0.3 0.6 0.6 0.4 0.2 

C1 - P/A 5.3 15.2 6.3 3.6 7.5 8.8 4.4 3.4 

C2 - P/A 6.5 14.2 6.9 5.1 7.8 18.9 11.0 5.9 

C3 - P/A 0.0 11.6 6.1 5.2 5.9 18.1 12.0 7.6 

C4 - P/A 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Fluoranthene 15.3 30.2 16.0 10.9 21.1 20.0 13.0 6.6 

Pyrene 11.6 19.8 9.7 8.0 15.2 15.2 10.7 5.7 

C1 - F/P 2.8 5.9 3.8 3.0 4.9 8.8 6.4 3.3 

C2 - F/P 2.0 3.3 2.5 2.2 3.1 4.4 4.1 2.4 

C3 - F/P 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Retene 7.9 41.9 8.2 6.5 8.4 23.0 26.4 28.2 

Benz[a]anthracene 1.1 1.5 0.0 0.8 1.5 1.8 1.2 0.8 

Chrysene 1.6 3.9 0.0 2.8 4.1 5.1 4.7 1.7 
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Table SI 3-continued.  

 
 Site 

PAH Ronda 
Route 

801 
Red Hill 

74 

Bridge 

Digg's 

Tract 

Society 

Hill 
Pee Dee Bucksport 

C1 - Chrysenes 0.6 1.3 0.0 0.9 1.1 1.6 1.2 0.0 

C2 - Chrysenes 0.0 0.7 0.0 0.0 0.6 0.8 0.7 0.0 

C3 - Chrysenes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

C4 - Chrysenes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Benzo[b]fluoranthene 0.0 2.6 1.9 1.4 1.7 2.0 2.1 0.9 

Benzo[k]fluoranthene 0.0 0.6 0.3 0.3 0.4 0.4 0.3 0.1 

Benzo[e]pyrene 0.8 1.6 1.2 0.0 1.1 1.5 1.9 0.0 

Benzo[a]pyrene 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Perylene 1.8 2.3 6.4 15.5 8.7 10.8 13.9 17.1 

Indeno[1,2,3-

cd]pyrene 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Dibenz[a,h,]anthracen

e 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Benzo[g,h,i]perylene 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Coronene 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Sum of PAH 42 105.22 219.00 118.86 95.23 134.48 238.25 159.44 113.70 

Sum of PAH 34 91.27 165.96 102.84 83.00 117.64 192.98 122.24 80.23 

Sum of ESBTUs         

Acute  0.001 0.023 0.015 0.018 0.019 0.035 0.026 0.018 

Chronic 0.017 0.046 0.030 0.036 0.038 0.071 0.054 0.037 
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Table SI 4. PAH ESBTU calculations for sediment at each site. 

 
 Site  

PAH 
Rond

a 

Route 

801 
Red Hill 

74 

Bridge 

Digg's 

Tract 

Society 

Hill 
Pee Dee Bucksport 

Naphthalene 1.2 3.4 2.1 1.1 5.9 1.2 0.9 1.0 

Acenaphthylene 0.0 5.4 5.7 2.6 5.7 1.1 0.0 0.8 

Acenaphthene 0.0 12.3 0.0 0.0 0.0 0.0 0.0 0.0 

C1 - Naphthalenes 0.0 4.6 4.2 0.0 5.2 1.4 0.0 1.3 

C2 - Naphthalenes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

C3 - Naphthalenes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

C4 - Naphthalenes 0.0 0.0 0.0 0.0 3.7 0.0 0.0 0.0 

Fluorene 0.6 17.6 1.7 1.2 3.3 0.7 0.6 0.8 

C1 - Fluorenes 0.0 10.7 9.7 0.0 12.1 0.0 0.0 0.0 

C2 - Fluorenes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

C3 - Fluorenes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Dibenzothiophene 0.0 11.5 1.9 0.0 2.1 0.0 0.0 0.0 

