
ABSTRACT 

Towards an Understanding of Pharmaceutical Exposure and Bioaccumulation in 
Effluent-Dependent Systems 

Bowen Du, Ph.D. 

Mentors: Bryan W. Brooks, Ph.D. and C. Kevin Chambliss, Ph.D. 

Environmental risks of pharmaceuticals and other contaminants of emerging 

concern (CECs) are not well understood due to relatively limited information on fate, 

transport, exposure, bioaccumulation and effects.  The objective of this research was to 

improve understanding of the relationships among CEC accumulation in aquatic 

organisms through developing robust analytical methods and studying exposure and 

bioaccumulation.  In chapter 2, an isotope dilution liquid chromatography-tandem mass 

spectrometry (LC-MS/MS) method was successfully developed and applied to identify 15 

pharmaceuticals and 2 pharmaceutically-active metabolites in fish tissues.  The method 

was successfully applied to trout samples collected from different river locations in Utah, 

USA.  In chapter 3, occurrence, removal and discharge of selected CECs were compared 

between municipal and on-site treatment systems receiving a common wastewater 

influent.  Such a unique study design was conducted at the Baylor Wastewater Research 

Program site at the Waco Municipal Area Sewerage System, Waco, Texas, USA. This 

novel comparative examination of centralized and decentralized effluent quality also 

employed a fish plasma model approach to estimate the therapeutic hazards of 

pharmaceuticals in each effluent discharge.  Within investigated treatment systems, the 



septic system consistently possessed the lowest water quality and therapeutic hazards.  

Coupling a constructed subsurface wetland may lower ecological risks associated with 

effluent discharge from septic systems.  Occurrence and bioaccumulation of 

pharmaceuticals and other CECs were then examined in a common snail (Planorbid sp.) 

grazer and periphyton from the North Bosque River in central Texas, USA, during a 

historic drought when stream flow was effluent-dependent.  Limited observations of 

pharmaceuticals in periphyton compared to water and snail samples suggested that water 

exposure represented the primary route of pharmaceutical exposure to Planorbid sp. in 

the North Bosque River.  In chapter 5, a fish plasma model, initially developed from 

laboratory studies and applied in chapter 3 to assess effluent quality, was tested to 

examine observed versus predicted internal doses of select pharmaceuticals in the North 

Bosque River.  In addition, characterization of trophic transfer for select pharmaceuticals 

suggested that uptake of ionizable pharmaceuticals by aquatic organisms in this effluent-

dependent wadeable stream more likely resulted from inhalation than dietary exposure.   
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CHAPTER ONE 
 

Introduction 
 

 
Pharmaceuticals in the Environment 

The public and research sectors are highly engaged by the topic of contaminants 

of emerging concern (CECs), particularly pharmaceuticals, and the environment.  

Pharmaceuticals designed to improve the health of human and animals might result in 

unknown risks to ecosystems and even public health (Brooks, 2014).  Over the last 

decade, many efforts have been made towards improving the techniques of characterizing 

environmental risks of CECs.  However, environmental modeling approaches for 

predicting fate, transport, exposure and bioaccumulation, which were largely developed 

to address historical organic contaminants (e.g., persistent organic pollutants), are not 

appropriate for evaluating environmental risks of pharmaceuticals (Brooks et al., 2009).   

Occurrence of pharmaceuticals has been identified in fish exposed to effluents 

from wastewater treatment plant discharges.  Unlike other contaminants, such as PCBs, 

furans, and PBDEs, pharmaceuticals are specifically designed to alter physiological 

functions in human and animals, which may result in similar pharmacological effects in 

aquatic organisms due to evolutionary conservation of therapeutic targets in these species 

(Gunnarsson et al., 2008).  More than 140,000 chemicals have been preregistered for the 

Registration, Evaluation, Authorization and Restriction of Chemicals (REACH) in the 

Europe.  Among these chemicals, approximately half are ionizable (Franco et al., 2010).  

Unlike many historical contaminants, over 70 percent of therapeutics are ionizable 

compounds (Manallack, 2007) (~70% are weak bases).  The bioaccumulation and 
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toxicity of these chemicals may therefore be sensitive to pH variation (Nakamura et al., 

2008; Rendal et al., 2011; Trapp et al., 2010; Valenti et al., 2009; Valenti et al., 2011).  

Several studies have identified pH dependent uptake and greater bioavailability in neutral 

form relative to ionized form for pharmaceuticals (Arnot and Gobas, 2006; Fick et al., 

2010a; Meredith-Williams et al., 2012b; Nakamura et al., 2008; Rendal et al., 2011; 

Valenti et al., 2009).  The bioavailability and bioaccumulation of ionizable chemicals in 

general and pharmaceuticals in particular are poorly understood in fish and other aquatic 

organisms.  Current prediction approaches developed for nonionizable hydrophobic 

organic chemicals are not able to accurately estimate the uptake of ionizable organic 

chemicals by aquatic organisms (Erickson et al., 2006a; Erickson et al., 2006b).  Further 

investigations on pH dependent uptake for ionizable organic chemicals are necessary to 

better predict bioaccumulation and toxicity thresholds of pharmaceuticals. This 

dissertation was thus designed to advance an understanding of exposure and 

bioaccumulation of pharmaceuticals with a particular focus of effluent-dependent 

streams.  

Development of Isotope Dilution LC-MS/MS Method 
 

To improve an understanding of the relationships among pharmaceutical 

accumulation in and risks to aquatic organisms, development of robust analytical 

methods remains paramount.   Occurrence of human pharmaceuticals in aquatic 

organisms has been frequently detected since accumulation of selective antidepressants 

and their metabolites in fish tissues was first reported (Brooks et al., 2005).  The presence 

of complex matrix components in biological samples can either cause signal suppression 

or enhancement of the target analyte responses, resulting inaccuracy in quantitation 
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(Bester, 2008; Hao et al., 2007).  Hence, the differences of response factors between 

standard solution and matrix-loaded samples have to be accounted for and matrix effects 

should be minimized to obtain reliable analytical results (Stuber and Reemtsma, 2004).   

To date, pharmaceuticals in environmental and biological samples are 

increasingly analyzed by liquid chromatography-tandem mass spectrometry (LC-

MS/MS).  This approach allows comparably lower detection limits and better precision 

relative to gas chromatography mass spectrometry (GC-MS), but it enables quantitation 

without derivatization.  Many efforts have been made on compensating matrix effect 

during analytical characterizations for pharmaceuticals in aquatic systems; however, 

these efforts do not work consistently well for selective analytes in highly complex 

matrices (Benijts et al., 2004; Delatour, 2004; Hartmann et al., 2007; Ramirez et al., 2007; 

Stoob et al., 2005; Stuber and Reemtsma, 2004; Vanderford et al., 2003).   

Isotope dilution is the most versatile approach to minimize matrix effects and 

account for any variation during sample preparation (Vanderford and Snyder, 2006).  The 

main objective of the isotope dilution method is to generate a response ratio in the 

calibration curve that can be directly compared with the relative response ratio obtained 

in the sample.  This technique is advantageous compared to matrix-matched calibration 

since every isotope in the analysis is only used as the internal standard for corresponding 

unlabeled analog.  In chapter 2, an isotope dilution LC-MS/MS method was successfully 

developed and applied for analyzing pharmaceuticals and their metabolites in fish tissues 

(Du et al., 2012).  This isotope dilution LC-MS/MS method was applied in characterizing 

environmental fate and bioaccumulation of CECs in aquatic systems in subsequent 
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chapters of this dissertation.  This methodology is also expected to be supportive of 

future site-specific environmental risk assessment and management efforts.   

Comparison of Centralized and Decentralized Wastewater Treatment Systems 

Pharmaceuticals and other CECs are introduced to the environment through many 

sources, though effluent from municipal wastewater treatment plants (WWTPs) represent 

the primary source for CECs introduction to aquatic systems (Daughton and Ternes, 1999; 

Halling-Sørensen et al., 1998; Kolpin et al., 2002).  Presence of CECs in aquatic systems 

may reduce quality of surface and ground waters and present risks to human health and 

the environment (Brooks et al., 2009).   

Though centralized WWTPs have recently received much attention, relatively 

little effort has been made to understand effluent quality from decentralized wastewater 

treatment systems, which service more than 20% of the United States population (U.S.CB, 

2011).  In the U.S., septic treatment systems have been commonly used in treating 

wastewater on site, but at least 10 to 20% of these on-site systems malfunction annually 

(U.S.EPA, 2002; U.S.EPA, 2005).  Insufficient removal, due to design, malfunction or 

lack of maintenance, has resulted in release of less treated or untreated wastewater 

containing CECs into the environment (Conn et al., 2006; Garcia et al., 2013; Godfrey et 

al., 2007; Hinkle, 2005; Stanford and Weinberg, 2010; Wilcox et al., 2009), resulting the 

occurrence of pharmaceuticals, estrogenic compounds, nonylphenols, and other CECs in 

groundwater from the locations heavily relying on decentralized treatment systems (Conn 

et al., 2006; Godfrey et al., 2007).  Comparative understanding of effluent quality of 

decentralized treatment systems and centralized municipal treatment plants, particularly 

for CECs, remains less understood (Garcia et al., 2013).   
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In chapter 3, the unique experimental design of Baylor Wastewater Research 

Program (BWRP) site allowed for comparison of occurrence, removal and discharge of 

selected CECs from municipal and on-site treatment systems receiving a common 

wastewater influent. Because many studies quantify pharmaceuticals in effluent and 

surface water but fail to characterize associated hazards to aquatic life, I further applied a 

fish plasma model to assess effluent quality associated with pharmaceuticals present in 

discharges from each system.  Thus, this experimental facility represented an ideal 

approach to assess comparative effluent quality of decentralized and centralized treatment 

systems in a novel way.  This study highlighted the importance to study other CECs in 

on-site wastewater effluents, particularly in regions affected by failing decentralized 

systems and high exchange between groundwater and surface water. 

Pharmaceutical Bioaccumulation in Periphyton and Invertebrates 

Effluent-dominated or -dependent streams likely represent worst-case scenarios 

for studying accumulation and associated ecological effects of pharmaceuticals in aquatic 

systems of developed countries (Brooks et al., 2006).   Higher exposure concentrations of 

pharmaceuticals in streams and longer effective exposure durations are expected under 

low flow conditions in regions experiencing frequent drought (Ankley et al., 2007).  

Increasing evidence indicates that pharmaceuticals bioaccumulate in fish downstream 

from effluent discharges (Brooks et al., 2005; Du et al., 2012; Fick et al., 2010a; Metcalfe 

et al., 2010b; Ramirez, 2007; Ramirez et al., 2009; Schultz et al., 2010) and other aquatic 

species (Contardo-Jara et al., 2011; Gelsleichter and Szabo, 2013; Maruya et al., 2013; 

Vannini et al., 2011).  However, studies of pharmaceutical bioaccumulation by low 
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trophic level organisms, including primary producers and grazers, are largely lacking in 

inland waters.   

A better understanding of whether pharmaceuticals accumulate in aquatic 

invertebrates and the mechanisms of uptake and biotransformation in invertebrates can 

also support future bioaccumulation studies and risk assessments of pharmaceuticals at 

lower trophic positions.  As demonstrated recently by our research group (Connors et al., 

2013), biotransformation of many drugs appears limited in fish, which generally possess 

higher similar pharmaceutical targets (e.g., receptors, enzymes) to humans than 

invertebrates (Gunnarsson et al., 2008).  In fact, limited knowledge exists on invertebrate 

metabolism of organic chemicals (Katagi, 2010); however, biotransformation by the 

invertebrate G. pulex has been to shown to alter internal concentrations of xenobiotics 

(Ashauer et al., 2012).   

Data regarding pharmaceutical bioaccumulation in invertebrates and dietary 

exposure of aquatic organisms to pharmaceuticals from food sources is largely lacking 

(Boxall et al., 2012).  Many ionizable organic compounds (IOCs), including majority of 

pharmaceuticals, may exhibit various ionization states at environmentally relevant pHs; 

thus, ionization may play an important role in governing transport of IOCs across 

biological membranes and subsequent toxicity to aquatic organisms (Berninger et al., 

2011; Erickson et al., 2006a; Valenti et al., 2012; Valenti et al., 2010; Valenti et al., 

2009).  Robust, empirically-based models for predicting bioconcentration or 

bioaccumulation of pharmaceuticals and other IOCs in aquatic invertebrates are limited 

(Meredith-Williams et al., 2012a) and also represent a major research need (Boxall et al., 

2012).  Recent studies (Armitage et al., 2013; Rendal et al., 2011; Valenti et al., 2012; 
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Valenti et al., 2009; Valenti et al., 2011) have suggested that aquatic assessment of 

ionizable compounds, particularly pharmaceuticals, should consider pH influences on 

bioaccumulation.  In chapter 4, the occurrence of select pharmaceuticals in periphyton 

and invertebrates in the North Bosque River, an effluent dependent stream in central 

Texas, USA, during an extreme drought suggested that further investigations are needed 

to determine the relevance of bioaccumulation of pharmaceuticals in aquatic organisms 

(Daughton and Brooks, 2011) and examine potential transfer of pharmaceuticals through 

food chains (Boxall et al., 2012).  Such observations provided impetus for more in depth 

studies presented in chapter 5. 

Trophic Transfer of Pharmaceuticals in Aquatic Systems 

Unlike other contaminants, such as PCBs, organochlorine pesticides, and PBDEs, 

pharmaceuticals are specifically designed to alter physiological functions in humans and 

animals, which may result in similar pharmacological and toxicological effects in many 

untargeted aquatic organisms (Corcoran et al., 2010).  Thus, understanding the relevance 

of pharmaceutical accumulation in aquatic systems and internal dose in fish represents a 

major need to assess effluent quality of wastewater treatment systems due to evolutionary 

conservation of therapeutic targets in many aquatic organisms (Boxall et al., 2012; 

Brooks et al., 2009; Gunnarsson et al., 2008).  Consistent with initial efforts to develop 

robust analytical methods to support bioaccumulation in periphyton, invertebrates, and 

fish and water exposure monitoring studies, my attention was extended in chapter 5 to 

understand the bioaccumulation of pharmaceuticals across multiple trophic positions of 

the North Bosque River.  Pharmaceuticals are reported in a variety of organisms from 

coastal and inland aquatic systems; however, biotransformation and clearance of many of 
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these pharmaceuticals appears limited in fish (Connors et al., 2013), which likely increase 

the potential for bioaccumulation of select pharmaceuticals, particularly when organisms 

are continuously exposed to effluents in urban ecosystems.   

Understanding environmental exposure and ecological effects of pharmaceuticals 

is essential for sustainable management of environmental quality (Brooks, 2014).  Uptake 

and elimination of ionizable pharmaceuticals (over 70% of drugs are ionizable) by fish 

(Nakamura et al., 2008; Paterson and Metcalfe, 2008) and invertebrates (Meredith-

Williams et al., 2012a) are influenced by surface water pH (Nakamura et al., 2008; 

Valenti et al., 2012; Valenti et al., 2009; Valenti et al., 2011).  Variability of surface 

water pH can largely affect how much of a compound is taken up by an organism 

(Valenti et al., 2010); thus, diel pH variability in the streams likely modified exposure 

and potential toxicity to aquatic organisms (Valenti et al., 2011).   

Pharmaceuticals are more water soluble than historical environmental 

contaminants, which suggests that these compounds may have lower propensities to 

bioconcentrate or biomagnify (Daughton and Brooks, 2011).  Evaluation of trophic 

transfer of pharmaceuticals among aquatic species can improve the assessment of the 

ecological risk of these pharmaceuticals for predators at higher trophic positions.   

Studies investigating the trophic transfer of pharmaceuticals in aquatic ecosystems, which 

are necessary for understanding the environmental disposition and impacts of 

pharmaceuticals, have not previously been performed before my study in chapter 5.  

Trophic magnification occurs when concentrations of chemical residues within organism 

increases with increasing trophic position (Lavoie et al., 2010; Post, 2002).  When 

assessing the trophic magnification for a chemical, it is presumed that the major exposure 
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route for a species is through its diet.  Herein, trophic magnification factors (TMFs) are 

increasingly used to assess trophic transfer of environmental contaminants by relating 

chemical concentrations in tissues to relative trophic positions of organisms in a food 

web (Gobas et al., 2009).   In chapter 5, novel TMF studies of select pharmaceuticals 

observed trophic dilution.  Such observations suggest that uptake of ionizable 

pharmaceuticals by aquatic organisms is more likely by inhalation than dietary exposure.   
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CHAPTER TWO 
 

Evaluation of An Isotope Dilution Liquid Chromatography Tandem Mass Spectrometry 
Method for Pharmaceuticals in Fish 

 
This chapter published as: Du B, Perez-Hurtado P, Brooks BW, Chambliss CK. 2012. 
Evaluation of an isotope dilution liquid chromatography tandem mass spectrometry 
method for pharmaceuticals in fish. Journal of Chromatography A 1253:177-183. 

 
 

Abstract 

An isotope dilution liquid chromatography-tandem mass spectrometry (LC-

MS/MS) method was successfully developed and applied for analysis of 15 

pharmaceuticals and 2 pharmaceutically-active metabolites in fish tissues.  This method 

relied on electrospray ionization (ESI), for which the influence of sample matrix on 

analyte ionization efficiencies remains a persistent challenge to environmental analysis.  

Statistically-derived method detection limits (MDLs) for most analytes ranged from 1-10 

ng/g, independent of sample matrix, and were as low as 0.04 ng/g for the most sensitive 

compounds in lateral fillet tissue.  MDLs for fish fillets were determined for both 10 µL 

and 100 µL injection volumes; however, results showed that detection limits did not scale 

linearly with injection volume.  Direct comparison of spike recoveries from fish liver 

demonstrated that isotope dilution was superior to matrix-matched calibration in 

compensating for matrix interference.  Spike recoveries for the isotope dilution approach 

generally ranged from 91-112%, independent of tissue (i.e., fillet or liver).  The 

developed method was applied to examine target analytes in brown trout (Salmo trutta), 

collected upstream and downstream from a municipal effluent discharge to East Canyon 

Creek, Park City, Utah, USA.  Though no pharmaceuticals were detected in fish samples 

from the upstream location, 3 and 10 compounds (out of 17 target analytes) were detected 
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in fish fillet and liver samples, respectively, from the downstream sampling site.  

Pharmaceuticals in fish fillets were observed at concentrations ranging from 0.14-12 

ng/g, while levels were markedly higher in liver tissues (range: 0.27-600 ng/g).   

Introduction 

Following initial observations of antidepressants accumulating in fish residing in 

a stream with flows dominated by discharges from a wastewater treatment plant (WWTP) 

(Brooks et al., 2005), a number of recent  studies have confirmed and extended such 

observations to identify accumulation of a number of parent pharmaceuticals and their 

metabolites in the tissues of aquatic organisms (Brown et al., 2007; Daughton and Brooks, 

2011; Fick et al., 2010a; Metcalfe et al., 2010b; Ramirez et al., 2009; Ramirez et al., 2007; 

Schultz et al., 2010; Zhang et al., 2010; Zhou et al., 2008).  The adverse effects of 

therapeutics on aquatic organisms have also increasingly received study (Bringolf et al., 

2010; Brooks et al., 2003; Mehinto et al., 2010; Owen et al., 2009; Valenti et al., 2009).  

In fact, one could argue that environmental monitoring efforts should not just examine 

pharmaceutical residues in effluents and surface waters.  Recent work suggests it may be 

critical to also examine accumulated levels of pharmaceuticals in organisms and then 

relate tissue residues to thresholds of adverse effects (Ankley et al., 2010; Brooks et al., 

2009; Valenti et al., 2012).     

To advance a further understanding of the relationships among pharmaceutical 

accumulation in aquatic organsims, development and improvement of analytical methods 

remains paramount.  This is particularly germane for methods utilizing electrospray 

ionization (ESI) due to the persistent challenge caused by the influence of sample matrix 

on analyte ionization efficiencies (Benijts et al., 2004; Dussault et al., 2009).  Though 
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matrix suppression or enhancement can be caused by the presence of ion pairing agents, 

non-volatile components, endogenous compounds or other agents hindering droplet size 

reduction during ESI, exact mechanisms responsible for matrix effects have not been 

thoroughly elucidated (Benijts et al., 2004; Stuber and Reemtsma, 2004).  Efforts to 

counter matrix interference during the analysis of organic contaminants in environmental 

and biological samples have included matrix-matched calibration (Ramirez et al., 2007; 

Stoob et al., 2005), surrogate monitoring (Vanderford et al., 2003) and internal-standard 

calibration (Benijts et al., 2004; Delatour, 2004; Hartmann et al., 2007; Stuber and 

Reemtsma, 2004).  However, a number of studies have demonstrated that isotope dilution 

(i.e., the use of isotopically-labeled internal standards for each analyte) is the preferred 

approach to alleviating matrix interference when labeled analogs for each target analyte 

are commercially available (Benijts et al., 2004; Delatour, 2004; Stoob et al., 2005; 

Vanderford and Snyder, 2006).     

The objective of the present study was to evaluate an isotope dilution method for 

determination of 15 pharmaceuticals and 2 metabolites, representing a range of 

therapeutic uses and diverse physicochemical properties, in fish tissues.  Spike recoveries 

from fortified liver tissue were determined using both matrix-matched and isotope 

dilution calibration approaches.  The isotope dilution method was applied to screen for 

target analytes in trout samples collected from different river locations in Utah, USA.  

This work resulted in improved quantitative accuracy for all target analytes, relative to 

previous efforts from our laboratory (Ramirez et al., 2009; Ramirez et al., 2007) 

employing matrix-matched calibration.    
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Experimental 

Chemicals and regents 

Target analytes were selected based on the following considerations.  In the U.S. 

Environmental Protection Agency’s (U.S. EPA) recent National Pilot Study of 

Pharmaceuticals and Personal Care Products in Fish, our research team reported the 

presence of norfluoxetine, sertraline, diphenhydramine, diltiazem, carbamazepine, 

fluoxetine, and gemfibrozil at ng/g concentrations in fish tissues from various effluent-

dominated river systems across the U.S. (Ramirez et al., 2009).  Several analytes not 

observed by the Ramirez et al. (Ramirez et al., 2009) study (acetaminophen, codeine, 

atenolol, caffeine, propranolol, sulfamethoxazole and trimethoprim) were also carried 

over in the present study because they are commonly detected in surface waters and/or 

contribute to the diversity of physicochemical properties among analytes.  Further, two 

additional pharmaceuticals (diazepam, paroxetine) and the sertraline metabolite 

desmethylsertraline were included in the present study because these compounds were 

previously reported in fish collected from the field (Brooks et al., 2005; Chu and 

Metcalfe, 2007; Kwon et al., 2008; Schultz et al., 2010).  Selection of target analytes for 

the present study also required availability of an isotopically-labeled analog for each 

study compound.  Standards and labeled analogs were obtained from commercial vendors 

and used as received.  A Thermo Barnstead Nanopure (Dubuque, IA, USA) Diamond UV 

water purification system was used throughout the analysis to provide 18 MΩ water. 

Sample collection and preservation 

Brown trout (Salmo trutta) samples were collected upstream and downstream 

from a wastewater discharge to East Canyon Creek, Park City, Utah, USA between 
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November and December 2008. All fish were dissected on site and shipped overnight on 

dry ice to our lab where samples were stored at −80 °C prior to analysis.  Lateral fillets 

and livers were homogenized using a Tissuemiser (Fisher Scientific, Fair Lawn, NJ, 

USA) set to rotate at 30,000 rpm (Ramirez et al., 2007).  Unexposed fillet tissue, used for 

initial method development, was obtained from a local supermarket. Liver tissue, used for 

direct comparison of matrix-matched and isotope dilution calibration approaches was 

collected from either the Gila River, NM, USA or Chicago, IL, USA.  These sampling 

sites and procedures for collection and preservation of these liver specimens are detailed 

elsewhere (Ramirez et al., 2009).   

Sample extraction 

Extraction methodology employed here generally followed previously reported 

methods from our lab (Ramirez et al., 2007).  Each sample, either 1.0 g fillet or 0.5 g 

liver wet weight (w/w), was extracted with 8 mL of a 1:1 mixture of 0.1 M aqueous 

acetic acid and methanol in a 20-mL borosilicate glass vial (Wheaton; VWR Scientific, 

Rockwood, TN, USA).  A mixture of 17 isotopically-labeled standards (corresponding to 

deuterated analogs of each target analyte) was added to each sample prior to extraction.  

Samples were equilibrated by gentle end-over-end inversion for 20 minutes at 25  0.1 

oC, and extracts were evaporated and reconstituted in 1 mL 5:95 methanol-0.1% (v/v) 

aqueous formic acid prior to analysis.  Resulting concentrations of labeled internal 

standards in each sample were 100 ng/g.  Extraction recoveries for diazepam, 

desmethylsertraline, and paroxetine were 78 ± 9%, 49 ± 10%, and 89 ± 13%, 

respectively.  Recoveries for the remaining analytes were comparable to values reported 

in previous work (Ramirez et al., 2007). 
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LC-MS/MS analysis 

Instrumentation and the general strategy for separation and detection of target 

analytes followed a previously reported protocol (Ramirez et al., 2007).  The binary 

gradient employed to achieve chromatographic separation in the present study is detailed 

in Table 2.1.  Liquid eluting from the chromatograph was not introduced into the 

electrospray source during the first 4 minutes of each chromatographic run.  During this 

time period, salts and other highly polar sample constituents that could clog the 

electrospray capillary or otherwise affect ionization efficiency were diverted to waste.  

Eluted analytes were monitored using a Varian model 1200L triple-quadrupole mass 

analyzer equipped with an electrospray ionization (ESI) interface.  The mass analyzer 

was operated in multiple reaction monitoring (MRM) mode throughout the analysis; m/z 

selection window = 0.7 amu.  Analyte retention times, labeled structures, precursor and 

product ions, and optimal collision energies of the therapeutics investigated are given in 

Table 2.2.      

Instrument calibration and method detection limits 

Calibration standards, containing 100 ng/mL of each isotopically-labeled internal 

standard and variable concentrations of target analytes, were prepared in 95:5 0.1% (v/v) 

aqueous formic acid-methanol.  Calibration curves were constructed by plotting the 

analyte response factor (i.e. peak area of the analyte divided by peak area of the 

corresponding isotopically-labeled standard) on the y-axis versus analyte concentration 

on the x-axis.  Linear regression with 1/x2 weighting resulted in r2 ≥ 0.997 for all 

compounds.  This statistical weighting improves precision at the low end of the 

calibration range and is commonly applied in environmental analyses, especially when 
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one is interested in whether the concentration of a target compound(s) exceeds a defined 

threshold (Edgerley, 1998).  Lastly, it is important to note that although the calibration 

range for diphenhydramine and diltiazem in Table 2.3 does not exceed 20 ng/g, 

independent experiments confirmed a linear response for both analytes up to 500 ng/g.    

Table 2.1 Time-scheduled gradient elution program. 

Time (min) 
Mobile phase composition % 

0.1% Formic acid Methanol 

0 95 5 
3 95 5 
4 85 15 
8 85 15 
9 58 42 

13 58 42 
14 52 48 
20 51 49 
24 51 49 
25 12 88 
26 2 98 
33 2 98 
35 95 5 
40 95 5 

Method detection limits (MDLs) were determined by extracting and analyzing 

reference tissues (uncontaminated fillet or liver) fortified with target analytes; spiking 

levels were variable, depending on the analyte, and ranged from 3-10 times the 

corresponding MDL value reported in Table 2.3.  MDLs were calculated by multiplying 

the standard deviation for 8 replicate analyses of fortified tissue by the one-sided 

Student’s t- statistic at the 99% confidence level for 7 degrees of freedom (Regulations, 

1986).  These values represent the lowest concentration of analyte that may be reported in 

each respective matrix with 99% confidence that the concentration is different from zero.   
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Quality assurance and quality control (QA/QC) 

A variety of laboratory control samples were utilized in the present study to 

demonstrate method performance characteristics.  Continuing calibration verification 

(CCV) samples were used to demonstrate that instrument drift had not compromised the 

validity of calibration curves; the criterion for continued analyses was that the relative 

percent difference (RPD) between measured and prepared concentrations falls within 

±20%.  Each sample batch also included two blanks (i.e., extraction solvent spiked with 

isotopically-labeled internal standards only) and duplicate matrix spikes (i.e., replicate 

fillet or liver specimens fortified with target analytes at concentrations identical to the 

CCV sample).  Matrix spike recoveries were calculated as the difference between 

observed concentrations in spiked and unspiked samples divided by the fortified 

concentration.   

Results and discussion 

Impetus for improved LC-MS/MS methodology 

 The general strategy for separation and detection of target analytes in this study 

was based on previous work from our laboratory (Ramirez et al., 2007).  However, a 

more recent application of our LC-MS/MS approach revealed that even matrix-matched 

calibration with three internal standards was unable to alleviate matrix effects for select 

pharmaceuticals and their metabolites in fish liver tissues (Ramirez et al., 2009).  Spike 

recoveries in that study ranged from 92-584% for liver tissues collected from 5 sampling 

locations across the United States, highlighting the need to implement a more robust 

quantitation approach for pharmaceuticals in tissues of aquatic organisms.  
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Table 2.2 Analyte-dependent parameters for target analytes 
Analyte 

(unlabeled/labeled) 
Class 

Retention time 
(min) 

Precursor ion Product ionsa 
Collision energy 

(eV) 
Structure (labeled) 

ESI Positive       

Acetaminophen analgesic 6.2 152 110,93 12.5 

 (Acetaminophen-d4)  6.1 156 114 13 

Atenolol anti-hypertension 7.2 267 145,190 21.5 

 (Atenolol-d7)  7.1 274 145 22 

Codeine analgesic 8.0 300 215,225 18 

 
(Codeine-d3)  7.9 303 215 19.5 

Trimethoprim antibiotic 11.3 291 230,261 19.5 

 
(Trimethoprim-d9)  11.1 300 234 21 

Caffeine stimulant 12.1 195 138,109 10.5 

 
(Caffeine-d9)  12.0 204 144 14.5 
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Table 2.2 Analyte-dependent parameters for target analytes (cont.) 
Analyte 

(unlabeled/labeled) 
Class 

Retention time 
(min) 

Precursor ion 
Product 

ionsa 
Collision energy 

(eV) 
Structure (labeled) 

Sulfamethoxazole antibiotic 13.0 254 156,147 12 

 
(Sulfamethoxazole-d4)  12.9 258 159 12.5 

Propranolol anti-hypertension 15.6 260 116,183 12.5 

 (Propranolol-d7)  15.5 267 123 14 

Diphenhydramine antihistamine 15.8 256 167,152 11.5 

 (Diphenhydramine-d3)  15.8 259 167 13.5 

Diltiazem anti-hypertension 16.9 415 178,370 19 

 
(Diltiazem-d3)  16.9 418 178 19.5 

Paroxetine antidepressant 18.1 330 192,150 16 

 
(Paroxetine-d6)  18.0 336 198 16.5 

Carbamazepine anti-seizure 19 237 194,196 15 

 
(Carbamazepine-d10)  18.7 247 203 16.5 
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Table 2.2 Analyte-dependent parameters for target analytes (cont.) 
Analyte 

(unlabeled/labeled) 
Class 

Retention time 
(min) 

Precursor ion Product ionsa 
Collision energy 

(eV) 
Structure (labeled) 

Fluoxetine antidepressant 20.2 310 148,44 4 

 
(Fluoxetine-d6)  20.1 316 154 3.5 

Norfluoxetine fluoxetine metabolite 20.4 296 134  4 

 
(Norfluoxetine-d6)  20.2 302 140 3.5 

Sertraline antidepressant 21.9 306 275,159 9.5 

 
(Sertraline-d3)  21.9 309 275 10.5 

Desmethylsertraline sertraline metabolite 23.0 275 159,129 15 

 
(Desmethylsertraline-d4)  23.1 279 160 16.5 

Diazepam antidepressant 27.5 285 153,221 20.5 

 
(Diazepam-d5)  27.3 290 154 22 

ESI Negative       

Gemfibrozil antilipemic 29.7 249 121,127 10 

 (Gemfibrozil-d6)  29.6 255 121 13 

a The fragment ions in bold were  used as quantitation ions due to the most abundance, with the exception for fluoxetine, 148 was less abundant than 44.
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Table 2.3 Linear calibration range and method detection limits (MDLs) for target 
analytes (ng/g) 

 

The isotope dilution approach was selected based on its previous success in alleviating 

matrix effects during analyses of pharmaceuticals in effluent and surface waters 

(Vanderford and Snyder, 2006).       

Method detection limits (MDLs) 

MDLs for target analytes in fish fillet and liver tissues were calculated 

independently (Table 2.3).  For fish fillet tissues, MDLs ranged from 0.07 to 7.5 ng/g 

when a 10 µL injection volume was used.  These values were generally consistent with 

MDLs determined previously in our lab (Ramirez et al., 2007), using a matrix-matched 

calibration approach, different fish species, and equivalent injection volume.  The present 

study also evaluated MDLs for 100 µL injections of fillet extracts.  The larger injection 

Analyte Linear calibration range 
MDLs (n=8) 

Fillet 
Livera 

10 µL 100µL 
Acetaminophen 0.2-400 3.1 1.0 41 

Atenolol 0.1-200 1.5 0.46 1.3 

Codeine 0.4-800 7.4 2.0 7.1 

Caffeine 0.2-400 4.3 2.0 8.7 

Sulfamethoxazole 0.1-200 2.9 0.72 3.8 

Trimethoprim 0.1-200 3.5 1.1 2.3 

Diphenhydramine 0.01-20 0.07 0.04 6.0 

Propranolol 0.1-200 0.98 0.58 2.3 

Diltiazem 0.01-20 0.08 0.04 0.24 

Carbamazepine 0.1-200 0.55 0.19 0.94 

Paroxetine 0.2-400 2.6 0.52 4.9 

Norfluoxetine 0.2-400 3.0 0.83 6.7 

Fluoxetine 0.4-800 5.3 0.78 5.7 

Desmethylsertraline 0.2-800 3.7 1.2 8.1 

Sertraline 0.2-400 2.1 0.53 9.6 

Diazepam 0.2-400 4.0 0.78 8.6 

Gemfibrozil 0.4-800 7.5 1.3 7.3 
a method detection limits (MDLs) for liver tissue was performed with 10 µL injection 
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volume was evaluated in an effort to improve the detection limit of target analytes.  

Modest improvement of MDLs may be observed in Table 2.3 (by a factor of 1.7-6.8).  

However, the expected order-of-magnitude improvement, corresponding to a 10-fold 

increase in injection volume, was not realized.  It is possible that an increase in injection 

volume may have compounded matrix effects during ionization and thereby limited 

observed decreases in MDL values.  However, it is also important to point out that 100 

µL MDLs reported for each analyte in Table 2.3 were comparable to the corresponding 

instrumental limit of detection (LOD), calculated using a response equivalent to a signal-

to-noise ratio of 3 during analysis of a blank sample.   

MDLs for fish liver tissue were also compared with corresponding MDLs 

determined by the matrix-matched calibration method (Ramirez, 2007; Ramirez et al., 

2009).  Although comparable MDL values were observed for acetaminophen and 

diltiazem between studies, MDLs were generally improved by a factor of 2 to 10 in the 

present work.  Thus, the isotope dilution approach resulted in obvious improvements in 

MDLs for liver but not for fillet extracts.  This finding suggests that matrix effects were 

in part responsible for higher MDLs in liver when matrix-matched calibration was 

utilized (Ramirez, 2007; Ramirez et al., 2009).  In contrast, matrix effects seem to have 

had a negligible effect on observed variability in replicate analysis of fillet tissues, 

independent of the calibration approach.  This hypothesis is consistent with previously 

reported matrix spike recovery data (Ramirez et al., 2009).  Finally, it is important to note 

that the calculated MDL for diphenhydramine in liver was 23 times larger in the present 

study than that reported by Ramirez et al. (Ramirez et al., 2009).  An explanation for this 

observation is not readily apparent. 
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Matrix spike recovery comparison for fish liver 

To evaluate the efficacy of isotope dilution to correct for significant matrix effects 

in fish tissue, duplicate liver specimens were fortified with target analytes, extracted, and 

analyzed using both matrix-matched (Ramirez et al., 2007) and isotope dilution 

calibration approaches.  Spike concentrations were variable, depending on the analyte 

and the calibration approach, but typically ranged from 10-80 ng/g.  Calculated 

recoveries for both methods are given in Table 2.4.  Consistent with previous observation  

Table 2.4 Comparison of matrix spike recoveries for fortified liver tissue. 

Analyte 

Calibration approach 

Matrix-matched  Isotope Dilution 

Recovery (%) RPD (%)  Recovery (%) RPD (%) 

Acetaminophen 109 17  110 10 
Atenolol 112 31  101 0.56 
Codeine 124 40  106 5.6 
Caffeine 239 1.3  100 0.38 
Sulfamethoxazale 119 18  N/A N/A 
Trimethoprim 202 12  N/A N/A 
Diphenhydramine 128 11  102 1.5 
Propranolol 178 9.8  103 3.2 
Diltiazem 336 1.8  100 0.27 
Carbamazepine 169 1.5  101 1.1 
Paroxetine N/A N/A  102 2.2 
Norfluoxetine 193 8.1  100 0.31 
Fluoxetine 140 9.2  103 2.7 
Desmethylsertraline N/A N/A  142 4.5 
Sertraline 311 1.2  103 2.8 
Diazepam N/A N/A  109 7.8 
Gemfibrozil 47 5.4  91 1.8 

N/A analytes were not tested. 

(Ramirez et al., 2009), recoveries for several compounds were much greater than 100% 

when matrix-matched calibration was utilized, indicating that the response ratio for these 

analytes in fortified liver from Chicago, ILwas enhanced relative to that observed in the 

calibration matrix (from Gila River, NM).  Note that the response ratio for gemfibrozil 

appears to have been suppressed rather than enhanced in this particular example.  In 



24 
 

contrast, the isotope dilution approach resulted in near-quantitative recoveries for all but 

one compound evaluated.  These data clearly demonstrate the superior potential of 

isotope dilution to improve method accuracy in LC-MS/MS analyses.  As evidenced by 

RPDs in Table 2.4, precision was also improved when isotope dilution was utilized.      

Analysis of fish from Park City, Utah, USA 

The isotope dilution method was applied to examine target pharmaceuticals and 

metabolites in brown trout, collected upstream and downstream from a municipal effluent 

discharge to East Canyon Creek, Park City, Utah, USA.  Positive identification of 

detected contaminants (Table 2.5) required  80% agreement between ion abundance 

ratios observed in standards and environmental specimens.  The linear calibration range 

for each analyte is given in Table 2.3.  No pharmaceuticals were detected in samples 

from the upstream location.  In contrast, 3 and 10 compounds, respectively, were detected 

in one or more fillet and liver samples from the downstream sampling site.  

Concentrations of detected pharmaceuticals in liver were markedly higher than those 

observed in fillets.  These observations are generally consistent with previous reports of 

pharmaceutical accumulation in fish filet and liver tissues (Brooks et al., 2005; Brown et 

al., 2007; Chu and Metcalfe, 2007; Kwon et al., 2008; Metcalfe et al., 2010b; Ramirez et 

al., 2009; Ramirez et al., 2007; Schultz et al., 2010).  Thus, we expect methodology 

reported here to be supportive of future screening, site-specific risk assessment, and 

management applications.   

Method accuracy was assessed by evaluation of laboratory QA/QC samples.  No 

compounds were detected in blank samples either before or after analysis, indicating 

method carry-over was not of concern.  RPDs between prepared CCV standards and their 
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Table 2.5 Concentrations of analytes (ng/g) detected in fillet and liver tissues from fish 
collected downstream from East Canyon Creek, Park City, Utah.a 

Analyte 
Fillet  Liver 

Frequencya 
(n=6) 

Concentration 
rangeb 

Mean  
Frequency 

(n=5) 
Concentration 

rangeb 
Mean 

Diphenhydramine 5/6 0.14-0.31 0.23  2/5 <MDL-8.6 7.3 
Diltiazem 0/6 <MDL   3/5 <MDL-0.86 0.48 
Carbamazepine 2/6 <MDL-0.60 0.58  2/5 <MDL-1.1 1.1 
Paroxetine 0/6 <MDL   3/5 6.4-13 8.8 
Norfluoxetine 0/6 ND   5/5 15-110 57 
Fluoxetine 0/6 ND   5/5 18-86 44 
Desmethylsertraline 3/6 8.5-12 10  4/5 140-600 440 
Sertraline 0/6 ND   3/5 75-110 92 
Diazepam 0/6 <MDL   3/5 <MDL-10 9.9 
Gemfibrozil 0/6 ND   2/5 11-34 23 

a frequency = number of samples in which analyte was detected and quantified (occurrence was not 
reported if not quantifiable); n = number of  samples analyzed; MDL was used as the lowest quantitative 
limit in this study. 

measured concentrations were less than 12% for all compounds.  Duplicate matrix spikes 

were prepared from a downstream fillet specimen.  RPDs between the pair of matrix 

spikes were ≤ 10% for all but one compound (RPD for caffeine was 14%), and mean 

recoveries for all analytes ranged from 94-112%.  Trout liver quantities were insufficient 

to support preparation of a tissue-specific matrix spike.  Nevertheless, spike recoveries 

for the downstream fillet specimen and isotope dilution data in Table 2.4 are both 

suggestive of acceptable method accuracy based on general guidelines for evaluating data 

quality in environmental analysis (Popek, 2003).  For the purposes of this initial study, 

we assumed that extraction behavior of the isotopically-labeled internal standards and 

target analytes was essentially identical.  However, we note that the concentration of 

internal standards utilized (100 ng/g) is in many cases much larger than the detected 

concentration of target analytes in fish tissues.  Future applications of this method should 

confirm whether the above assumption is valid and, if required, adjust internal standard 

concentrations accordingly.   
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Abstract 

A comparative understanding of effluent quality of decentralized on-site 

wastewater treatment systems, particularly for contaminants of emerging concern 

(CECs), remains less understood than effluent quality from centralized municipal 

wastewater treatment plants.  Using a novel experimental facility with common influent 

wastewater, effluent water quality from a decentralized advanced aerobic treatment 

system (ATS) and a typical septic treatment system (STS) coupled to a subsurface flow 

constructed wetland (WET) were compared to effluent from a centralized municipal 

treatment plant (MTP).  The STS system did not include soil treatment, which may 

represent a system not functioning properly.  Occurrence and discharge of a range of 

CECs were examined using isotope dilution liquid chromatography-tandem mass 

spectrometry during fall and winter seasons.  Conventional parameters, including total 

suspended solids, carbonaceous biochemical oxygen demand and nutrients were also 

evaluated from each treatment system.  Water quality of these effluents was further 

examined using a therapeutic hazard modeling approach. Of 19 CECs targeted for study, 

the benzodiazepine pharmaceutical diazepam was the only CEC not detected in all 
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wastewater influent and effluent samples over two sampling seasons. Diphenhydramine, 

codeine, diltiazem, atenolol, and diclofenac exhibited significant (p<0.05) seasonal 

differences in wastewater influent concentrations.  Removal of CECs by these wastewater 

treatment systems was generally not influenced by season.  However, significant 

differences (p<0.05) for a range of water quality indicators were observed among the 

various treatment technologies.  For example, removal of most CECs by ATS was 

generally comparable to MTP.  Lowest removal of most CECs was observed for STS; 

however, removal was improved when coupling the STS to a WET.  Across the treatment 

systems examined, the majority of pharmaceuticals observed in on-site and municipal 

effluent discharges were predicted to potentially present therapeutic hazards to fish. 