C1 - Dibenzothiophene 0.0 9.0 3.2 0.0 0.0 0.0 0.0 0.0 

C2 - Dibenzothiophene 0.0 10.5 4.4 0.0 0.0 0.0 0.0 0.0 

C3 - Dibenzothiophene 0.0 9.8 4.3 0.0 0.0 0.0 0.0 0.0 

Phenanthrene 10.1 237.7 19.5 12.8 35.7 6.5 5.0 5.5 

Anthracene 2.1 27.3 5.7 3.9 10.0 1.8 1.1 1.6 

C1 - P/A 5.3 88.9 21.2 12.9 29.1 6.7 5.3 6.2 

C2 - P/A 0.0 73.1 29.7 0.0 0.0 0.0 0.0 0.0 

C3 - P/A 0.0 44.1 23.9 0.0 0.0 0.0 0.0 0.0 

C4 - P/A 0.0 26.9 0.0 0.0 0.0 0.0 0.0 0.0 

Fluoranthene 43.0 399.8 50.3 30.3 107.6 16.7 13.2 12.5 

Pyrene 35.5 313.5 45.0 28.2 91.2 14.1 10.8 10.7 

C1 - F/P 9.5 142.2 24.8 14.1 41.9 8.1 6.0 7.9 

C2 - F/P 10.7 80.9 17.9 12.7 36.9 8.2 6.1 0.0 

C3 - F/P 2.9 26.3 6.7 4.3 12.4 3.2 0.0 0.0 

Retene 20.9 21.7 38.5 9.8 233.3 30.8 15.3 48.4 

Benz[a]anthracene 14.1 132.7 21.9 15.2 37.1 6.2 4.2 6.5 

Chrysene 25.8 204.0 32.7 18.5 67.5 10.3 7.5 9.1 
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Table SI 4-continued.  

 

 Site 

PAH Ronda 
Route 

801 

Red 

Hill 

74 

Bridge 

Digg's 

Tract 

Society 

Hill 

Pee 

Dee 

Buckspor

t 

C1 - Chrysenes 7.7 59.8 15.5 11.5 27.5 5.0 3.5 0.0 

C2 - Chrysenes 0.0 23.7 7.0 0.0 14.9 0.0 0.0 0.0 

C3 - Chrysenes 0.0 12.3 3.7 0.0 8.8 0.0 0.0 0.0 

C4 - Chrysenes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Benzo[b]fluoranthene 36.0 237.2 42.8 23.5 99.0 15.3 10.7 14.5 

Benzo[k]fluoranthene 13.1 80.0 14.6 8.5 32.9 5.0 3.2 4.7 

Benzo[e]pyrene 20.7 127.2 23.5 12.8 54.6 8.3 5.2 7.2 

Benzo[a]pyrene 20.5 143.0 22.8 14.7 51.7 7.5 0.0 0.0 

Perylene 15.2 65.4 35.7 115.7 186.6 59.2 98.9 187.0 

Indeno[1,2,3-

cd]pyrene 
20.4 117.3 21.7 11.9 53.5 8.0 5.2 7.7 

Dibenz[a,h,]anthracene 4.2 28.1 5.2 0.0 0.0 0.0 0.0 0.0 

Benzo[g,h,i]perylene 21.0 120.0 20.6 13.6 57.8 9.5 6.3 0.0 

Coronene 9.2 32.2 7.3 3.6 15.6 2.4 1.9 3.3 

Sum of PAH 42 349.73 2960.20 595.33 383.48 1343.62 237.26 210.94 336.66 

Sum of PAH 34 306.08 2758.21 511.15 353.11 1043.34 192.66 187.65 285.01 

 Sum of ESBTUs 
        

Acute 0.022 0.069 0.017 0.013 0.008 0.005 0.008 0.004 

Chronic 0.088 0.281 0.068 0.052 0.032 0.020 0.032 0.015 

 

 