Introduction 

Pharmaceuticals and other contaminants of emerging concern (CECs) are 

introduced to the environment from a variety of sources; effluents from centralized 

wastewater treatment plants (WWTP) represent the primary source for loading to aquatic 

systems (Daughton and Ternes, 1999; Halling-Sørensen et al., 1998; Kolpin et al., 2002).  

Introduction of CECs to aquatic systems can contaminate surface and ground waters and 

thus present risks to human health and ecosystems (Brooks et al., 2009), particularly 

when pharmaceuticals and other CECs bioaccumulate in aquatic organisms (Daughton 

and Brooks, 2011).  Clearly, a number of research questions need to be answered to better 

understand human and ecological risks of pharmaceuticals and personal care products in 

the environment (Boxall et al., 2012).   

Though centralized WWTPs have received much study in recent years, 

comparatively less attention has been given to effluent quality from onsite-wastewater 
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treatment plants, which service over 20% of the United States population (U.S.CB, 

2011).   Insufficient removal, due to design, malfunction or lack of maintenance, has 

resulted in this release of little treated or untreated wastewater containing CECs to the 

environment from on-site wastewater treatment systems (Conn et al., 2006; Garcia et al., 

2013; Godfrey et al., 2007; Hinkle et al., 2005; Stanford and Weinberg, 2010; Wilcox et 

al., 2009).  Historically, septic treatment systems have been commonly employed for on-

site wastewater treatment, but it is estimated that at least 10 to 20 percent of septic 

systems malfunction annually (U.S.EPA, 2002; U.S.EPA, 2005).  Subsequently, similar 

to the environmental exposures resulting from effluent discharge of municipal treatment 

plants, releases of untreated wastewater to groundwater and surface water can degrade 

water quality and result in impacts to surface waters in regions experiencing high 

groundwater–surface water exchange (FDA; Meredith-Williams et al., 2012a).  

Pharmaceuticals, estrogenic contaminants, and nonylphenols have been detected in 

groundwater of regions heavily relying on septic systems (Conn et al., 2006; Godfrey et 

al., 2007; Swartz et al., 2006).  However, a comparative understanding of effluent quality 

of these decentralized systems, particularly for CECs, remains less understood than those 

from centralized municipal wastewater treatment plants (Garcia et al., 2013).   

Understanding the relevance of CEC exposures to the health of aquatic organisms 

represents a major prerequisite to evaluate effluent quality of wastewater treatment 

systems (Boxall et al., 2012; Brooks et al., 2009).  Because therapeutic targets are 

evolutionarily conserved in many aquatic organisms, mammalian pharmacology data can 

be leveraged to predict adverse effects (Ankley et al., 2007; Gunnarsson et al., 2008).  In 

fact, such comparative pharmacology methods are critical to evaluate the aquatic risks of 
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pharmaceuticals due to the linkage between adverse effects and therapeutic activity 

(Berninger and Brooks, 2010; Connors et al., 2013).   

 In the present study, a comparative examination of centralized and decentralized 

effluent quality was performed by applying a fish plasma model approach to estimate the 

therapeutic hazards of effluent discharge.  This approach predicts internal doses of 

pharmaceuticals in fish based on water exposure concentrations, builds on an initial 

concept proposed by Huggett et al (Huggett et al., 2003) and was recently demonstrated 

by our research team (Berninger et al., 2011; Valenti et al., 2012) and others (Fick et al., 

2010a; Fick et al., 2010b; Schreiber et al., 2011).  Interpreting the internal doses of 

pharmaceuticals in plasma of aquatic organisms (e.g., fish) is more critical for 

pharmaceuticals than water or traditional body burden approaches because critical plasma 

levels are closely relevant to therapeutic activity and resulting ecological consequences 

(Brooks et al., 2009; Daughton and Brooks, 2011; Huggett et al., 2003).  For example, a 

conceptually similar approach was applied by Fick and coworkers (Fick et al., 2010a) to 

quantify pharmaceuticals in plasma of trout caged in several Swedish rivers influenced by 

wastewater effluents.  Because an ER ≤1 indicates that the predicted FSSPC may be 

expected to trigger a pharmacological effect in fish, an ER = 1000 was suggested by 

Huggett et al (Huggett et al., 2003) as a safety factor.   

The primary objective of present study was to compare occurrence, removal and 

discharge of selected CECs from municipal and on-site treatment systems receiving a 

common wastewater influent.  As a secondary objective, we further examined whether 

seasonal patterns existed for wastewater influent and centralized and decentralized 
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effluent discharges.  Lastly, effluent water quality of each discharge was compared using 

a fish plasma model to estimate therapeutic hazards of pharmaceuticals.   

Material and methods 

Study site 

This study was performed at the Baylor Wastewater Research Program (BWRP) 

site (Figure 3.1), located at the Waco Metropolitan Area Regional Sewerage System 

(WMARSS; www.wmarss.com) in Waco, Texas, USA, adjacent to the National 

Sanitation Foundation’s (NSF) international testing facility for on-site wastewater 

treatment systems.   Influent from WMARSS, a traditional activated sludge municipal 

treatment plant (MTP) with a mean daily load of ~25 million gallons per day (MGD) and 

a design capacity of 40 MGD, is continuously diverted to the NSF and BWRP facilities, 

in which it is further partitioned to various on-site wastewater treatment technologies for 

study (Figure 3.1).  In the present study, we selected one advanced aerobic treatment 

systems (ATS), a two-chambered 1500-gallon tank with no filter septic treatment system 

(STS), and a subsurface flow constructed wetland (WET) receiving effluent from STS as 

model systems for a comparative effluent water quality evaluation to the MTP (Garcia et 

al., 2013).  The ATS was a 1,500-gallon multi-chambered system with an activated 

sludge process, a pretreatment tank, an aeration chamber and a final clarifier.  It is critical 

to note that STS did not have traditional soil absorption drainfield following septic tank, 

which may represent an improperly functioning system (Garcia et al., 2013).  In this 

study, a WET was employed to potentially improve indicators of water quality from 

septic tank effluent.  The WET was filled with media composed of siliceous and 

carbonate gravel, 2 to 4 cm in diameter, with an average porosity of 37.3 percent.  Plants 
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selected in this study included cattail (Typha latifolia), bulrush (Scirpus cubensis), 

pickerel weed (Pontederia cordata) and iris (Iris pseudacorus).  The majority of these 

plants were transplanted from the Lake Waco Wetlands to the WET (Davila, 2006).  All 

on-site treatment systems were dosed 480 gallons/day municipal wastewater influent 

following a American National Standards Institute/standard 40 design loading (NSF, 

2005).  

 

Figure 3.1 Schematic of Baylor Wastewater Research Program (BWRP) site.  A. 
permanent tank; B. aeration chamber; C. final clarifier. MTP = municipal treatment plant; 
ATS = aerobic treatment system; STS = septic treatment system; WET = wetland 

Chemicals 

Target analytes were selected based on their previously monitored occurrences in 

wastewater, surface water, and aquatic organisms exposed to effluent discharge (Du et 

al., 2012; Gheorghe et al., 2008; Kolpin et al., 2002; Letzel et al., 2010; Loos et al., 2009; 

MacLeod and Wong, 2010; Radjenović et al., 2009).  Selection also required the 
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availability of isotopically-labeled analogs for each study compound and the capacity of 

the analytes to be concurrently extracted effectively.  Methylphenidate, methylphenidate-

d9, benzoylecgonine, and benzoylecgonine-d3 were obtained as certified analytical 

standards from Cerilliant (Round Rock, TX, USA).  Erythromycin-13Cd3, celecoxib, 

celecoxib-d4, warfarin, warfarin-d5, and diclofenac-d4 were purchased from Toronto 

Research Chemicals (Toronto, Ontario, Canada).  Sucralose, erythromycin, and 

diclofenac were obtained from Sigma-Aldrich (St. Louis, MO, USA).  Sucralose-d6 was 

purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).  All chemicals 

obtained for present study were with the purity ≥ 97%.  Vendors for the remaining 

standards and labeled analogs were provided in previous work (Du et al., 2012; Ramirez 

et al., 2007).  HPLC grade methanol was obtained from Fisher Scientific (Fair Lawn, NJ, 

USA) and formic acid was purchased from VWR Scientific (Radnor, PA, USA).  A 

Thermo Barnstead Nanopure (Dubuque, IA, USA) Diamond UV water purification 

system was used throughout the analysis to provide 18 MΩ water.   

Sample collection 

Composite samples of effluent from four treatment systems and the MTP influent 

were collected in October 2011 and January 2012, labeled ‘fall’ and ‘winter’, in 

accordance with one of our objectives to evaluate the influence of season.  The mean 

temperatures over the two sampling seasons were 18.3 °C and 10.8 °C, respectively.  

Heterogeneity caused by a number of discrete wastewater discharge from various 

domestic or industrial activities may result in short-term variations of pollutant loadings, 

particularly for personal care products and pharmaceuticals in wastewater influent (Ort et 

al., 2010; Teerlink et al., 2012).  In the present study, in order to minimize the variation 
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during sampling periods, 48-hour flow-weighted influent and on-site composite effluent 

samples and 24-hour flow-weighted MTP effluent were automatically collected by using 

timers and peristaltic pumps to collect volumetrically calibrated samples each hour.  

Sample collection from each treatment system accounted for each corresponding 

hydraulic retention times (MTP: ~6hr; ATS, STS, and WET: ~48hr), which have not 

varied over the last ten years (Davila, 2006; Garcia et al., 2013).  Experimental sampling 

included four samples each on weekends and weekdays during each season to identify 

possible day of week influences on CEC loading.  All wastewater influent and effluent 

samples were collected in 4-L amber glass bottles and kept dark and refrigerated at 4oC 

during composite collection period.  Blank samples were collected by placing sample 

bottles openly up to 2-hour during composite collection and filled in laboratory with tap 

water.  Samples were transported to laboratory on ice and stored at 4 °C prior to analysis.  

Conventional wastewater parameters, including total suspended solid (TSS) and 

carbonaceous biological oxygen demand (CBOD) were analyzed at the City of Waco 

Water Utilities’ WMARSS laboratory following standard methods.  Ammonia (NH3) was 

analyzed in the laboratory of Center for Reservoir and Aquatic Systems Research 

(CRASR) at Baylor University.  Solid phase extraction (SPE) was performed for all CEC 

samples within 48-hr after collection.   

Sample preparation and analysis 

The sample extraction used in the present study generally followed a previously 

reported protocol (Vanderford and Snyder, 2006).  Prior to SPE, each sample was 

sequentially filtered through 10-μm, 0.45-μm, and 0.2-μm paper filters and a mixture of 

internal standards was added to each sample (150 ml of influent and STS effluent; 250 ml 
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of effluents from other systems); all samples contained 100 ng of each labeled analog 

prior to extraction.  Samples were loaded onto preconditioned 6ml/200mg hydrophilic-

lipophilic-balanced (HLB) SPE cartridges from Waters Corporation (Milford, MA, 

USA).  The cartridges were air-dried for five minutes and subsequently eluted with 5 mL 

methanol followed by 5 mL 10:90 (v/v) methanol-methyl tertiary butyl and resulting 

extracts were evaporated to dryness under a gentle nitrogen stream.  Prior to analysis, 

samples were sonicated and filtered using Pall Acrodisc hydrophobic Teflon Supor 

membrane syringe filters (13-mm diameter; 0.2-μm pore size).   

Wastewater samples were analyzed using isotope dilution liquid chromatography-

tandem mass spectrometry (LC-MS/MS) with electrospray ionization (ESI).  Details 

pertaining to LC-MS/MS analysis, including the ionization mode (ESI+ or ESI-) and 

precursor-to-product ion transitions for most analytes, were previously described (Du et 

al., 2012).  The ionization mode and monitored transitions for benzoylecgonine and 

internal standard benzoylecgonine-d3, which had not been reported previously by our 

group, were as follows: ESI+ benzoylecgonine 290>168 and benzoylecgonine-d3 

293>171.  A second primary metabolite of cocaine, ecgonine methyl ester (EME), was 

not examined in the present study.  EME’s exclusion was based on preliminary work 

(data not shown) that indicated that EME was poorly retained in the reversed-phase 

analytical column employed to separate the target analytes in the present study; a 

tendency for EME to elute early is likely due to its high polarity.  This observation was 

consistent with previous findings (Gheorghe et al., 2008), which suggested that 

hydrophilic interaction chromatography columns may be the desired analytical column to 

analyze EME or compounds with high polarity. 
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Method detection limits (MDLs) were determined by extracting and analyzing 

reference samples (tap water) fortified with target analytes at a concentration  10 times 

the reported MDL (Regulations, 1986).  These values represent the lowest concentration 

of analyte that may be reported with 99% confidence that the concentration is different 

from zero.  MDLs and instrumental limits of detection (LODs) of target analytes are 

provided in Table 3.1.  Observed MDLs were higher (by a factor of 1.2-4.4) than the 

corresponding instrumental LOD that was calculated using a response equivalent to a 

signal-to-noise ratio of 3 for blank samples.  A variety of laboratory control samples were 

used in the present study to evaluate data quality.  Continuing calibration verification 

(CCV) samples with 100 ng/mL of all analytes were used to monitor instrument 

calibration with an acceptability criterion of ±20%.  CCV samples were typically 

analyzed after every 5 or 6 injections.  Each analytical sample batch included one blank 

(i.e., tap water spiked with isotopically-labeled internal standards only) and duplicate 

matrix spikes (i.e., replicate effluent sample randomly selected and fortified with target 

analytes at concentrations identical to the CCV sample).  To evaluate the utility of 

isotope dilution calibration to compensate matrix effects in wastewater, duplicate influent 

or effluent samples were fortified with target analytes and internal standards.  

Subsequently, the fortified samples were extracted and analyzed following the same 

protocol used for all samples.  Matrix spike recoveries were calculated as the difference 

between observed concentrations in spiked and unspiked samples divided by the fortified 

concentration.  This isotope dilution calibration approach resulted in all matrix spike 

recoveries between 80% and 120%.   
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Table 3.1 Application classes, log scale of n-octanol water partition coefficient (logKow), 
human therapeutic dose (Cmax), matrix spike recovery% ranges, investigated method 
detection limits (MDLs) and instrumental limit of detection (LOD) of target analytes. 

Analytes Class logKowa 
Cmax 

(µg/mL)b 
Matrix spike 

recovery% range 
MDL 
(ng/L) 

LOD 
(ng/L) 

Acetaminophen analgesic 0.48 5.0 84-105 2.9 1.0 
Codeine analgesic 1.4 0.03 87-102 8.4 3.5 

Trimethoprim antibiotic 0.59 1.5 80-94 1.3 0.35 
Caffeine stimulant -0.63 2.0 91-113 4.5 1.6 

Methylphenidate psychostimulant 2.3 0.01 82-97 0.30 0.25 
Sulfamethoxazole antibiotic 0.66 30 87-103 1.3 0.50 
Diphenhydramine antihistamine 3.0 0.05 85-105 0.22 0.11 

Propranolol anti-hypertension 2.9 0.02 86-103 1.8 0.90 
Carbamazepine anti-seizure 1.9 2.0 88-96 0.53 0.14 
Erythromycin antibiotic 1.9 2.0 92-106 8.6 2.7 

Diazepam benzodiazepine 2.8 0.10 86-97 4.6 1.7 
Warfarin anticoagulant 3.1 1.0 88-99 0.78 0.26 
Celecoxib anti-inflammatory 2.6 0.71 88-101 11.0 5.2 
Diclofenac anti-inflammatory 4.5 0.50 95-97 2.8 0.96 

Gemfibrozil antilipemic 4.3 25 87-115 2.1 0.78 
Atenolol anti-hypertersion 0.34 0.10 86-100 4.3 1.4 

Sucralose 
artificial 

sweetener 
0.23 - 96-109 36 8.2 

Diltiazem anti-hypertension 4.7 0.03 81-90 0.24 0.07 

Benzoylecgonine 
cocaine 

metabolite 
2.3 0.10 83-99 1.1 0.53 

a logKow values were obtained from Scifinder. b Cmax values were obtained from Schultz et al. 2012, 
except for celecoxib (http://www.druglib.com/druginfo/celebrex/description_pharmacology/);  Cmax is not 
relevant for sucralose. 

Statistical analysis 

Statistical analysis was performed using SigmaPlot by Systat Software (San Jose, 

CA, USA) for CECs.  Two-way ANOVAs with Tukey test (α=0.05) was utilized to detect 

differences in CEC concentrations among MTP, ATS, STS, and WET samples with 

sampling dates and sampling seasons as factors if data was normally distributed.  

Conversely, if the data did not meet assumptions for ANOVA, the nonparametric 

Kruskal-Wallis test (α=0.05) was used.  Seasonal difference was tested using the Mann-

Whitney test (α=0.05).  Analytes that were not detected in the influent and various 

effluents were set at half the MDL value for the purpose of statistical analysis (Antweiler 

and Taylor, 2008).   
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Therapeutic hazards of effluent discharges 

In the present study, comparative effluent quality was examined by predicting 

whether pharmaceuticals in effluents would be expected to accumulate in fish plasma to 

levels exceeding mammalian therapeutic thresholds.  Huggett et al. (Huggett et al., 2003) 

initially proposed a fish plasma model to identify whether various pharmaceuticals may 

present hazards to fish.  This plasma model included an effect ratio (ER) (see equation 1 

below), which compared human therapeutic plasma concentrations (HTPC) (e.g. Cmax) of 

pharmaceuticals to predictions of fish steady state plasma concentrations (FSSPC) 

(Huggett et al., 2003): 

     effect ratio (ER) = HTPC/FssPC.             (1) 

Huggett et al.’s (Huggett et al., 2003) approach was based on empirical models by 

Fitzsimmons et al (Fitzsimmons et al., 2001) that can be used to predict gill uptake and 

resulting plasma levels of contaminants:  

       FssPC = Caqueous * Pbw             (2) 

where Caqueous was the concentration of pharmaceuticals in an effluent discharge study 

and Pbw is the partition coefficient between water and fish blood.  In the present study, 

partition coefficient between water and fish blood for a particular pharmaceutical was 

predicted using the equation 3:  

Pbw = (100.73logKow×0.16)+0.84           (3) 

where logKow represents n-octanol water partition coefficient and logKows of all 

pharmaceuticals are given in Table 3.1.   
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Results and discussion 

Conventional wastewater parameters 

TSS, CBOD, and NH3 were observed in effluent discharges from each treatment 

system.  TSS and CBOD, but not NH3, were also monitored in municipal influent 

samples.  STS effluent exhibited significantly higher TSS and CBOD levels (Table 3.2) 

than MTP, ATS, and WET effluents (p<0.05).  Consistent with previous work (Garcia et 

al., 2013), STS periodically failed to meet a CBOD criterion of 65 mg/L that was 

established by the Texas Commission on Environmental Quality (TX.NRCC, 2002).  

However, effluents from MTP, ATS, and WET did not exceed the criteria of TSS and 

CBOD during the sampling periods.  Furthermore, all on-site treatment systems exhibit 

significantly higher NH3 levels than the MTP (p<0.05).  Lower NH3 concentrations were 

observed in October than January, possibly due to higher temperature, which results in 

higher nitrification.  As noted above, it is important to recognize that effluents from on-

site treatment tanks were collected directly without further soil absorption drainfield and 

thus NH3 was not adequately nitrified.  Nutrient loadings from on-site wastewater 

treatment systems to groundwater sources, inland and coastal water bodies may exhibit 

risks to aquatic organisms (Brooks et al., 2008a).  Previous studies (Hinkle et al., 2005) 

reported further nitrification with various sand filters, which may effectively reduce NH3 

in effluent discharges.   

Occurrence patterns of CECs in influent wastewater 

Of 19 CECs monitored in the present study, 18 were detected in municipal 

treatment plant influents.  Only diazepam was not detected during either sampling season.  

Table 3.3 shows the mean concentrations of detected CECs in municipal treatment plant 
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influent samples collected for 4 consecutive weeks in both October 2011 and January 

2012.  The majority of CECs did not exhibit significant differences between the two 

seasons.  However, some pharmaceutical concentrations in the wastewater influent varied 

between seasons.  Codeine and diltiazem, for example, were significantly greater 

(p<0.05) in winter than in fall; however, levels of methylphenidate, diphenhydramine, 

diclofenac, and atenolol were observed to be significantly greater (p<0.05) in fall.  

Table 3.2 Mean (±SD) levels of total suspended solids (TSS), carbonaceous biochemical 
oxygen demand (CBOD), and NH3 of municipal influent and treated effluent from 
municipal treatment plant (MTP), aerobic treatment system (ATS), septic treatment 

system coupled with subsurface constructed wetland (STS+WET), and septic treatment 
system only (STS) in October 2011 and January 2012, respectively. 

 
 

TSS (mg/L)a 
(±SD, n=8) 

 CBOD (mg/L) 
(±SD, n=8) 

 NH3-N (mg/L) 
(±SD, n=8) 

Oct. 2011 Jan. 2012  Oct. 2011 Jan. 2012  Oct. 2011 Jan. 2012 
Influent 110±46 100±34  170±40b 190±160  -d - 
MTP  4.0±0 4.0±0  9.0±4 4.8±2  0.93±0.8 0.33±0.3 
ATS 5.9±2 18±20  4.8±2 10±6  8.7±5 15±5 
STS+WET 4.3±1 4.8±2  6.5±5 11±3  9.1±5 23±5 
STS 20±7 27±10  75±20c 60±10  7.6±7 24±7 

a reporting limit (4 mg/L) is utilized if actual concentration is detected below the reporting limit. 
b Influent was monitored for biochemical oxygen demand (BOD) c CBOD range, in Oct 2011, 
38-102 mg/L; in Jan 2012 31-80 mg/L. d NH3-N was not monitored for influent samples 

Pharmaceutical concentrations in municipal wastewater treatment plant influent 

are increasingly employed to explore temporal consumption patterns in cities (Metcalfe et 

al., 2010a).  For example, diphenhydramine, a first generation antihistamine used in 

many common over-the-counter or prescription formulations, had approximately a 3-fold 

higher concentration in the fall, which potentially coincided with treatment of elevated 

seasonal allergies in Texas, USA.  Late October pollen counts in Waco, Texas, USA 

during this study revealed that ragweed and other weed levels, which are sources of 

common allergens, were considered high and very high, respectively (AAC, 2011).  

Interestingly, ragweed and other weed pollen counts were undetected during late January 
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and early February (AAC, 2011).  Diphenhydramine was recently identified to elicit 

acute and chronic toxicity to several aquatic organisms, including the fathead minnow 

(Pimephales promelas) (Berninger et al., 2011).  Clearly, seasonal and site-specific 

hazards of pharmaceuticals in aquatic systems require additional study (Boxall et al., 

2012).  

Table 3.3 Mean (±SD) levels of detected contaminants of emerging concern in municipal 
wastewater influent on weekdays and weekends in October 2011 and January 2012, 

respectively. 

 

Though no significant difference (p>0.05) was observed between the two seasons 

for benzoylecgonine (a primary metabolite of cocaine), variation in weekday 

benzoylecgonine levels was evident.  Benzoylecgonine concentrations in influents 

collected on weekends were significantly higher (p<0.05) than on weekdays.  A similar 

weekday/weekend variability of benzoylecgonine was also observed by Kinyua and 

Anderson (Kinyua and Anderson, 2012); however, absolute concentration of 

 
Analyte (ng/L) 

Oct. 2011  Jan. 2012 
Weekend 
(±SD, n=4) 

Weekday 
(±SD, n=4) 

 Weekend 
(±SD, n=4) 

Weekday 
(±SD, n=4) 

Acetaminophen 24000±10000 27000±7000   9100±8000 15000±8000 
Codeine 130±30 110±20   300±30 280±30 
Trimethoprim 350±40 420±10   460±50 440±20 
Caffeine 37000±20000 49000±20000   36000±2000 47000±20000 
Methylphenidate 3.8±3 9.4±6   (<MDL) (<MDL) 
Sulfamethoxazole 2600±1000 2500±900   2600±300 2800±900 
Diphenhydramine 530±200 600±100   180±100 160±90 
Propranolol 7.5±10 (<MDL)   (<MDL) (<MDL) 
Carbamazepine 150±8 160±5   140±40 140±30 
Erythromycin 150±40 170±50   120±40 120±20 
Warfarin 2.0±3 2.3±4   (<MDL) (<MDL) 
Celecoxib 23±30 (<MDL)   (<MDL) (<MDL) 
Diclofenac 130±40 121±20   83±3 85±9 
Gemfibrozil 1400±200 1700±200   1500±40 1400±300 
Atenolol 1300±200 1400±100   990±100 1000±100 
Sucralose 48000±20000 62000±40000   40000±6200 40000±6000 
Diltiazem 450±300 520±300   1300±500 1800±100 
Benzoylecgonine 1300±200 1000±100   1200±200 770±300 
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benzoylecgonine detected in wastewater at Lubbock, TX was much higher than that 

detected in wastewater at Waco, TX.  The difference of benzoylecgonine level in two 

cities suggested benzoylecgonine may exihibit special consumption patterns.  Our 

observations highlight the utility of employing environmental monitoring of wastewater 

as an approach to better understand consumption patterns of drugs of abuse (Thomas et 

al., 2012; van Nuijs et al., 2011).   

Removal of CECs  

Percent removals were calculated as the ratio of deviation between influent 

concentrations and effluent concentrations divided by influent concentrations. Percent 

removals for all wastewater treatment systems during fall (October 2011) and winter 

(January 2012) were initially examined to evaluate potential temporal influences on the 

various wastewater treatment capacities to remove target analytes in this study.  The 

mean temperature during a 4-week sampling period in October, 2011 was significantly 

(p<0.05) higher than the January, 2012 study period.  CEC removal efficiencies were 

expected to be higher in the warmer (7.5 °C higher) sampling season because of 

potentially higher biodegradation.  Contrary to our expectations, however, no significant 

difference was observed for removals of total concentrations of all detected compounds 

between the two sampling seasons. However, significantly higher removal was observed 

in the fall for several CECs, including caffeine (p<0.05), erythromycin (p<0.05), 

gemfibrozil (p<0.05) and sucralose (p<0.05). Only removal of diltiazem (p<0.05) was 

lower in the fall.  Beyond the significant seasonal difference observed for these 

compounds, we observed significant difference in percent removal of some 

pharmaceuticals across treatment types.  For example, percent removal of caffeine 
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exhibited significant difference between STS and STS+WET, STS and ATS, STS and 

MTP, and ATS and STS+WET.  Additionally, we did not observe significant differences 

in percent removal of sucralose across treatment types, which may be anticipated because 

sucralose appears to be an ideal anthropogenic tracer (Soh et al., 2011).   

The unique design of the BWRP site allowed for direct comparisons of CEC 

removal effectiveness between on-site and municipal systems (Table 3.4).  Removal of 

most CECs by ATS was generally comparable to centralized MTP (Table 3.4).  This 

work supports a previous suggestion that additional aerobic treatment beyond anaerobic 

septic treatment systems may improve removal efficiencies of some CECs likely due to 

improved aerobic biotransformation (Carrara et al., 2008; Conn et al., 2006).  Swartz et al 

(Swartz et al., 2006) also suggested that percent removal of many organic wastewater 

contaminants in the more aerobic portion of the plume is higher than the sub-aerobic or 

anaerobic portion when observing vertical concentration patterns.  In current study, the 

lowest removals for most CECs among the studied systems were observed with the STS 

system; however, STS removal was significantly (p<0.05) improved when coupled with 

further treatment by a subsurface flow constructed wetland (WET).   

Employment of subsurface constructed wetland to treatment wastewater effluent 

from septic tanks may particularly be relevant for areas that are not suitable for soil 

absorption drainfield, which is a critical treatment step coupling with septic tank to 

further attenuate level of nutrient, organic contaminants (Conn et al., 2010; Van Cuyk et 

al., 2001) and pharmaceuticals in particular (Teerlink et al., 2012).  Lowe et al. (Lowe et 

al., 2008) also evaluated purification efficiencies for couple of engineered treatment units  

(a textile filter unit and a membrane bioreactor coupling with septic tanks), demonstrating
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Table 3.4 Mean (±SD) percent removal of contaminants of emerging concern for municipal treatment plant (MTP), aerobic treatment 
system (ATS), septic treatment system coupled with subsurface constructed wetland (STS+WET), and septic treatment system only 

(STS) in October 2011 (mean temp. 18.3 °C) and January 2012 (mean temp. 10.8 °C), respectively. 

a. respective hydraulic retention times.  
 

 

Analytes 
Oct. 2011 (n=8, ±SD)  Jan. 2012 (n=8, ±SD) 

MTP ATS STS+WET STS  MTP ATS STS+WET STS 
6 hra 48 hr 48 hr 48 hr  6 hr 48 hr 48 hr 48 hr 

Acetaminophen 100±0.03 100±0.2 100±0.06 65±8  100±0.6 100±0.6 100±0.6 28±30 
Codeine 83±20 90±7 99±0.2 33±10  86±30 83±10 100±0.04 42±10 
Trimethoprim 88±10 86±3 93±10 20±7  71±40 46±10 100±0.01 12±10 
Caffeine 100±0.06 99±0.7 100±0.2 52±40  98±3 89±10 100±0.5 40±20 
Sulfamethoxazole 57±40 31±20 48±30 11±10  81±30 17±7 27±10 7.7±5 
Diphenhydramine 69±40 60±10 87±40 10±10  68±40 20±30 99±2 3.1±9 
Carbamazepine 6.3±7 7.8±5 6.5±3 5.9±3  2.9±3 6.0±6 17±10 7.4±6 
Erythromycin 81±30 52±20 92±9 27±20  59±20 47±10 65±20 19±5 
Diclofenac 82±20 56±10 43±20 18±8  87±20 34±10 32±10 9.3±4 
Gemfibrozil 91±10 38±10 52±30 36±20  83±30 23±10 30±10 12±7 
Atenolol 58±10 84±2 79±4 12±10  38±20 77±8 77±3 13±8 
Sucralose 27±20 24±20 18±10 13±10  11±10 10±7 13±8 6.0±4 
Diltiazem 96±4 92±7 88±8 47±20  99±1 98±1 98±1 76±10 
Benzoylecgonine 98±1.6 86±6 47±20 15±10  89±5 78±10 49±20 18±20 
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both engineered treatment units result in better removal efficiency for organic matter, 

TSS, nutrients, and bacteria relative to a septic tank only.  Furthermore, here we 

employed a unique study design to directly compare the percent removal of CECs and 

pharmaceuticals in particular for WET relative to MTP.  Surface and subsurface flow 

constructed wetlands have been previously shown to remove selected pharmaceuticals 

(Hijosa-Valsero et al., 2010; Matamoros et al., 2005).  The mechanisms to remove CECs 

using WET typically include a variety of different processes, such as biodegradation, 

sorption, sedimentation, and vegetation uptake (Kadlec, 1996; Matamoros et al., 2005).  

However, pathways to remove CECs were not differentiated in the current study.  Thus, 

the primary pathways responsible for removal of classes of CECs by wetlands remains an 

area of important research need (Brooks et al., 2011a).  As shown in Table 3.4, WET 

offered similar or better removal efficiencies for most CECs examined in the present 

study relative to MTP with few exceptions (diclofenac, gemfibrozil, benzoylecgonine), 

indicating that coupling WET with STS may represent an alternative to centralized MTP 

for removing some CECs from wastewater.  Furthermore, the removal data showed that 

removal efficiencies of the on-site wastewater treatment systems studied were relatively 

lower than or comparable to centralized MTP even with extended hydraulic retention 

times, implying that upgraded or alternative treatment steps may improve removal 

efficiency prior to effluent discharges from on-site treatment systems. Future studies are 

needed to examine treatment efficacy and economic tradeoffs when employing and 

maintaining subsurface constructed wetlands for treatment of effluent from septic tanks 

as examined in the present study. 
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Among the target CECs in the present study, carbamazepine (Andreozzi et al., 

2003) and sucralose (Scheurer et al., 2009) were previously shown to be recalcitrant to 

various wastewater treatment processes.  Together with caffeine, all three compounds 

have been suggested as hydrologic tracers of wastewater (Clara et al., 2004; 

Oppenheimer et al., 2011; Seiler et al., 1999).  In urbanized watersheds, incomplete 

removal of these compounds when employing on-site wastewater treatments resulted in a 

greater likelihood of groundwater and surface water contamination (Scheurer et al., 2009; 

Standley et al., 2008), ultimately contaminating source waters and finished drinking 

water (Mawhinney et al., 2011).  In both sampling seasons of the present study, 

ubiquitously low removal efficiencies were observed for carbamazepine (< 20%) and 

sucralose (< 30%) over all treatment systems, but not for caffeine.  Typically, ATS was 

able to remove more than 90% of caffeine from wastewater, resulting in similar treatment 

performance to MTP (Table 3.4).  Such observations for caffeine are consistent with 

previous reports (Hinkle et al., 2005) of greater than 90% removal in septic tanks. In the 

present study, however, much less removal of caffeine was observed in STS system, 

which eventually benefited from maximal removal efficiency for caffeine when coupled 

with the WET.  This observation suggested that carbamazepine and sucralose are more 

recalcitrant during treatment and may be more suitable than caffeine to serve as 

indicators of anthropogenic impact via municipal and on-site treatment systems (Soh et 

al., 2011).   

It is also important to note that elevated concentrations of selected CECs were 

observed in effluent, whereas these concentrations were undetected or below the 

corresponding MDLs in the influent.  Similar observations have been previously 
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reported.  For example, conjugation of pharmaceuticals to glucoronides during phase II 

metabolism occurs for many drugs. Parent pharmaceuticals are obtained via cleavage of 

those conjugates by biotransformation during wastewater treatment, which is reflected in 

the presence, or even elevated concentrations seen in the released effluent (Heberer, 

2002).  In the present study (Figure 3.2 and Table 3.3), this trend was occasionally 

observed for methylphenidate, diphenhydramine, propranolol, warfarin, and celecoxib.  

Elevated concentration of propranolol was also detected in effluent relative to influent 

elsewhere (Ashton et al., 2004).  Propranolol is extensively metabolized in the liver and 

is excreted from human mainly as metabolites (Martindale, 2002), which are introduced 

in wastewater influent and subsequently deconjugated in the treatment process.  

Deconjugation of propranolol during wastewater treatment has not been fully understood 

previously.  Conjugates of propranolol to glucoronides are probably cleaved at ether 

group in molecular structure.  Additionally, it was also interesting to observe that the 

concentration of diphenhydramine was typically greater in STS effluent than common 

influent.  In contrast, diphenhydramine was generally removed to a greater extent by 

MTP, ATS, and WET, potentially due to aerobic conditions.  However, one recent 

laboratory microcosm study (Wu et al., 2010a) that examined degradation of  

pharmaceuticals in soil altered with biosolids suggested that diphenhydramine was as 

resistant as carbamazepine to biodegradation, indicating that additional treatment 

processes (e.g., sorption to retained organic matters) beyond biodegradation may help 

remove diphenhydramine in the wastewater treatment systems (Matamoros and Bayona, 

2006).  Further, given matrix differences between influent and effluent samples, it is 

possible that uneven matrix effects prevented the detection of insensitive compounds in  
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 Figure 3.2 Detected target Contaminants of Emerging Concern in influent and various 
effluent discharges by season. MTP = municipal treatment plant; ATS = aerobic 
treatment system; STS = septic treatment system; WET = wetland 

influent samples.  In this study, we observed unparallel degree of ion suppression among 

influent and effluent samples during LC-MS/MS analysis, which may result in lower 

detection of CECs in influent samples.   

Therapeutic hazards of pharmaceuticals in effluent discharges 

To date, little is known about potential ecological risks of most pharmaceuticals 

after their introduction in the aquatic environment (Ankley et al., 2007; Boxall et al., 

2012; Brooks et al., 2009).  As noted previously, an understanding of effluent water 

Oct. 2011         Jan. 2012 
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quality of on-site wastewater treatment systems is typically only examined using course 

measures (e.g., TSS, CBOD).  The occurrence of numerous pharmaceuticals and other 

CECs, such as carbamazepine, sulfamethoxazole, trimethoprim, codeine, acetaminophen, 

caffeine, in septic tank effluent and groundwater has been previously reported (Fram and 

Belitz, 2011; Godfrey et al., 2007; Hinkle et al., 2005; Standley et al., 2008), indicating 

the capacity of selected CECs to percolate to unconfined aquifers, or to eventually 

recharge to surface water that may serve as habitats for aquatic organisms.   

Valenti et al (Valenti et al., 2012) recently provided an independent validation of 

a plasma modeling approach with the antidepressant sertraline, when pH influences on 

log Dow and bioavailability were considered.  When plasma levels exceeded therapeutic 

plasma concentrations in adult fathead minnows, the pharmacological target (serotonin 

reuptake transport) for sertraline was significantly affected, which also resulted in 

significant behavioral modifications (Valenti et al., 2012).  Of the 15 pharmaceuticals 

detected in both on-site and municipal effluent discharges, ER values of close to half of 

pharmaceuticals were less than 1000 in the ATS, STS, and MTP, but ER values of only 4 

pharmaceuticals in fall and 3 pharmaceuticals in winter were less 1000 in the WET (See 

Figure 3.3).  Additionally, diltiazem also had ER values consistently lower than 10 for all 

systems in both seasons.  More importantly, in STS, diltiazem also had an ER value 

lower than 1, which implied releasing diltiazem in STS effluent may result in therapeutic 

hazard to fish.  Less pharmaceuticals have ER values lower than 1000 for STS+WET in 

both seasons, suggesting that coupling with a wetland may lower ecological risk 

associated with effluent discharge from septic systems.  These lower ER values (ER < 10 

or 1) suggest that these pharmaceuticals and the effluents in which they were observed 
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Figure 3.3 Effect ratios of detected pharmaceuticals in effluent discharges by season. 
ER=1000 (long dash), ER=1 (short dash).  MTP = municipal treatment plant; ATS = 
aerobic treatment system; STS = septic treatment system; WET = wetland. 

deserve additional investigation.  Within the investigated treatment systems, STS 

consistently possessed the lowest water quality based on therapeutic hazards because the 

number of pharmaceuticals exceeding ER thresholds and lowest ER of diltiazem were 

observed in STS effluent (See Figure 3.3).  Because ionization plays a critical role 

governing bioaccumulation of ionizable organic compounds and subsequent toxicity to 

aquatic organisms (Berninger et al., 2011; Erickson et al., 2006a; Valenti et al., 2012; 

Valenti et al., 2011), development of robust, empirically-based studies are needed to 

A
ce

ta
m

in
op

he
n

C
od

ei
ne

T
ri

m
et

ho
pr

im

M
et

hy
lp

he
ni

da
te

S
ul

fa
m

et
ho

xa
zo

le

D
ip

he
nh

yd
ra

m
in

e

P
ro

pr
an

ol
ol

C
ar

ba
m

az
ep

in
e

E
ry

th
ro

m
yc

in

W
ar

fa
ri

n

C
el

ec
ox

ib

D
ic

lo
fe

na
c

G
em

fi
br

oz
il

A
te

no
lo

l

D
il

ti
az

em

E
ff

ec
t R

at
io

10-1

100

101

102

103

104

105

106

107

A
ce

ta
m

in
op

he
n

C
od

ei
ne

T
ri

m
et

ho
pr

im

M
et

hy
lp

he
ni

da
te

S
ul

fa
m

et
ho

xa
zo

le

D
ip

he
nh

yd
ra

m
in

e

P
ro

pr
an

ol
ol

C
ar

ba
m

az
ep

in
e

E
ry

th
ro

m
yc

in

W
ar

fa
ri

n

C
el

ec
ox

ib

D
ic

lo
fe

na
c

G
em

fi
br

oz
il

A
te

no
lo

l

D
il

ti
az

em

E
ff

ec
t R

at
io

10-1

100

101

102

103

104

105

106

107

A
ce

ta
m

in
op

he
n

C
od

ei
ne

T
ri

m
et

ho
pr

im

M
et

hy
lp

he
ni

da
te

S
ul

fa
m

et
ho

xa
zo

le

D
ip

he
nh

yd
ra

m
in

e

P
ro

pr
an

ol
ol

C
ar

ba
m

az
ep

in
e

E
ry

th
ro

m
yc

in

W
ar

fa
ri

n

C
el

ec
ox

ib

D
ic

lo
fe

na
c

G
em

fi
br

oz
il

A
te

no
lo

l

D
il

ti
az

em

E
ff

ec
t R

at
io

10-1

100

101

102

103

104

105

106

107

Oct. 2011
Jan.  2012

A
ce

ta
m

in
op

he
n

C
od

ei
ne

T
ri

m
et

ho
pr

im

M
et

hy
lp

he
ni

da
te

S
ul

fa
m

et
ho

xa
zo

le

D
ip

he
nh

yd
ra

m
in

e

P
ro

pr
an

ol
ol

C
ar

ba
m

az
ep

in
e

E
ry

th
ro

m
yc

in

W
ar

fa
ri

n

C
el

ec
ox

ib

D
ic

lo
fe

na
c

G
em

fi
br

oz
il

A
te

no
lo

l

D
il

ti
az

em

E
ff

ec
t R

at
io

10-1

100

101

102

103

104

105

106

107

MTP 

STS STS+WET 

ATS 



54 
 

more accurately describe site-specific effluent pH influences on bioavailability and thus 

the therapeutic hazard modeling results presented here.  However, the approach 

employed in the present study represents a novel attempt to assess CECs removal and 

thus comparative water quality of decentralized and centralized systems.  It also 

highlights the need for further studies of additional classes of pharmaceuticals and other 

CECs in on-site wastewater effluents, particularly in regions impacted by failing onsite 

systems and high groundwater exchange with surface water. 
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CHAPTER FOUR 
 

Pharmaceutical Bioaccumulation by Periphyton and Snails in an Effluent-dependent 
Stream during an Extreme Drought 

Abstract 

Increasing evidence indicates that pharmaceutical bioaccumlate in fish collected 

downstream from municipal wastewater effluent discharges.  However, studies of 

pharmaceutical bioaccumulation by other aquatic organisms, including primary producers 

(e.g., periphyton) and grazers (e.g., snails), are lacking in wadeable streams.  Here, we 

examined environmental occurrence and bioaccumulation of a range of pharmaceuticals 

and other contaminants of emerging concern in  a common snail (Planorbid sp.) and 

periphyton from an effluent-dependent stream in central Texas, USA, during a historic 

drought, because such limited dilution may represent worst case exposure scenarios for 

aquatic life to pharmaceuticals.  Water and tissue samples were liquid-liquid extracted 

and analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS) with 

electrospray ionization.   Target analytes included 21 pharmaceuticals across multiple 

drug classes and 2 pharmacologically active metabolites.  Several pharmaceuticals were 

detected at up to 4.7 µg/kg in periphyton and up to 42 µg/kg in Planorbid sp. We then 

examined the utility of several bioconcentration factor and bioaccumulation factor 

models developed for other invertebrates to assist interpretation of field results.  

Observations from the present study suggest that waterborne exposure to pharmaceuticals 

may be more important than dietary exposure for snails and potentially other aquatic 

organisms.   
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Introduction 

Effluent-dominated or -dependent streams potentially represent worst-case 

scenarios for studying accumulation and associated effects of pharmaceuticals in aquatic 

ecosystems (Brooks et al., 2006).  In these scenarios, pharmaceuticals can be considered 

to be “pseudo-persistent” because their half-lives are shorter relative to loading rates from 

effluent discharges (Daughton, 2002).  Higher exposure concentrations of 

pharmaceuticals in streams and longer effective exposure durations are expected under 

low flow conditions in regions experiencing frequent drought (Ankley et al., 2007).   

Pharmaceuticals are designed to produce specific therapeutic effects in humans or 

animals at particular administered doses.  However, exposure to pharmaceuticals in the 

environment may also result in bioaccumulation and subsequent toxic responses to non-

target organisms.  Pharmaceuticals have been shown to accumulate in fish tissues 

(Brooks et al., 2005; Du et al., 2012; Fick et al., 2010a; Metcalfe et al., 2010b; Ramirez et 

al., 2009; Ramirez et al., 2007; Schultz et al., 2010) and other aquatic organisms, such as 

algae (Vannini et al., 2011), mussels (Contardo-Jara et al., 2011; Maruya et al., 2013) and 

sharks (Gelsleichter and Szabo, 2013) when these organisms are exposed to 

pharmaceuticals in laboratory settings or to wastewater effluent and surface waters 

receiving effluent discharges.   

Studies regarding the mechanisms of uptake and elimination of pharmaceuticals 

by fish and invertebrates are limited (Meredith-Williams et al., 2012a; Nakamura et al., 

2008; Paterson and Metcalfe, 2008; Rendal et al., 2011).  Unlike other traditional 

pollutants, more than 70% of pharmaceuticals are ionizable across environmentally 

relevant pH gradients (Manallack, 2007).  The neutral fraction, which is more lipophilic, 
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is more bioavailable for uptake and toxic to aquatic life than its ionized counterpart 

(Valenti et al., 2012).  Thus, uptake of ionizable pharmaceuticals can be pH dependent 

(Meredith-Williams et al., 2012a; Nakamura et al., 2008; Valenti et al., 2012).  

Subsequent adverse outcomes also depend on a pharmaceutical’s ionization state and 

site-specific conditions (e.g., surface water pH), which can be influenced by 

climatological changes (Brooks et al., 2011b; Valenti et al., 2011).  To date, 

understanding the factors influencing partitioning of pharmaceuticals to various aquatic 

compartments, such as water, sediment, and biosolids, to organisms is still less developed 

relative to nonionizable organic chemicals (Brooks et al., 2009).  Further, data regarding 

bioaccumulation in invertebrates and dietary exposure of aquatic organisms to 

pharmaceuticals from food sources is largely lacking (Boxall et al., 2012).   

A better understanding of whether various pharmaceuticals accumulate in aquatic 

invertebrates and the mechanisms of uptake and biotransformation in invertebrates will 

support future bioaccumulation studies and risk assessments of pharmaceuticals at lower 

trophic levels.  Thus, in the present study, the invertebrate Planorbid sp. (primary 

consumer) and periphyton (primary producer) were sampled from the North Bosque 

River, an effluent-dependent wadeable stream in central Texas, USA, during an extreme 

drought in 2011.  The primary objective of the present study was to identify whether 

select pharmaceuticals, active pharmaceutical metabolites and other emerging 

contaminants accumulate in Planorbid sp. and periphyton communities.  We further 

compared the utility of employing previously developed bioconcentration and 

bioaccumulation models (Arnot and Gobas, 2006; Meredith-Williams et al., 2012a) to 

interpret observed tissue bioaccumulation factors (BAFs) for Planorbid sp. in the field.  
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Finally, based on field observations, we estimated dietary exposure of fish consuming 

snails and compare this dosage to human therapeutic usage of the antidepressant 

fluoxetine. 

Materials and methods 

Study site and sample collection 

The North Bosque River is located in central Texas, USA.  Perennial flow of the 

river begins downstream from a major effluent discharge from Stephenville, TX; 

instream flows downstream are comprised of effluent discharge from 6 wastewater 

treatment plants or systems along the river, and can be effluent-dependent during non-

storm conditions, particularly during summer months.  Flows upstream are ephemeral 

with some perennial isolated pools.  A sampling site downstream from the Stephenville, 

TX, Wastewater Treatment Plant (WWTP) was selected because this is the first 

wastewater effluent discharge along the North Bosque River and the only major 

discharge permitted to discharge approximately 1 million gallons of reclaimed water per 

day.   

Field sampling occurred in August 2011 when Texas experienced a historical 

drought.  No stream flow was observed in the river upstream of the Stephenville WWTP, 

and regional streams without effluent discharges were ephemeral (e.g., Neils Creek).  

Thus, the sampling site downstream of the Stephenville WWTP was effluent dependent 

during the present study.  Invertebrate samples were collected, stored on ice and 

transported back to the laboratory.  Periphyton samples were collected from quantified 

areas on flat rocks using a razor blade, stored in whirlpack bag and kept on ice during 

transport to the laboratory.  All invertebrate and periphyton samples were stored at -80°C 
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until further analyses.  Water samples were collected in 4-L amber glass bottles that were 

pre-rinsed with acetone and nanopure water.  Water samples were kept on ice, 

transported to the laboratory, and stored at 4 °C.  Routine water quality parameters (e.g., 

DO, pH, temperature) were collected from these field samples, which were then 

prefiltered and extracted within 48 hrs of collection (Du et al., 2014).   

Chemicals and regents 

A Thermo Barnstead Nanopure (Dubuque, IA, USA) Diamond UV water 

purification system was used to provide 18 MΩ water to prepare all aqueous solutions 

throughout the study.  Based on previously reported occurrences in environmental and 

biological compartments receiving effluent discharges (Du et al., 2012; Gheorghe et al., 

2008; Kolpin et al., 2002; Letzel et al., 2010; Loos et al., 2009; MacLeod and Wong, 

2010; Radjenović et al., 2009; Ramirez et al., 2009; Ramirez et al., 2007), 24 target 

analytes were selected for the present study.  All chemical standards and labeled analogs 

were purchased with the purity ≥ 97% and used as received (Table A5.1).  HPLC grade 

methanol, formic acid, and acetic acid were obtained from various vendors, which are 

provided elsewhere (Du et al., 2012).  Isotopically-labeled analogs were used as the 

internal standard for each corresponding compound with the exception of ivermectin, for 

which abamectin was used as an internal standard due to the lack of commercially 

available isotopically-labeled ivermectin.  Ivermectin was used because the North Bosque 

River watershed has historically been severely impacted by dairy concentrated animal 

feeding operations and thus may represent an ideal study site to assess veterinary 

medicines in aquatic systems (Brooks et al., 2008b).  
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Sample preparation and analysis 

Snail samples were grouped in composites (n=3) to reach a suitable wet weight 

for analysis.  Soft tissues of snails and periphyton was rinsed with DI water and gently 

towel dried before weighing in an effort to remove contaminants not incorporated with 

tissues (Brooks et al., 2004).  All samples were homogenized using a Tissuemiser (Fisher 

Scientific, Fair Lawn, NJ) at 30000 rpm.  

Tissues were extracted according to previously reported methodologies (Du et al., 

2012; Ramirez et al., 2009; Ramirez et al., 2007).  For each sample, 1.0 g of periphyton 

or snail composite wet weights were extracted with 8 mL of a 1:1 mixture of 0.1 M 

aqueous acetic acid and methanol in a 20-mL borosilicate glass vial.  A mixture of 24 

internal standards was added to each sample prior to extraction.  The remaining 

extraction protocol is identical to the previously reported method along with 

instrumentation parameters, separation strategy, and detection of target analytes (Du et 

al., 2012; Du et al., 2014).   

Water samples were prefiltered according to  previously published methods (Du 

et al., 2014).  Extraction of selective serotonin reuptake inhibitor (SSRI) antidepressants 

and metabolites, including fluoxetine, norfluoxetine, sertraline, desmethylsertraline, and 

paroxetine, followed another procedure (Lajeunesse et al., 2008).  For the remaining 

analytes, extraction generally followed a previously reported protocol (Vanderford and 

Snyder, 2006).   

Samples were analyzed using isotope dilution liquid chromatography tandem 

mass spectrometry (LC-MS/MS).  Details pertaining to the ionization mode (ESI+ or 

ESI-) and precursor-to-product ion transitions were previously described (Du et al., 2012; 
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Du et al., 2014).  Chromatographic separation was achieved by binary gradient.  A Varian 

model 1200 L triple-quadrupole mass analyzer equipped with electrospray ionization 

(ESI) was used to monitor eluted analytes.  The detection was operated in multiple 

reaction monitoring (MRM) mode throughout the analysis.   

Quantitation was performed using an isotope dilution calibration method with the 

minimum of a six-point calibration curve ranging in concentration from below each 

analyte’s method detection limit (MDL) to 500 ng/mL with a weighted (1/x2) linear 

regression, resulting in r2 ≥ 0.99.  Calibration standards, containing mixture of 24 internal 

standards and variable concentrations of target compounds, were prepared in 95:5 0.1% 

(v/v) aqueous formic acid–methanol.  Limit of detection (LOD) and limit of quantitation 

(LOQ) were determined by extracting and analyzing reference samples fortified with 

internal standards only (Table 4.1).  LOD was defined as the concentrations that had the 

response equal to a signal-to-noise ratio of 3.  LOQ was calculated as the concentration 

that yielded 10 times signal-to-noise ratio.  The determination protocol of MDLs (Table 

1) was reported in a previous study (Du et al., 2012).  A MDL represented the lowest 

concentration of analyte that was reported in the present study.  Half the MDL values 

were utilized for calculation of observed BAF if select target analytes were detected, but 

below corresponding MDL value.  One blank (i.e., reference tissue spiked with internal 

standards only) and duplicate matrix spikes were included in each analytical sample batch 

(Du et al., 2012).   

Calculation of Observed and Predicted BAFs and BCFs 

An observed BAF was defined as the ratio of a pharmaceutical identified in 

periphyton or Planorbid sp. and associated surface water concentration.  Predicted BAFs 
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Table 4.1 Method detection limit (MDL), limit of detection (LOD), limit of quantitation (LOQ) of all analytes, and occurrence of 
analytes in Planorbid sp. and periphyton, along with the occurrence of analytes in water. 

 

Analytes 
Planorbid sp. (µg/kg)  Periphyton (µg/kg)  Water (ng/L) 

MDL LOD LOQ 
Detected 

(±SD, n=3) 
 MDL LOD LOQ 

Detected 
(±SD, n=5) 

 MDL Detected 

Analgesic Acetaminophen 4.7 0.34 1.0 ND  6.6 0.45 1.4 ND  2.9 7.6 
 Codeine 4.7 0.54 1.6 ND  5.7 0.45 1.4 ND  8.3 ND 
Antihypertensive Atenolol 1.5 0.21 0.63 ND  2.1 0.57 1.7 ND  4.3 26 
 Propranolol 1.9 0.54 1.6 1.0±0.28  1.9 0.22 0.65 ND  1.8 ND 
 Diltiazem 0.21 0.06 0.19 <MDL  0.58 0.20 0.61 ND  0.24 2.2 
Stimulant Caffeine 5.1 0.34 1.0 7.6±2.0  6.7 0.82 2.5 ND  4.5 37 
 Methylphenidate 0.42 0.03 0.10 ND  0.88 0.11 0.34 ND  0.30 0.68 
Anti-seizure Carbamazepine 0.61 0.15 0.45 1.2±0.09  0.62 0.06 0.19 0.90±0.07  0.53 340 
Benzodiazepine Diazepam 4.2 0.51 1.6 ND  4.7 1.5 4.6 ND  4.6 ND 
Antihistamine Diphenhydramine 0.18 0.06 0.17 1.0±0.13  0.16 0.05 0.16 4.7±0.39  0.22 15 
Antidepressant Fluoxetine 4.8 0.78 2.4 13±4.8  4.8 1.1 3.3 ND  8.4 ND 
 Paroxetine 2.8 0.97 2.9 NDa  2.6 0.87 2.6 ND  11 ND 
 Sertraline 3.3 1.0 3.1 <MDL  3.9 1.2 3.5 ND  6.1 ND 
Antidepressant 
metabolite 

Norfluoxetine 4.3 0.35 1.1 <MDL  4.1 1.1 3.3 ND  8.5 ND 
Desmethylsertraline 5.3 1.7 5.2 42±7.8  5.8 2.0 6.0 ND  5.4 ND 

Antilipemic Gemfibrozil 3.1 0.40 1.2 ND  3.8 0.53 1.6 ND  2.1 5.6 
Antibiotic Sulfamethoxazole 3.5 0.33 1.0 ND  4.7 0.34 1.0 ND  1.3 270 
 Trimethoprim 1.9 0.43 1.3 ND  2.9 0.72 2.2 ND  1.3 <MDL 
 Erythromycin 2.5 0.96 2.9 <MDL  2.1 0.78 2.4 <MDL  8.6 ND 
Anti-inflammatory Diclofenac  2.6 0.45 1.4 ND  3.1 0.41 1.3 ND  2.8 7.6 
 Celecoxib 8.5 2.0 6.2 14±3.3  7.8 1.4 4.2 ND  11 85 
Anticoagulant Warfarin 0.68 0.12 0.38 ND  0.73 0.19 0.57 ND  0.78 ND 
Artificial sweetener Sucralose 50 11 33 ND  52 11 32 ND  36 9600 
Antiparasitic Ivermectin 51 6.8 21 ND  48 17 53 ND  93 ND 
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were generated by using five previously developed linear regression models (Arnot and 

Gobas, 2006; Meredith-Williams et al., 2012a).  If pharmaceuticals were detected below 

their corresponding MDLs or not detected in Planorbid sp. tissue or water samples, half 

MDLs were used to calculate observed log BAFs. Arnot and Gobas (2006) provided an 

empirical relationship (Eqn. 1) for estimating bioaccumulation of organic chemicals in 

invertebrates; however, this linear regression model did not account for influences of pH 

on bioaccumulation of ionizable compounds.  Thus, in the present study, we modified 

Equation 1 to Equations 2 and 3 by substituting octanol-water distribution coefficient 

(Dow) and liposome-water distribution coefficient (Dlipw) at measured pH (8.0) from the 

field for octanol-water partition coefficient (Kow), respectively.    

            log BAF = 0.82 log Kow + 0.09             (1) 

   log BAF = 0.82 log Dow (8.0) + 0.09   (2) 

  log BAF = 0.82 log Dlipw (8.0) + 0.09              (3) 

Meredith-Williams et al. recently developed four empirical relationships (Eqns. 4, 

5 6, and 7).  The relationships between log bioconcentration factor (BCF) and log Dlipw 

were developed for estimating BCF of pharmaceuticals in the aquatic invertebrates 

Gammarus pulex (Eqn 4) and Notonecta glauca (Eqn 5).  BCF values in Gammarus 

pulex and Notonecta glauca were also estimated by linear models (Eqn. 6 and 7, 

respectively) between log BCF and log volume of distribution (log VD).  It is important to 

recognize that these linear regression models may represent the first empirical 

relationships that were exclusively developed for ionizable pharmaceuticals in aquatic 
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invertebrates.  Further, these models account for pH influences on speciation of ionizable 

pharmaceuticals and thus use Dlipw as the prediction descriptor.   

log BCF = 0.71 log Dlipw  – 0.23              (4) 

log BCF = 0.27 log Dlipw  – 0.93              (5) 

log BCF = 1.3 log VD  + 1.2               (6) 

log BCF = -0.5 log VD  + 0.4               (7) 

Results and discussion 

Occurrence of pharmaceuticals in Planorbid sp. and periphyton 

No target analytes were detected in method blank samples; however, various 

pharmaceuticals were detected in surface waters, and Planorbid sp. and periphyton 

(Table 4.1).  Eleven target analytes were detected in Planorbid sp., though 4 of these 11 

were detected below corresponding MDLs.  Detected analytes included 7 pharmaceutical 

categories, including antihypertensive, antibiotic, anti-inflammatory, stimulant, 

antihistamine, anti-seizure, and SSRI (and metabolites) classes.  Typically, the SSRIs 

were detected at highest levels (up to 42 µg/kg wet weight) in Planorbid sp., which 

compares to previous observations by our group from Pecan Creek in north Texas 

(Brooks et al, unpublished data).  Diphenhydramine, carbamazepine, and erythromycin 

were the only common analytes detected in both Planorbid sp. and periphyton from the 

North Bosque River.  For example, diphenhydramine and carbamazepine were observed 

in periphyton above MDLs, but erythromycin was detected below the MDL.  
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Comparison of observed BAFs and predicted BAFs and BCFs in invertebrates 

As introduced above, many ionizable organic compounds (IOCs) may exhibit 

various ionization states at environmentally relevant pHs; thus, ionization may play an 

important role in governing transport of IOCs across biological membranes and 

subsequent toxicity to aquatic organisms (Berninger et al., 2011; Erickson et al., 2006a; 

Valenti et al., 2012; Valenti et al., 2010; Valenti et al., 2009).  Robust, empirically-based 

models for predicting bioconcentration or bioaccumulation of pharmaceuticals and other 

IOCs in aquatic invertebrates are largely lacking (Meredith-Williams et al., 2012a), 

which represents a major research need (Boxall et al., 2012).  Recent studies (Armitage et 

al., 2013; Rendal et al., 2011; Valenti et al., 2012; Valenti et al., 2009; Valenti et al., 

2011) have suggested that aquatic assessment of ionizable compounds, particularly 

pharmaceuticals, should account pH influences on bioaccumulation. 

Significant (p<0.05) relationships were observed between field observed BAFs 

for pharmaceuticals in Planorbid sp. and log Kow, log Dow or log Dlipw (Figure 4.1 A-C), 

based on pH of water samples from the field, though R2 values for each of these 

observations were fairly low (ranging from 0.187 to 0.212).  We further examined the 

relationship between field observed BAF values and VD, because VD represents a human 

pharmacology parameter for therapeutics that may be useful for predicting environmental 

partitioning, including bioaccumulation potential (Brooks et al., 2012).  For example, 

significant relationships between VD and Kd values explain a range of pharmaceuticals 

partitioning to soils and sediments (Williams et al., 2009).  Similar to observations for 

partition coefficients, field BAF values in Planorbid sp. were significantly related to VD 

(Figure 1D), but here again the relationship was low (R2 = 0.164).  A similar significant 
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(p<0.05), but stronger (R2=0.7), relationship was observed between BCF and VD in 

laboratory studies with several pharmaceuticals, Gammarus pulex and Notonecta glauca 

(Meredith-Williams et al., 2012a). 

We also examined the utility of previous models developed for invertebrate BAF 

or BCF values (Arnot and Gobas, 2006; Meredith-Williams et al., 2012a) to predict field 

BAFs of pharmaceuticals in Planorbid sp. in the North Bosque River.  These field 

observed log BAFs were then compared with the log BAFs predicted using Eqn. 1 

(Figure 4.2 A), Eqn. 2 (Figure 4.2 B), and Eqn. 3 (Figure 4.2 C).  Here again, similar to 

observations in Figure 4.1, significant (p<0.05) relationships, though with relatively low 

R2 values, were observed between predicted and observed BAF values (Figure 2) for 

these three models.  Relatively poor predictions of field BAFs may have resulted from 

different chemical properties (e.g., log Kow) between chemicals (majority of log Kow 4-8) 

examined by Arnot and Gobas (Arnot and Gobas, 2006) and chemicals (majority with log 

Kow ranging from 0-4) detected in the present study.   

We further compared BAFs for Planorbid sp. from the North Bosque River with 

predicted log BCFs using Eqn.4. (Figure 4.3 A) and Eqn.5 (Figure 4.3 B) developed from 

empirical studies of uptake and depuration of select pharmaceuticals in G. pulex and N. 

glauca (Meredith-Williams et al., 2012a), which employed log Dlipw to explain speciation 

of the parent compounds at study pH.  Similar to evaluations of Eqns. 1-3, significant 

(p<0.05) relationships, also with relatively low R2 values, were observed between 

predicted BCF and observed BAF values (Figure 4.3 A and 4.3 B).  We further examined 

the potential use of VD to interpret field BAFs using Eqns. 6 and 7, which were also 

derived by Meredith-Williams et al. (Meredith-Williams et al., 2012a) for the amphipod 
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G. pulex, and the insect N. glauca, respectively.  Here again, significant (p<0.05) 

relationships with low R2 values were observed (Figure 4.4).  

Differences between observations reported by Meredith-Williams et al. 

(Meredith-Williams et al., 2012a) and the present study likely related to different food 

sources for Planorbid sp., N. glauca and G. pulex, in addition to different exposure 

scenarios between laboratory experiments focusing on bioconcentration (Meredith-

Williams et al., 2012a) and the field studies of bioaccumulation reported here.  

Laboratory BCF studies with pharmaceutical and snails are largely lacking.  For example, 

Meredith-Williams et al. (Meredith-Williams et al., 2012a) also examined BCF of the 

beta-blocker carvedilol by the freshwater snail Planobarius corneus, which may 

represent the only other report of pharmaceutical bioaccumulation by freshwater snails.  

Recognizing that Planorbid sp. were co-exposed to compounds discharged to the North 

Bosque River, it remains also possible that other compounds may have enhanced or 

decreased biotransformation and thus bioaccumulation of pharmaceuticals in Planorbid 

sp. in the present study.  

Pharmaceutical bioaccumulation by periphyton and invertebrates, and fish exposure 
through diet   

Whereas we observed select pharmaceuticals and their metabolites to accumulate 

in an invertebrate residing in an effluent-dependent stream during an extreme drought 

(Table 4.1), biotransformation of pharmaceuticals by aquatic organisms is not well 

understood, particularly in invertebrates.  As demonstrated recently by our research group 

(Connors et al., 2013), biotransformation of many drugs, many of which were selected as 

target compounds in current field study, appears limited in fish, which generally
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Figure 4.1 Relationships between observed log bioaccumulation factors (log BAFs) and log Kow (A), log Dow (B), log Dlipw (C), and 
log VD (D) for pharmaceuticals detected in either water or Planorbid sp..  

 

log VD (L)

-2 0 2 4 6

O
bs

e
rv

e
d 

lo
g 

B
A

F

0

1

2

3

4

5

log Kow

-2 0 2 4 6

O
bs

e
rv

e
d
 lo

g
 B

A
F

0

1

2

3

4

5

log Dow

-2 0 2 4 6

O
b
se

rv
e
d
 lo

g 
B

A
F

0

1

2

3

4

5

log Dlipw

-2 0 2 4 6

O
bs

e
rv

e
d 

lo
g 

B
A

F

0

1

2

3

4

5

A B

C D

R2=0.212 

P<0.001 

R2=0.187 

P<0.001 

R2=0.187 

P<0.001 

R2=0.164 

P=0.003 



76 
 

 

 

 

 

Figure 4.2 Comparisons between log bioaccumulation factors (log BAFs), predicted by bioaccumulation models based on log Kow (A), 
log Dow (B), log Dlipw (C) (Arnot and Gobas, 2006) and observed log BAFs. 
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Figure 4.3 Comparisons between log bioconcentration factors (log BCFs), predicted by empirical linear bioconcentration models (for 
G. pulex (A) and N. glauca (B)) based on Dlipw (Meredith-Williams et al., 2012) and observed log bioaccumulation factors (log BAFs).  
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Figure 4.4 Comparisons between log bioconcentration factors (log BCFs), predicted by empirical linear bioconcentration models (for 
G. pulex (A) and N. glauca (B)) based on VD (Meredith-Williams et al., 2012) and observed log bioaccumulation factors (log BAFs).   
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possess higher similarity for pharmaceutical targets (e.g., receptors, enzymes) to humans 

than invertebrates (Gunnarsson et al., 2008).  For example, diltiazem, carbamazepine, 

celecoxib, sulfamethoxazole, warfarin, methylphenidate, paroxetine, acetaminophen, 

diphenhydramine, and fluoxetine exhibited no significant metabolism in naive rainbow 

trout liver S9 fractions (Connors et al., 2013).  However, coexpoure to other substances 

could alter pharmaceutical metabolism in aquatic life.  For example, Smith et al. (Smith 

et al., 2010) demonstrated that hepatic metabolism of fluoxetine in trout was limited 

unless induced by pre-exposure to carbamazepine.  In fact, limited information exists on 

invertebrate metabolism of organic chemicals (Katagi, 2010); however, biotransformation 

by the invertebrate G. pulex has been to shown to alter internal concentrations of 

xenobiotics (Ashauer et al., 2012).  Clearly, an advanced understanding of 

biotransformation of pharmaceuticals in fish, invertebrate, plant and periphytic 

communities is needed to improve bioaccumulation assessments (Boxall et al., 2012).  

Periphytic communities include a complex assemblage of algae and heterotrophs 

(bacteria and fungi) (Rier and Stevenson, 2002; Tarkowska-Kukuryk and Mieczan, 2012), 

and represents important components of inland waters for environmental assessments 

(Vera et al., 2010).  Invertebrates and organisms at higher trophic levels graze on 

periphyton, thereby potentially exposing them to chemicals via dietary uptake (Jones and 

Sayer, 2003).  Planorbidae are grazers (Tarkowska-Kukuryk and Mieczan, 2012) that are 

found on all continents except Antartica and, depending on the species, reside in a range 

of water bodies including lakes, streams, swamps, ponds, ephemeral pools, and ditches 

(Scott et al., 2009; Tarkowska-Kukuryk and Mieczan, 2012).  Though observations of the 

occurrence of pharmaceuticals in periphyton and snails in the present study are novel, 
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further research is needed to understand pharmaceutical disposition in primary producers 

and consumers of wadeable streams.   

In the present study, seven target compounds were detected in snails, but not 

periphyton, at levels greater than corresponding MDLs.  Gill uptake is the primary 

exposure route of pharmaceuticals and other contaminants of emerging concern (CECs) 

for aquatic organisms, especially fish (Erickson et al., 2006a; Mimeault et al., 2005).  To 

date, dietary exposure of fish to pharmaceuticals has received limited study (Boxall et al., 

2012; Daughton and Brooks, 2011).  As noted above, a BCF value was previously 

reported for the beta-blocker carvedilol in the freshwater snail P. corneus during a 

laboratory uptake study (Meredith-Williams et al., 2012a).  Because uptake of carvedilol 

to P. corneus is thought to be through pulmonary respiration (Jones, 1964),  aquatic 

species that using pulmonary respiration may be less exposed to contaminants in ambient 

water compared to those utilizing gills for respiration (Meredith-Williams et al., 2012a).  

Though limited observations during the present study of pharmaceuticals in periphyton 

may have been influenced by analytical sensitivity and MDLs, due to the limited number 

of compounds detected in periphyton, compared to water and snail samples (Table 4.1), it 

may be that water exposure represented the primary route of pharmaceutical exposure to 

Planorbid sp. in the North Bosque River.   

In the present study, fluoxetine was observed to accumulate to highest levels in 

snails, reaching a mean (N=3) concentration of 13 (±4.8) µg/kg and maximum 

concentrations of 42 µg/kg (Table 4.1).  A bioenergetics model (Weininger, 1978) can be 

used to estimate fish feeding rate (FD) as a function of fish body weight (VF, kg) and 

surface water temperature (T, oC):  
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   FD = 0.022 . VF 
0.85 . exp(0.06 . T)   (8) 

Surface water temperature of the North Bosque River during field sampling was 

approximately 30oC.  The North Bosque River includes a number of common taxa 

contributing to fish community structure, including several different Lepomis sp. for the 

purposes of this exercise, moderately sized Lepomis sp. of 25 g were selected based on 

subsequent field sampling (Du et al unpublished data), to estimate that fish would 

consume 215.4  ng fluoxetine day-1, if their diet was solely comprised of snails (as can be 

the case for the redear sunfish, Lepomis microlophus).  This scenario would result in 

fluoxetine daily dosage to Lepomis sp. of 8.62 µg/kg, which is approximately 33 fold 

lower than fluoxetine daily dosage of 285.7 µg/kg for humans (25 mg / 70 kg).  

Research by our group (Berninger et al., 2011; Du et al., 2014; Valenti et al., 

2012) and others (Brodin et al., 2013) demonstrates that pharmaceutical residues in 

effluent discharges may present adverse outcomes to fish, invertebrates, and other aquatic 

organisms, resulting from therapeutic mechanisms / modes of action when functions of 

target receptors in fish are conserved with humans (Gunnarsson et al., 2008).  In the case 

of fluoxetine, Brooks (Brooks, 2014) recently predicted that waterborne exposure at the 

environmental relevant level of 41 ng/L would result in therapeutic hazards to fish, 

because this water concentration would be expected to accumulate in fish plasma to a 

level equaling a human therapeutic dose (Cmax) of fluoxetine.  In the present study, 

fluoxetine, norfluoxetine, sertraline and desmethylsertraline were detected in snail 

tissues, but not detected in water, potentially because SSRIs appear to sorb strongly to 

suspended particulates in surface waters (Baker and Kasprzyk-Hordern, 2011), which 

would have been removed during a prefiltering step prior to extraction and analysis 
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methods in the present study.  Thus, based on observations of the present study, water 

exposure may be more important for fish, but perhaps not filter feeding invertebrates 

(e.g., bivalves) (Franzellitti et al., 2014; Hazelton et al., 2014), than diet.  

Though the current study was not designed to study other trophic levels or 

relevant trophic transfer of target pharmaceuticals in wadeable streams, the occurrence of 

select pharmaceuticals in periphyton and Planorbid sp. suggests that further 

investigations are needed to determine the relevance of bioaccumulation of 

pharmaceuticals in aquatic organisms (Daughton and Brooks, 2011) and examine 

potential transfer of pharmaceuticals through food chains (Boxall et al., 2012).  Our 

ongoing research is employing isotope-ratio mass spectrometry to support an 

understanding of trophic magnification or trophic dilution of pharmaceuticals in effluent-

dominated and dependent streams.   
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CHAPTER FIVE 

Bioaccumulation and Trophic Dilution of Human Pharmaceuticals across Trophic 
Positions of an Effluent-dependent Wadeable Stream 

This chapter published as: Du B, Haddad SP, Luek A, Scott WC, Saari GN, Kristofco 
LA, Connors KA, Rash C, Rasmussen JB, Chambliss CK, Brooks, BW 2014, In press. 

Bioaccumulation and Trophic Dilution of Human Pharmaceuticals across Trophic 
Positions of an Effluent-dependent Wadeable Stream. Philosophical Transactions of The 

Royal Society B: Biological Sciences 
 

Abstract 

Though pharmaceuticals are increasingly reported in a variety of organisms from 

coastal and inland aquatic systems, trophic transfer of pharmaceuticals in aquatic food 

webs have not been reported.  In the present study, bioaccumulation of select 

pharmaceuticals was investigated in a lower order effluent-dependent stream in central 

Texas, USA, using isotope dilution LC-MS/MS.  A fish plasma model, initially 

developed from laboratory studies, was tested to examine observed vs. predicted internal 

dose of select pharmaceuticals.  Pharmaceuticals accumulated to higher concentrations in 

invertebrates relative to fish; elevated concentrations of the antidepressant sertraline and 

its primary metabolite desmethylsertraline were observed in the Asian clam, Corbicula 

fluminea, and two unionid mussel species.  Trophic positions were determined from 

stable isotopes (δ15N, δ13C) collected by isotope ratio-MS; a Bayesian mixing model was 

then used to estimate diet contributions towards top fish predators.  Because 

diphenhydramine and carbamazepine were the only target compounds detected in all 

species examined, trophic magnification factors (TMF) were derived to evaluate potential 

trophic transfer of both compounds.  TMFs for diphenhydramine (0.38) and 

carbamazepine (1.17) indicated neither compound experienced trophic magnification, 
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which suggests that inhalational and not dietary exposure represented the primary route 

of uptake by fish in this effluent-dependent stream.     

Introduction 

Human pharmaceuticals are increasingly identified in effluent-dominated and 

dependent urban ecosystems, which may represent worst-case scenarios for waterborne 

exposure to these pharmaceuticals and other contaminants of emerging concern (CECs) 

in developed countries (Brooks et al., 2006).  Though pharmaceuticals are more water 

soluble than historical environmental contaminants (e.g., persistent organic pollutants), 

which suggests that these CECs may have lower propensities to bioconcentrate or 

biomagnify (Daughton and Brooks, 2011), instream flows of urban rivers and streams 

that are dominated by or dependent on effluent discharges result in increased effective 

exposure duration to aquatic life (Ankley et al., 2007).  Understanding environmental 

exposure and ecological impacts of pharmaceuticals and other industrial chemicals is 

essential for sustainable management of environmental quality, particularly in urbanizing 

ecosystems (Brooks, 2014).  For example, identifying regions where pharmaceuticals 

present high risk to terrestrial and aquatic wildlife was recently identified as a major 

research need during an expert horizon scanning workshop (Boxall et al., 2012).  

Perhaps the first report of a human pharmaceutical bioaccumulating in aquatic life 

was the contraceptive 17α-ethinylestradiol in fish bile from Sweden (Larsson et al., 

1999).  Brooks et al (Brooks et al., 2005) then identified bioaccumulation of selective 

serotonin reuptake inhibiting (SSRI) antidepressants by fish from an effluent-dominated 

stream in north Texas, USA.  These antidepressants were targeted for study because of 

high volume of distribution (VD) values, elevated lipophilicity (e.g., necessary to cross 
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the blood brain barrier to elicit therapeutic benefit), slow clearance rates, biological 

important activities, and human usage patterns (Brooks, 2014).  Such observations were 

subsequently extended to other pharmaceuticals accumulating in fish from this urban 

stream (Ramirez et al., 2007), and to other urban rivers of the USA (Ramirez et al., 

2009).  Biotransformation and clearance of many of these pharmaceuticals appears 

limited in fish (Connors et al., 2013), which may increase the potential for 

bioaccumulation of some pharmaceuticals, particularly when continuous exposure to 

effluents occur in urban ecosystems. 

Unlike many historical organic contaminants, partitioning dynamics of the 

majority pharmaceuticals are not only due to hydrophobic interactions, but are also 

influenced by hydrogen bonding, cation exchange, cation bridging and surface 

complexation (Brooks et al., 2009).  For example, uptake and elimination of ionizable 

pharmaceuticals (over 70% of drugs are ionizable) by fish (Nakamura et al., 2008; 

Paterson and Metcalfe, 2008) and invertebrates (Meredith-Williams et al., 2012a) are 

influenced by surface water pH (Nakamura et al., 2008; Valenti et al., 2012; Valenti et 

al., 2009; Valenti et al., 2011).  Unfortunately, environmental modeling approaches for 

predicting fate, transport, exposure and bioaccumulation, which were designed to address 

historical contaminants (e.g., persistent organic pollutants), are often inappropriate for 

assessing environmental risks of these chemicals (Brooks et al., 2009).  In fact, Ramirez 

et al (Ramirez et al., 2009) identified that pharmaceutical concentrations in fish was not 

explained by lipid normalization, an approach routinely performed when studying 

bioaccumulation and trophic transfer dynamics of historical environmental organic 

contaminants (e.g., PCBs, dioxins, furans).  Understanding and predicting the uptake of 
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ionizable pharmaceuticals in terrestrial and aquatic ecosystems was also recently 

identified as a major research need to better define environmental risks (Boxall et al., 

2012).   

Trophic transfer of chemicals can result in elevated exposure and effects to 

predators at higher trophic positions, including humans (Fisk et al., 2005).  Studies 

investigating the trophic transfer of pharmaceuticals in aquatic ecosystems, which are 

critically necessary for understanding the environmental disposition and impacts of 

pharmaceuticals, are lacking.  Herein, trophic magnification factors (TMFs) are useful, 

because TMFs are increasingly used to assess trophic transfer of environmental 

contaminants by relating chemical concentrations in tissues to relative trophic positions 

of organisms in a food web (Gobas et al., 2009).  The objectives of the present study were 

thus to examine the occurrence of select pharmaceuticals in surface water and various 

species from a stream with instream flows dependent on municipal effluent discharge, 

and to test whether a laboratory derived partitioning model could predict uptake of 

pharmaceuticals by fish in the field.  We further identified trophic position of studied 

organisms using stable isotope analysis, and determined whether trophic transfer of select 

pharmaceuticals occurred in an effluent-dependent stream.   

Materials and methods 

Study site and field sampling 

The North Bosque River is located within the Brazos River watershed 

(www.brazos.org), which is the longest river basin in Texas, USA, stretching from Curry 

County, New Mexico to the Gulf of Mexico.  The North Bosque River was selected 

because instream flows are highly dependent on effluent discharge from 6 centralized 
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wastewater treatment plants or systems.  We selected downstream of the Stephenville, 

Texas, Wastewater Treatment Plant (WWTP) as a study site for field sampling because it 

is the first and the only major effluent discharger to this river (~1 million gallons 

discharged per day).  During this study, no stream flow was observed upstream from this 

WWTP; thus, instream flows of the North Bosque River were dependent on a municipal 

effluent discharge at the study site. 

Water and biological samples were extensively collected over a three day period, 

June 17-19, 2013.  Water samples were collected for nutrient analysis in the laboratory 

(Lachat Quikchem 8500 Flow Injection Autoanalyzer), while in-situ water chemistry 

measurements were taken with a calibrated YSI multi-parameter data sonde.  Biological 

sample collection followed standard techniques for periphyton, six invertebrate species 

(Planorbid sp. (snail; Family: Planorbidae), Hyalella azteca (amphipod; Family: 

Hyalellidae), Ranatra elongata (water scorpion; Family: Nepidae), Corbicula fluminea 

(Asian clam; Family: Corbiculidae), Uniomerus tetralasmus (Pondhorn mussel; Family: 

Unionidae), Utterbackia imbecillis (paper pondshell mussel; Family: Unionidae)), and six 

fish species (Lepomis megalotis (longear sunfish; Family: Centrarchidae), Lepomis 

cyanellus (green sunfish; Family: Centrarchidae), Micropterus salmoides (largemouth 

bass; Family: Centrarchidae), Ameiurus natalis (yellow bullhead catfish; Family: 

Ictaluridae), Ictalurus punctatus (channel catfish; Family: Ictaluridae), Gambusia 

affinis (mosquito fish; Family: Poeciliidae)).  Emergence of ephemeropterans and 

zygopterans, which are typically multivoltine in this region, was observed immediately 

prior to this study, which likely explains lack of mayfly and damselfly specimens 

collected during field sampling.  Fish were collected via a back pack electrofisher (LR-24 



88 
 

Electrofisher, Smith-Root, Inc., Vancouver, WA, USA) with seines and dip nets 

following approved IACUC and Scientific Collection Permit methods.  Fish were 

immediately anesthetized using MS-222, and length and weight measured on site.  Blood 

was collected from the caudal artery with heparinized micro-hematocrit capillary tubes, 

and subsequently centrifuged at 13,000 g for 10 min.  All samples were transported to the 

lab on ice and then stored at -80°C until further analyses.  During the three-day sampling 

event, triplicate water samples were collected daily in 4-L pre-rinsed amber glass bottles, 

transported on ice to the lab, and stored for less than 48 hr at 4 °C prior to filtration and 

extraction. 

Chemicals, regents and sample analysis 

Selection of 23 target analytes was based on previous reported occurrences of 

these pharmaceuticals in aquatic ecosystems (Du et al., 2012; Du et al., 2014).  All 

chemicals and their corresponding isotopically-labeled analogs were obtained with 

various vendors (Du et al., 2012; Du et al., 2014) and used as received (see Table A5.1).  

Sample extraction and analysis followed previous methods (Du et al., 2014; Lajeunesse et 

al., 2008; Vanderford and Snyder, 2006), in which isotope dilution was used to alleviate 

matrix interference with isotopically-labeled internal standards for each target analyte.   

Plasma sample extraction followed a slightly modified methodology (Fick et al., 2010a).  

Similarly, tissue sample extraction protocol generally followed previously developed 

methodologies (Du et al., 2012; Ramirez et al., 2007).  Detailed information regarding 

weight, length, and composite groupings is provided in Table A5.2.   

All samples were analyzed using liquid chromatography tandem mass 

spectrometry (LC-MS/MS).  Instrumentation parameters, separation strategy, detection of 
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target analytes, calibration method, and method detection limits (MDLs) generally 

followed previously reported methods (Du et al., 2012).  In the present study, MDLs 

represented the lowest concentrations of an analyte that were reported with 99% 

confidence that the concentration is different from zero in a given matrix.  Less than 

MDL was defined as analytes were detected in the particular matrices, but below their 

corresponding MDLs.  Half the MDLs were utilized for calculating bioaccumulation 

factors (BAFs) and blood water partition coefficient (PBW) if target analytes were not 

detected or detected as below MDLs.  One method blank sample and duplicate matrix 

spikes were included in each analytical sample batch.   

Therapeutic hazards of surface water quality 

Predicted PBW values for each target analyte in fish plasma were generated by 

using a previously reported physiological based pharmacokinetic model, which derived 

an empirical relationship (Eqn. 1) to model branchial flux of organic chemicals across a 

wide range of logKow values from 0 to 8 (Fitzsimmons et al., 2001).  Additionally, we 

modified Equation 1 and substituted octanol-water distribution coefficient (Dow) and 

liposome-water distribution coefficient (Dlipw) in Equations 2 and 3, respectively. 

log PBW = log ((100.73log Kow*0.16)+0.84)                 (1) 

log PBW = log ((100.73log Dow(pH)*0.16)+0.84)                 (2) 

log PBW = log ((100.73log Dlipw(pH)*0.16)+0.84)                 (3) 

A comparative pharmacology approach proposed by Huggett et al. (Huggett et al., 2003) 

was used to identify whether plasma levels of pharmaceuticals present potential hazards 

to fish by sampling comparing observed fish plasma levels to human therapeutic plasma 
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doses (Cmax).  We then compared concentrations of pharmaceuticals observed in the 

North Bosque River to therapeutic hazard values (THVs; (Brooks, 2014)) for each 

pharmaceutical.  The THV describes the surface water concentration predicted to result in 

fish plasma concentrations equaling human therapeutic doses (Cmax) using equation 4 

(Berninger et al., 2011): 

  Therapeutic Hazard Value = Cmax/ PBW   (4) 

Stable isotope analysis  

Stable isotopes (δ15N, δ13C) were determined in the Stable Isotopes Lab of Baylor 

University using a dual-inlet gas-source Stable Isotope Mass Spectrometer (Thermo-

Electron, Waltham, Massachusetts, USA) and an Elemental Analyzer (Costech, Valencia, 

CA, USA).  Data was calibrated using international standards USGS-40 and USGS-41.  

Analytical precision was ±0.2%.  Isotopic ratios in delta notation are calculated using the 

following equation: 

 δX (‰) =(Rsample/Rstandard -1) × 1000             (5) 

where the heavier isotope is X, Rsample is the raw ratio of heavy to light isotope in the 

analyzed sample, and Rstandard is the ratio of heavy to light isotope in the internationally 

recognized standards (Jardine et al., 2006; Werner and Brand, 2001).  Trophic position 

(TP) was determined using the following equation (Jardine et al., 2006): 

TPconsumer = ((δ15Nconsumer - δ
15Nprimary consumer) / ∆

15N) + 2  (6) 

where the TPconsumer and δ15Nconsumer are the TP and stable isotope abundance, 

respectively, of the organism in question.  δ15Nprimary consumer is the baseline of the trophic 
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structure, in this case calculated from the small Asian Clam (Corbicula fluminea) (13.88 

± 0.21‰ (mean ± SD); n=10), and is considered to be trophic position 2.  Δ15N is the 

nitrogen enrichment factor.  An enrichment factor of 3.4‰ was chosen for this study 

based on a suite of previous studies (Jardine et al., 2006; Post, 2002). Furthermore, the 

extent of basal resources and their specific contributions to the higher trophic positions 

can be examined by using isotopes of an element that do not fractionate appreciably with 

increasing trophic positions, but where the ratios can provide information on the source 

of energy.  This can be achieved by using stable δ13C ratios (Jardine et al., 2006).  If a 

species has a similar δ13C signature to a lower trophic position group, it is likely that the 

source of energy from the higher trophic position is derived from the group below with a 

similar δ13C signature.  In order to appropriately calculate TMF throughout a food chain, 

similar δ13C values are important.  In order to describe the food web of the North Bosque 

River, trophic position and trophic extent along the δ13C gradient were compared between 

all species/size classes using one-way ANOVA and TuckeyHSD.  Significant differences 

in especially δ13C ratios can then help choosing the right species for calculating TMF 

across trophic positions. 

The Bayesian mixing model Stable Isotope Analysis in R (SIAR) (Parnell et al., 

2010) was used to estimate diet contributions towards the major top predators in the 

studied food web, i.e. longear sunfish separated by their three size-classes and 

mosquitofish.  SIAR is a library in the programming language R (R Core Team 2013).  

SIAR uses a Bayesian approach to calculate likelihoods of dietary compositions using 

source and consumer stable carbon and nitrogen isotope ratios.  Sources for the model 

were defined as all lower trophic position species that could potentially be eaten by the 
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fish.  We eliminated all clams as sources and species that had a sample size of two or 

less.  The sources for the model that remained were periphyton, amphipods, snails, water 

scorpion, and mosquito fish.  Their respective mean and standard deviation were used to 

predict diet likelihood contributions to the top predators using the SIAR model (Parnell et 

al., 2010).  The model was run for each fish species/size class with a reiteration of 

4,000,000 (400,000 burns).  The model output data was summarized with standard 

summary statistics using the mode for each source as well as the 75th percentile and 97th 

percentile of the model output data.  A graphical representation of diet choice likelihoods 

was plotted using the library ggplot2 in R (Wickham, 2009).   

Trophic magnification factors (TMF) 

Trophic magnification of pharmaceuticals was quantified using the slope (b) of a 

linear equation (Eqn. 7), which was derived using organisms from the present study (Fisk 

et al., 2001):   

log[Contaminant] = b(TP) + a   (7) 

where (a) is the intercept of the line.  The above equation is derived from an earlier form 

that used δ15N instead of TP (Broman et al., 1992), which is derived from δ15N and gives 

leeway for the use of unique enrichment factors for different species or animal groups 

(Fisk et al., 2001; Jardine et al., 2006).  TMFs were calculated from the slope (b) of Eqn. 

8 using the following equation (Fisk et al., 2001): 

TMF = 10b      (8) 

The advantage of using TP instead of a δ15N derived slope is that the TP corrects for the 

baseline and shows the biomagnifcation potential from one TP to the next averaged over 
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the entire food web (Jardine et al., 2006; Lavoie et al., 2010).  More detailed discussions 

on this approach can be found elsewhere (Borgå et al., 2011).  

Statistical analyses 

Regressions between log [contaminant] and TP were performed using SigmaPlot 

(Systat Software, San Jose, CA).  Analysis of variance (ANOVA) was used to test 

variation of water exposure (SigmaPlot).  Differences in trophic position and trophic 

extent were evaluated using one-way ANOVA between species, followed by TukeyHSD 

tests, performed using R (R core team, 2013); the libraries agricolae (de Mendiburu, 

2014) for post-hoc analysis and ggplot2 (Wickham, 2009) were used for graphics. 

Results and discussion 

Traditional water chemistry measures from the North Bosque River 

Water chemistry remained typically uniform over the 3-day sampling period 

(Table A5.3); for example, water temperatures ranged from 26.2 to 30.0 °C while 

dissolved oxygen and pH varied from 8.18 to 8.92 mg/L and 7.87 to 7.93, respectively.  

Elevated nutrient concentrations (e.g., mean total phosphorus = 1.07 ±0.1 mg/L; N =3) 

suggests treatment performance of this WWTP was not optimal (total phosphorus 

screening level = 0.8 mg/L) (TCEQ, 2003) (Table A5.3).   

Human pharmaceuticals and wastewater tracers in surface water 

Of 23 target analytes, none were detected in the method blank samples; however, 

various pharmaceuticals were detected in the water, periphyton, and aquatic organisms.  

Nine target compounds (Table A5.4) were detected in surface water samples.  The 

wastewater tracer sucralose was detected at the highest level (up to 20,000 ng/L) of any 
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target analyte, while carbamazepine was the pharmaceutical detected at the highest 

concentrations (up to 370 ng/L).  Concentrations of each detected compound was 

consistent and not significantly (p > 0.05) different over the three-day sampling period.   

Observed vs. predicted fish plasma levels of human pharmaceuticals  

Based on these surface water observations, we further examined fish plasma 

concentrations of targeted pharmaceuticals.  Understanding internal doses of 

pharmaceuticals in fish tissues is more critical for pharmaceuticals than traditional body 

burden approaches that have been applied for historical organic contaminants (e.g., 

PCBs, dioxins, furans) and whole organisms.  This consideration is particularly important 

because plasma levels of pharmaceuticals can be associated with therapeutic dosage 

thresholds and resulting adverse outcomes of ecological importance (Huggett et al., 

2003).  In the present study, we evaluated therapeutic hazards of select pharmaceuticals 

to L. megalotis by comparing predicted surface water THV values of these 

pharmaceuticals to their concentration in surface waters and measured concentrations in 

fish plasma.  Three pharmaceuticals, diphenhydramine, diltiazem, and carbamazepine, 

were detected in L. megalotis plasma with a highest observed concentration of 4.1 µg/L 

(Table A5.4).  If these plasma concentrations in fish are compared to human therapeutic 

doses (Cmax) (Huggett et al., 2003), then  L. megalotis plasma levels of diphenhydramine, 

diltiazem, and carbamazepine were 17, 190, and 490 lower than human Cmax values, 

respectively (Table A5.5).   

Huggett et al. (Huggett et al., 2003) previously proposed that if pharmaceuticals 

occur in fish plasma within a factor of 1000 (based on three separate safety factors of 10 

for mammalian to non-mammalian, species-species differences, and human to animal 
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extrapolations) from the human therapeutic dose then these chemicals deserve additional 

study.    Bioaccummulation of diltiazem and carbamazepine were previously reported 

from a similar study in Sweden (Fick et al., 2010a).  Similarly, Fick et al. identified 

diltiazem to accumulate in trout plasma within a factor of 1000 from the human Cmax 

value.  Pharmacological effects or other adverse outcomes of these pharmaceuticals to L. 

megalotis are unknown and deserve further investigation.   

Observations of plasma concentrations of the ionizable weak base 

pharmaceuticals diltiazem and diphenhydramine and the nonionizable therapeutic 

carbamazepine in Lepomis megalotis were considerably higher than predicted plasma 

concentrations using equations 1-3 (Table A5.5).  In the case of ionizable contaminants, 

surface water pH and chemical pKa can influence bioaccumulation and toxicity because 

the more non-polar neutral form is more lipophilic and bioavailable than the ionized 

form.  In the present study, pH of the North Bosque River, which was used to develop 

predictions of fish plasma levels presented in Table A5.5, was collected on three 

consecutive days, but only at one point in time on each day.  Variability of surface water 

pH can significantly shift how much of a compound is taken up by an organism (Valenti 

et al., 2010); thus, diel pH variability in the North Bosque River likely modified exposure 

and potential toxicity to aquatic organisms in the North Bosque River (Valenti et al., 

2011).  

Such differences between observed and predicted fish plasma concentrations 

(Table A5.5) could have resulted from several other factors.  Surface water samples 

collected from the North Bosque River were grab samples at one point in time; however, 

daily, weekly and seasonal variability of pharmaceuticals in wastewater effluents is 
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inherent (Du et al., 2014).  Further, the fish plasma model tested here was based on 

laboratory studies with rainbow trout and nonionizable contaminants (Fitzsimmons et al., 

2001).  An understanding of comparative pharmacokinetics is not available among fish 

species, though pharmaceuticals appear differentially metabolized by trout (Connors et 

al., 2013) and the fathead minnow model (Connors et al., unpublished data).  It is also 

possible that a dietary exposure contributed to under predictions of field observations.  

Bioaccumulation of human pharmaceuticals by various aquatic organisms 

Nine target compounds were detected in various species collected from the North 

Bosque River.  Species-specific occurrence of these compounds in periphyton and whole 

organism tissues and their corresponding frequency of detection are given in Table 5.1.  

Typically, both level and frequency of detection were higher in invertebrates relative to 

fish.  This observation was particularly reflected by SSRI antidepressants and anti-

inflammatory drugs (diclofenac and celecoxib).  Among all pharmacetuicals, celecoxib 

was detected at the highest level (mean = 430 µg/kg) in the water scorpion Ranatra 

elongata.  Sertraline was also observed at elevated levels (>130 µg/kg) in the Asian clam 

Corbicula fluminea and the unionid mussels Uniomeris tetralasmus and Utterbackia 

imbecillis.   

Diphenhydramine and carbamazepine were the only target compounds 

ubiquitously detected in all periphyton, invertebrate and fish samples.  Ramirez et al. 

(Ramirez et al., 2009) reported fish tissue concentrations of pharmaceuticals from urban 

U.S. rivers influenced by WWTP discharges; occurrence patterns of pharmaceuticals in 

fish in the current study is typically consistent to this US EPA national pilot study 

(Ramirez et al., 2009).  Also similar to observations in the present study, SSRIs were  
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Table 5.1 Human pharmaceuticals in periphyton, invertebrates, and fish (mean±SD; 
µg/kg) from the North Bosque River, Texas, USA. 

 

 

 

 

 

 

 

Species name 

Analyte  
DPHa CAR NOR 

mean± 
SD 

freq. 
mean± 

SD 
freq. 

mean± 
SD 

freq. 

Periphyton 18±12 10/10 1.3±0.22 10/10 NDb 0/4 
Invertebrates       
Hyalella azteca 5.3±0.96 4/4 1.6±0.10 4/4 ND 0/4 
Ranatra elongata 6.8±6.3 3/3 <MDL 1/3 <MDL 0/3 
Planorbis sp. 2.3±0.68 8/8 1.4±0.59 7/8 <MDL 0/8 
Corbicula fluminea (small) 2.8±0.87 10/10 1.2±0.28 10/10 <MDL 0/10 
Corbicula fluminea (medium) 1.6±0.40 9/9 1.9±0.32 9/9 <MDL 0/9 
Corbicula fluminea (large) 2.7±1.2 10/10 1.9±0.77 10/10 <MDL 0/9 
Uniomeris tetralasmus 1.2 1/1 1.4 1/1 <MDL 0/1 
Utterbackia imbecillis 4.4 2/2 1.1 2/2 <MDL 0/2 
Vertebrates       
Gambusia affinis 1.4±0.43 10/10 1.8±0.27 10/10 13±2.3 10/10 
Lepomis megalotis (small) 1.6±0.99 10/10 1.4±0.38 10/10 4.8±3.3 5/10 
Lepomis megalotis (medium) 0.47±0.33 9/10 1.3±0.57 10/10 <MDL 4/10 
Lepomis megalotis (large) 0.45±0.16 9/9 1.0±0.28 9/9 ND 0/9 
Micropterus salmoides 1.0 2/2 1.3 2/2 ND 0/2 
Ameiurus natalis 0.64 1/1 <MDL 0/1 ND 0/1 
Ictalurus punctatus 25 1/1 <MDL 0/1 ND 0/1 
Lepomis cyanellus 0.59 2/2 1.1 2/2 ND 0/2 
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Table 5.1 Human pharmaceuticals in periphyton, invertebrates, and fish (mean±SD; 
µg/kg) from the North Bosque River, Texas, USA. (cont.) 

 

 

 

 

 

 

 

Species name 

Analyte  
SER FLU DES 

mean± 
SD 

freq. 
mean± 

SD 
freq. 

mean± 
SD 

freq. 

Periphyton ND 0/4 ND 0/4 ND 0/4 
Invertebrates       
Hyalella azteca ND 0/4 ND 0/4 ND 0/4 
Ranatra elongata ND 0/3 ND 0/3 9.8±4.7 3/3 
Planorbis sp. 37±11 8/8 6.9±2.4 7/8 71±16 8/8 
Corbicula fluminea (small) 140±21 10/10 10±3.6 9/10 86±20 10/10 
Corbicula fluminea (medium) 130±23 9/9 12±1.3 9/9 97±37 9/9 
Corbicula fluminea (large) 56±19 10/10 10±4.4 10/10 67±19 10/10 
Uniomeris tetralasmus 130 1/1 15 1/1 88 1/1 
Utterbackia imbecillis 370 2/2 22 2/2 78 2/2 
Vertebrates       
Gambusia affinis 14±4.6 10/10 ND 0/10 <MDL 3/10 
Lepomis megalotis (small) 6.9±3.2 8/10 ND 0/10 ND 0/10 
Lepomis megalotis (medium) ND 0/10 ND 0/10 ND 0/10 
Lepomis megalotis (large) 10±6.8 7/9 ND 0/9 7.2±6.1 3/9 
Micropterus salmoides ND 0/2 ND 0/2 ND 0/2 
Ameiurus natalis ND 0/1 ND 0/1 ND 0/1 
Ictalurus punctatus ND 0/1 ND 0/1 ND 0/1 
Lepomis cyanellus ND 0/2 ND 0/2 ND 0/2 
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Table 5.1 Human pharmaceuticals in periphyton, invertebrates, and fish (mean±SD; 
µg/kg) from the North Bosque River, Texas, USA. (cont.) 

a. DPH-diphenhydramine, CAR-carbamazepine, NOR-norfluoxetine, SER-sertraline, FLU-fluoxetine, 
DES-desmethylsertraline, CEL-celecoxib, DIC-diclofenac, DIL-diltiazem, Freq.-frequency. b. ND-not 
detected, <MDL-below method detection limit. ND-not detected. 

 

 

 

Species name 

Analyte  
CEL DIC DIL 

mean± 
SD 

freq. 
mean± 

SD 
freq. 

mean± 
SD 

freq. 

Periphyton 18±13 7/10 3.6±2.3 5/10 <MDL 0/10 
Invertebrates       
Hyalella azteca 25±19 4/4 20±4.9 4/4 0.21±0.11 2/4 
Ranatra elongata 430±190 3/3 <MDL 0/3 ND 0/3 
Planorbis sp. 21±10 7/8 13±5.6 7/8 0.37±0.07 8/8 
Corbicula fluminea (small) 26±14 9/10 19±3.2 10/10 <MDL 0/10 
Corbicula fluminea (medium) 22±7.9 8/9 33±6.7 9/9 <MDL 0/9 
Corbicula fluminea (large) 24±16 8/10 18±9.3 10/10 <MDL 0/10 
Uniomeris tetralasmus <MDL 0/1 11 1/1 ND 0/1 
Utterbackia imbecillis <MDL 0/2 15 2/2 0.27 2/2 
Vertebrates       
Gambusia affinis ND 0/10 <MDL 4/10 0.14±0.08 7/10 
Lepomis megalotis (small) ND 0/10 <MDL 3/10 0.15±0.18 3/10 
Lepomis megalotis (medium) ND 0/10 ND 0/10 <MDL 4/10 
Lepomis megalotis (large) ND 0/9 ND 0/9 <MDL 2/9 
Micropterus salmoides ND 0/2 ND 0/2 ND 0/2 
Ameiurus natalis ND 0/1 ND 0/1 ND 0/1 
Ictalurus punctatus ND 0/1 ND 0/1 ND 0/1 
Lepomis cyanellus ND 0/2 ND 0/2 ND 0/2 
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rarely observed in fish fillets of EPA’s national pilot study (e.g., up to 11 µg/kg of 

sertraline in C. commersonii filets (Ramirez et al., 2009) vs. up to 14 µg/kg of sertraline 

in G. affinis in whole tissues, Table 5.1).   

Previous observations of pharmaceutical accumulation in invertebrates are limited 

(Daughton and Brooks, 2011). Meredith-Williams et al. (Meredith-Williams et al., 

2012a) investigated the uptake of pharmaceuticals (5-fluorouracil, carbamazepine, 

carvedilol, diazepam, fluoxetine, moclobemide) by invertebrates Gammarus pulex 

(amphipod), Notonecta glauca (water boatman), and Planorbarius corneus (snail).  When 

considering potential uptake routes in the three invertebrates, their results (Meredith-

Williams et al., 2012a) suggested aquatic species utilizing a plastron (N. glauca) or 

pulmonary respiration (certain molluscs) could be exposed to less dissolved contaminants 

then those species utilizing gill respiration.  Other influences on uptake of 

pharmaceuticals by invertebrates may be influenced by locomotion and water column 

utilization (e.g. epibenthic, benthic, pelagic, surface swimmers).   

Bringolf et al. (Bringolf et al., 2010) investigated the occurrence, distribution, and 

bioaccumulation of fluoxetine in Elliptio complanata (mussel) in a stream near a WWTP 

effluent discharge.  Fluoxetine bioaccumulation factors (BAFs) for mussels at four stream 

sites ranged from 125 to 1347.  In more recent laboratory studies, Hazelton et al. 

(Hazelton et al., 2014) observed fluoxetine BAFs for a unionid mussel to range between 

229 and 1221.  Elevated SSRI levels observed in bivalves (Table 5.1) during the present 

study may have resulted from partitioning to lysosomes (Franzellitti et al., 2014).  

Additionally, SSRIs and other pharmaceuticals, which are weakly basic and having an 

amino group, have been reported to be effectively sequestered by lysosomes of 
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mammalian cells resulting in drug accumulation (Daniel and Wöjcikowski, 1997).  In the 

present study, SSRI concentrations may have also been influenced by filter feeding on 

suspended particles.  Because we prefiltered surface water samples prior to extraction, 

sorbed SSRIs to suspended materials were not characterized.  Freshwater mollusk 

morphological feeding and digestive anatomy varies depending on the taxa but C. 

fluminea can be broadly grouped together with typical unionids (Morton, 1983).  When 

considering bioaccumulation in molluscs by filter feeding, efficiencies of particle 

detainment, ingestion, and assimilation need to be accounted for due to removal of 

particles from suspension indiscriminately, creating difficulties for exposure modeling 

(Morton, 1983).  An advanced understanding of mechanisms responsible for bivalve 

bioaccumulation of pharmaceuticals is needed.  

Pharmaceutical exposures to aquatic organisms are of particular interest in 

effluent-dominated or –dependent streams (Brooks et al., 2006), where effect exposure 

duration is increased due to limited dilution and constant introduction via effluent 

discharges (Brooks et al., 2006). In fact, such exposure scenarios challenge historical 

constructs defining “persistence” of environmental contaminants, particularly in urban 

ecosystems (Brooks, 2014). Although sublethal effects data related to therapeutic 

mechanisms of action for pharmaceuticals  are scarce (Boxall et al., 2012), the anti-

epileptic agent carbamazepine has been reported to elicit sublethal toxicity to 

cladocerans, albeit with concentrations that exceed relevant environmental scenarios for 

developed countries (De Lange et al., 2006; Lamichhane et al., 2013).  Similar to 

carbamazepine, diphenhydramine was also detected in all samples analyzed. 

Diphenhydramine is a common over the counter medication with a wide array of modes 
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of action, including antihistamine, selective serotonin reuptake inhibitor, and 

acetylcholine receptor antagonist functions.   It has been demonstrated to suppress 

microbial respiration (Nfon et al., 2008), modify bacterial community structure (Rosi-

Marshall and Royer, 2012), and alter fish behavior (Berninger et al., 2011) at low µg/L 

concentrations.  Similar to diphenhydramine, previous studies with sertraline, which also 

blocks serotonin reuptake transport, have also highlighted the effects on fish anxiety 

behavior when plasma concentrations exceeded human Cmax values (Valenti et al., 

2012).  In the present study, sertraline was not observed in fish tissue but accumulated to 

relatively high levels in bivalves.  An understanding of sertraline influences on unionid 

mussels deserves future study. 

Trophic transfer of select pharmaceuticals 

Trophic positions of organisms collected from the North Bosque River were 

determined.  δ15N and calculated trophic positions of study species are given in Table 

A5.6.  It was not surprising to see that lowest δ15N was found for periphyton, which was 

considered to be the bottom trophic position in the study food web (Figure 5.1a).  

Invertebrates were assumed to occupy the next level (TP 2.00-2.55) with the δ15N in the 

range 13.88-15.76‰ (Figure 5.1a).  The range of δ15N for fish species was 15.52-

20.96‰, resulting in the range of TPs as 2.48-4.08.  δ15N of Ictalurus punctatus was 

detected slightly lower than select invertebrate species, which may have resulted from the 

limited number of samples of this species.  

Additionally, age may also affect TP and subsequently have an impact on 

characterization of trophic transfer (Swanson and Kidd, 2010).  We examined whether 

size influenced trophic positions for L. megalotis and C. fluminea.  Significant difference   
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(p < 0.05) of TP was identified among C. fluminea with three different sizes (weight), 

with TP increasing slightly with an increase in size of the organism.  In contrast, no 

significant differences were between size (length, wet weight) of L. megalotis (p > 0.05).  

We also regressed the individual fish’s TP against individual fish’s total length, but the 

relationship was not significant (p > 0.05). 

 
Figure 5.1 (A) Trophic position of sampled species; grey numbers along the x-axis 
indicate sample size of the species. (B)  Trophic extend (δ13C) of sampled species. In 
both a) and b) Boxplots represent median and 25% & 75% quartiles respectively, 
whiskers are 95% and dots represent outliers. Letters along the x-axis (Figure 5.1a) or y-
axis (Figure 5.1b) represent significantly different groups, estimated by TukeyHSD from 
ANOVA results. 

When calculating a TMF it is important to understand the flow of energy between 

organisms prior to generating a regression of contaminants versus the TP.  One way to 

define a food web is to use isotopes that do not fractionate during transfer from prey to 

predator (δ13C).  Such isotopic ratios are conserved and only slightly enriched 

(approximately 0.4‰±1.3‰) from the diet to the consumer species (Post, 2002).  Thus, 

such isotopes can be used to define a relationship of consumers supported by the same 
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primary producers and define energy flows in the system (Post, 2002).  Establishing 

energy flow can be achieved by examining a bi-plot of δ15N by δ13C (Figures 5.1a&b).  

Any organisms that do not feed from the same base or rely on other organism within the 

isotopic mixing space should be removed from analysis before generating a TMF (Wyn 

et al., 2009).  In the present study, defining the structure of the North Bosque River food 

web as precisely as possible was performed to reduce uncertainty associated with 

calculating TMF for ionizable pharmaceuticals.  Thus, the organisms Planorbid sp. and 

H. azteca were removed from the calculation and regression of TMF for both 

diphenhydramine and carbamazepine because the δ13C value was more depleted to 

consider this species as part of the same food web.   

A diet likelihood model was used for higher trophic positions to describe with a 

measure of certainty the contributions of lower trophic positions to top predators.  In the 

present study, this model was applied to L. megalotis and G. affinis.  Confirming the 

results of trophic position estimates (Figure 5.2), the model showed a linear transfer of 

energy up the food web in the North Bosque River.  Whereas mosquito fish have two 

major diet sources, longear sunfish received their energy mainly from one source 

(mosquito fish).  Thought the one-time sampling approach likely underestimates some 

possible diets, and the food web was influenced by emergence of other benthic 

macroinvertebrates (e.g., mayflies) prior to  sampling, the results highlight a simplified 

food web, in which possible routes for energy transfer to higher trophic positions are 

limited.   

Trophic position adjusted biomagnification factors (BMFs) have previously been 

used to examine accumulation of chemicals from prey to predator with the presumption 
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Figure 5.2 Diet likelihood fraction estimates for the top predators. Boxes represent: mode 
(black bar), 25%-75% (dark grey area), 5%-95% (light grey area) of the data. 
 

that dietary uptake is a critical uptake route from prey to predator (Nfon et al., 2008).  

Chemicals with BMFs greater than 1 are suggested to accumulate from prey to predator.  

However, if predators are able to metabolize a compound, which is poorly 

biotransformed by organisms at lower TPs, it is difficult to evaluate the bioaccumulation 

between different predator-prey pairs without accurate biotransformation rates of 

chemicals in each species (Borgå et al., 2011).  Clearly, comparative biotransformation of 

pharmaceuticals and other CECs are needed in fish (Connors et al., 2013).  

Biomagnification occurs when concentrations of chemical residues within 

organism increases with increasing trophic position (Lavoie et al., 2010; Post, 2002).  

When assessing the TMF for a chemical, it is presumed that the major exposure route for 

a species is through its diet.  However, for aquatic species that are able to uptake 
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chemicals through their respiratory surfaces, the relative fraction of dietary uptake or 

passive diffusion for a specific chemical is less well studied and highly likely to affect the 

determination of TMF in an aquatic food web (Borgå et al., 2004).  Additionally, such 

considerations are suited for lower trophic position organism with high surface area to 

body ratios.  Such observations may be more pronounced for chemicals that are ionizable 

and experience speciation at environmentally relevant pHs.   

Here, we present novel estimates of TMFs for the pharmaceuticals 

diphenhydramine and carbamazepine in the aquatic food web of the North Bosque River. 

As shown in Figure 5.3, log [pharmaceutical] without additional treatment (e.g., lipid 

normalization) was regressed against TP, which resulted in a TMF for diphenhydramine 

(Figure 3a) of 0.38 (b = -0.42, a = 1.47, r2 = 0.37, p < 0.05) and a TMF for carbamazepine 

(Figure 3b) of 1.17 (b = 0.07, a = -0.21, r2 = 0.04, p > 0.05).  Though a slightly positive 

slope resulted from the regression between log [carbamazepine] and TP, which resulted 

in a  TMF for carbamazepine above 1, the relationship between log [carbamazepine] and 

TP was not significant (p > 0.05).  Chemicals with a Kow < 5, in general and without 

extensive metabolism, attain concentrations in organisms that represent a thermodynamic 

equilibrium with the surrounding water.  A TMF >1 (b>0) indicates that a chemical is 

biomagnifying, but a TMF < 1 (b<0) indicates that a contaminant is being diluted with 

increased trophic positions.  Such observations are known trophic dilution. Thus, neither 

compound experienced trophic magnification across the studied aquatic food web.   

Trophic dilution of other organic compounds, such as polyaromatic hydrocarbons 

(Wan et al., 2007), non-polybrominated diphenyl ether (Wu et al., 2010b), 

polychlorinated dibenzo-dioxins, dibenzofurans, and polychlorinated biphenyls 
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Figure 5.3 Log [diphenhydramine] (A) and [carbamazepine] (B) (log (ng/g))-trophic level relationships among selected collected 
species. 

 

Trophic Position

1.5 2.0 2.5 3.0 3.5 4.0 4.5

lo
g 

[d
ip

he
nh

yd
ra

m
in

e
] 

(n
g/

g)

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

Ranatra elongata
Lepomis megalotis
Gambusia affinis
Lepomis cyanellus
Ictalurus punctatus
Ameiurus natalis
Micropterus salmoides
[diphenhydramine] vs TP

A. 
R

2
 = 0.369 

0.369 
p < 0.05 

Trophic Position

1.5 2.0 2.5 3.0 3.5 4.0 4.5

lo
g 

[c
a

rb
am

az
e

pi
ne

] 
(n

g/
g)

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5B. 
R

2
 = 0.036 

0.036 
p > 0.05 



108 
 

(Wan et al., 2010) has been previously reported elsewhere.  These nonionizable 

compounds are generally more hydrophobic than pharmaceuticals in the current study.  

For more intrinsically persistent and hydrophobic compounds, dietary uptake critically 

contributes to elevated accumulation along with respiratory uptake (Arnot and Gobas, 

2004).  Hydrophobic compounds, particularly those poorly metabolized and with elevated 

log Kow values, are more likely to present bioaccumulation and biomagnification 

concerns to aquatic organisms (Mackay and Fraser, 2000).  Tissue concentrations of these 

hydrophobic nonionizable contaminants are normalized by lipid content, because 

hydrophobic partitioning is often described by fugacity models (Mackay and Fraser, 

2000).  Unfortunately, such historical modeling approaches do not adequately address 

bioaccumulation of ionizable contaminants, such as the pharmaceuticals studied here 

(Boxall et al., 2012; Brooks, 2014; Brooks et al., 2009; Daughton and Brooks, 2011; 

Meredith-Williams et al., 2012a).  For example, tissue samples were not lipid normalized 

in the present study, because fish tissue levels of pharmaceuticals and lipid content were 

not significantly related (Ramirez et al., 2009). 

When trophic dilution is observed for more hydrophobic compounds, it is likely 

due to substantial biotransformation rates and/or poor assimilation efficiencies in 

organisms at higher trophic positions (Wan et al., 2007).  Comparative biotransformation 

of pharmaceuticals by aquatic organisms at different trophic positions is not understood, 

though we recently reported that rainbow trout exhibited limited in vitro 

biotransformation for several pharmaceuticals, including diphenhydramine (Connors et 

al., 2013).  Future studies are needed to define pharmaceutical biotransformation by other 

fish and invertebrate species.  But if biotransformation of diphenhydramine is also 
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limited in species examined from the North Bosque River, assimilation efficiencies of 

diphenhydramine in organisms at higher trophic positions are expected to be low.  Thus, 

it appears that uptake of ionizable pharmaceuticals by aquatic organisms may be more 

likely to occur from respiratory exchange (inhalation) than assimilation from diet, based 

on observations for diphenhydramine in the present study.   
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Appendices 

Plasma and tissue extractions 

Plasma sample extraction followed a slightly modified methodology (Fick et al., 

2010a).  An aliquot of fish plasma (up to 1 mL), combined with the same mixture of 

internal standards that was used for remaining analyses, were diluted to 5 mL using 0.1% 
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(v/v) aqueous formic acid.  The mixture was subsequently loaded on pre-conditioned (5 

mL of methanol and 5 mL of nano-pure water) HLB SPE cartridges (200mg, Waters 

Corp, Milford, MA, USA).  Each cartridge was air-dried and then eluted with 5 mL of 

methanol.   

Whole issue sample extraction protocol generally followed previously developed 

methodologies (Du et al., 2012; Ramirez et al., 2007).  Typically, whole invertebrate 

individuals were grouped into composites with up to 1 g (w/w).  Soft tissue was rinsed in 

DI water and gently dried prior to weighing and composite grouping.  In regard to fish 

and periphyton, samples were treated individually and approximately 1 g of sample was 

weighed post to homogenization.  All samples were homogenized using a Tissuemiser.  

A mixture of 23 isotopically-labeled standards (corresponding to deuterated analogs of 

each target analyte) was added to each sample prior to extraction.  Resulting 

concentrations of labeled standards in each sample were approximately 100 ng/g.  

Samples were equilibrated by gentle end-over-end inversion for 20 minutes at 25  0.1 

oC.   

LC-MS/MS and stable isotope analysis 

Analytes were separated on a 15 cm × 2.1 mm (5μ m, 80 Å) Extend-C18 column 

(Agilent Technologies, Palo Alto, CA) connected with an Extend-C18 guard cartridge 

12.5 mm x 2.1 mm (5 μm, 80 Å) (Agilent Technologies, Palo Alto, CA), employing a 

Varian ProStar Model 212 pump system equipped with a Model 410 autosampler.  A 

binary gradient consisting of 0.1% (v/v) formic acid in water and 100% methanol was 

employed to achieve chromatographic separation.  Eluted analytes were monitored by 

MS/MS using a Varian model 1200L triple-quadrupole mass analyzer equipped with an 
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electrospray interface (ESI).  Calibration curves were constructed by plotting the analyte 

response factor, which is the ratio of the target analyte signal to the signal of the 

corresponding isotopically-labeled standard, versus analyte concentration and used to 

determine analytical concentrations of target analytes.  Linear regression with 1/x2 

weighting resulted in r2 ≥ 0.998 for all compounds.  Each analytical sample batch 

included one method blank and duplicate matrix spikes. Instrument calibration was 

monitored through analyzing continuing calibration verification (CCV) samples between 

every 5 samples with an acceptability criterion of ±20% (Du et al., 2012).  Periphyton 

and whole biological tissue samples were dried to constant weight (for 24 h at 95 °C in a 

drying oven) and crushed to a fine powder using a mortar and pestle.  Dried, crushed 

samples were weighted approximately at 1 mg and wrapped in Sn capsules following 

with the instrumental analysis using a dual-inlet gas-source Stable Isotope Mass 

Spectrometer and an Elemental Analyzer.  
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Table A5.1 List of standards of target analytes, corresponding internal standards, and 

vendors which compounds were purchased from. 
Standards Vendora 

Analgesic Acetaminophen Cerilliant 
 Acetaminophen d4 Cerilliant 
 Codeine Cerilliant 
 Codeine d3 Cerilliant 
Antihypertensive Atenolol Cerilliant 
 Atenolol d7 TRC 
 Propranolol.HCl Cerilliant 
 Propranolol d7 TRC 
 Diltiazem.HCl Cerilliant 
 Diltiazem d3.HCl TRC 
Stimulant Caffeine Cerilliant 
 Caffeine d9 TRC 
 Methylphenidate.HCl Cerilliant 
 Methylphenidate d9.HCl Cerilliant 
Anti-seizure Carbamazepine Cerilliant 
 Carbamazepine d10 Cerilliant 
Benzodiazepine Diazepam Cerilliant 
 Diazepam d5 Cerilliant 
Antihistamine Diphenhydramine.HCl Cerilliant 
 Diphenhydramine d3 Cerilliant 
Antidepressant Fluoxetine.HCl Cerilliant 
 Fluoxetine d3.Oxalate Cerilliant 
 Paroxetine.Maleate Cerilliant 
 Paroxetine d6.Maleate Cerilliant 
 Sertraline Cerilliant 
 Sertraline d3.HCl TRC 
Antidepressant metabolite Norfluoxetine.Oxalate Cerilliant 
 Norfluoxetine d6.Oxalate Cerilliant 
 Desmethylsertraline.HCl TRC 
 Desmethylsertraline d4.HCl TRC 
Antilipemic Gemfibrozil Sigma-Aldrich 
 Gemfibrozil d6 TRC 
Antibiotic Sulfamethoxazole Cambridge 
 Sulfamethoxazole d4 TRC 
 Trimethoprim Cambridge 
 Trimethoprim d9 TRC 
 Erythromycin Sigma-Aldrich 
 Erythromycin 13Cd3   TRC 
Anti-inflammatory Diclofenac sodium Sigma-Aldrich 
 Diclofenac d4 TRC 
 Celecoxib TRC 
 Celecoxib d4   TRC 
Antiparasitic Ivermectin Sigma-Aldrich 
 Abamectin Sigma-Aldrich 
Anticoagulant Warfarin Cerilliant 
 Warfarin d5 TRC 
Artificial sweetener Sucralose Sigma-Aldrich 
 Sucralose d6 Santa Cruz 

a. TRC-Toronto Research Chemicals (Toronto, Ontario, Canada); Cambridge-Cambridge Isotope 
Laboratories (Andover, MA, USA); Santa Cruz-Santa Cruz Biotechnology (Dallas, Texas, USA) 
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Table A5.2. Summary of tissue samples from the North Bosque River, Texas, USA. 

 

Table A5.3 Water chemistry data from a 3-day sampling event (June 17-19, 2013) of the 
North Bosque River, Texas, USA, downstream from the Stephenville, Texas, wastewater 

treatment plant discharge. 

 Ammoniaa 
Nitrate/
Nitrite 

Total 
Phosphorous Phosphate pH 

DO 
(mg/L) 

Specific 
Conductance 

(mS/cm) 
T 

(°C) 

Day 1 75.4 6840 1110 843 7.93 8.40 1.09 30.0 

Day 2 85.1 6745 1140 745 7.89 8.92 1.02 26.2 

Day 3 78.3 6830 950 581 7.87 8.18 1.06 26.5 
a Nutrient data are expressed in µg/L. 

 
 
 
 
 
 
 
 
 

Organism (N) 
Weight (g) 
(mean±SD) 

Length (cm) 
(mean±SD) 

Composite 
If composite, no. of 

organisms used  
H. azteca (~4000) <0.001 NA Yes ~1000 
R. elongate (16) 0.08±0.01 NA Yes 5 
Planorbis sp. (68) 0.11±0.01 NA Yes 9 
Small C. fluminea  (165) 0.07±0.01 NA Yes 17 
Medium C. fluminea (46) 0.21±0.02 NA Yes 5 
Large C.  fluminea (10) 1.4±0.26 NA No NA 
U. imbecilis (2) 1.2 NA No NA 
U. tetralasmus (1) 30 NA No NA 
G. affinis (200) 0.06±0.01 NA Yes 20 
Small L. megalotis (10) 9.6±3.4 7.7±0.73 No NA 
Medium L. megalotis (10) 25±7.5 10±1.1 No NA 
Large L. megalotis (9) 68±20 15±1.4 No NA 
M. salmoides (2) 42 15 No NA 
A. natalis (1) 110 20 No NA 
I. punctatus (1) 51 16 No NA 
L. yanellus (2) 51 16 No NA 
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Table A5.4 Method detection limits (MDLs) and occurrence of analytes in water and 

Lepomis megalotis plasma from the North Bosque River, Texas, USA.  

 

Table A5.5 Predicted therapeutic hazard values and fish plasma levels, and 
observed surface water concentrations and Lepomis megalotis plasma concentrations for 

carbamazepine, diltiazem and diphenhydramine from the North Bosque River, Texas, 
USA. 

Compound 
Predicted THV (ng/L)  

Observed 
Surface 
Water 
(ng/L; 

N=3; ±SE) 

 
Predicted Fish 
Plasma (µg/L) 

 

Observed 
Fish 

Plasma 
(µg/L; 
N=15; 
±SD) 

KOW DOW Dlipw    KOW DOW Dlipw   
Carbamazepine 421897 421897 148249  370±8.6  1.7 1.7 4.9  4.1±3.8 
Diltiazem 69 436 265  28±5.4  12 1.9 3.1  0.16±0.14 
Diphenhydramine 1952 10547 3706  19±0.76  0.5 0.09 0.26  3.0±2.2 

1Human Cmax values for carbamazepine, diltiazem and diphenhydramine are 2000, 30 and 50 µg/L, 
respectively (Schulz, M., Iwersen-Bergmann, S., Andresen, H., Schmoldt, A., 2012. Therapeutic and toxic 
blood concentrations of nearly 1000 drugs and other xenobiotics. Critical Care 16, R136). pKa of diltiazem 
and diphenhydramine are 8.94 and 8.98, respectively. THV – therapeutic hazard value. 

Compounds 
Surface Water (ng/L; mean±SD; n=3)  

Fish Plasma (µg/L) 
(mean±SD; n=15) 

MDL Day 1 Day 2 Day 3  MDL Detected 
Acetaminophen 2.9 ND ND ND  4.7 ND 
Codeine 8.3 ND ND ND  6.9 ND 
Atenolol 4.3 ND ND ND  2.9 ND 
Propranolol 1.8 ND ND ND  0.58 ND 
Diltiazem 0.24 33±10 27±4.3 23±11  0.12 0.16±0.14 
Caffeine 4.5 15±5.5 15±1.8 11±2.6  4.7 ND 
Methylphenidate 0.30 ND ND ND  0.27 ND 
Carbamazepine 0.53 360±8.3 370±4.4 370±14  0.53 4.1±3.8 
Diazepam 4.6 ND ND ND  2.8 ND 
Diphenhydramine 0.22 19±12 19±3.0 20  0.12 3.0±2.2 
Fluoxetine 8.4 ND ND ND  5.5 ND 
Paroxetine 11 ND ND ND  1.8 ND 
Sertraline 6.1 ND ND ND  3.7 ND 
Norfluoxetine 8.5 ND ND ND  3.9 ND 
Desmethylsertraline 5.4 ND ND ND  8.3 ND 
Gemfibrozil 2.1 35±11 31±4.5 31±10  6.9 ND 
Sulfamethoxazole 1.3 98±19 92±11 87±1.6  1.9 ND 
Trimethoprim 1.3 ND ND ND  2.8 ND 
Erythromycin 8.6 ND ND ND  8.6 ND 
Diclofenac  2.8 79±43 71±29 86±55  0.84 ND 
Celecoxib 11 130±49 81±10 79±27  7.9 ND 
Warfarin 0.78 ND ND ND  0.93 ND 
Sucralose 36 20000±5500 20000±4800 16000±1500  37 ND 
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Table A5.6 Stable isotopes and trophic positions of study organisms and periphyton from the North Bosque River, Texas, USA. 
 common Name species name n  δ13C  δ15N trophic position 
Primary Producer           
     Periphyton    10 -26.30 ± 2.12 12.34 ± 0.82 1.55 ± 0.24 
Invertebrates           
     Asian clam Corbicula fluminea 29 -24.79 ± 0.16 14.46 ± 0.50   
          small   10 -24.91 ± 0.11 13.88 ± 0.21 2.00 
          medium   9 -24.74 ± 0.15 14.54 ± 0.14 2.19 ± 0.04 
          large   10 -24.72 ± 0.17 14.98 ± 0.17 2.32 ± 0.05 
     Water scorpion Ranatra elongata 3 -24.63 ± 0.80 14.47 ± 1.01 2.17 ± 0.30 
     Snail Planorbis sp.  8 -28.12 ± 1.13 14.24 ± 0.89 2.11 ± 0.26 
     Amphipods Hyalella azteca 4 -28.01 ± 0.01 14.31 ± 0.08 2.13 ± 0.02 
     Paper pondshell Utterbackia imbecilis 2 -24.59 15.76 2.55 
     Pondhorn mussel Uniomerus tetralasmus 1 -26.20 14.58 2.21 
Vertebrates           
     Largemouth bass Micropterus salmoides 2 -23.69 19.20 3.56 
     Mosquito fish Gambusia affinis 10 -25.07 ± 0.18 16.70 ± 0.22 2.83 ± 0.06 
     Bullhead catfish Ameiurus natalis 1 -24.88 19.49 3.65 
     Channel catfish Ictalurus punctatus 1 -25.86 15.52 2.48 
     Green sunfish Lepomis cyanellus 2 -24.27 20.75 4.02 
     Longear sunfish Lepomis megalotis 29 -24.50 ± 0.50 20.67 ± 0.69 4.00 ± 0.20 
          small   10 -24.65 ± 0.49 20.79 ± 0.46 4.03 ± 0.14 
          medium  10 -24.52 ± 0.54 20.96 ± 0.77 4.08 ± 0.23 
          large   9 -24.30 ± 0.46 20.21 ± 0.65 3.86 ± 0.19 
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CHAPTER SIX 

Conclusions 

A primary objective of this dissertation was to advance an understanding of 

exposure and bioaccumulation of pharmaceuticals with a particular focus of effluent-

dependent streams.  When I started these studies, pharmaceuticals were known to 

accumulate in aquatic life, but methods to quantify pharmaceuticals in fish required 

further development.  Thus, in chapter 2, an isotope dilution liquid chromatography-

tandem mass spectrometry (LC-MS/MS) method was successfully developed and applied 

for analysis of 15 pharmaceuticals and 2 pharmaceutically-active metabolites in fish 

tissues. This work resulted in improved quantitative accuracy for all target analytes, 

relative to previous efforts from previous works employing matrix-matched calibration.  

This method was applied to examine target pharmaceuticals and metabolites in brown 

trout in the current study and is expected to be supportive of future risk assessment and 

management activities.   

Because pharmaceuticals present in watersheds may result from both centralized 

and decentralized wastewater treatment systems, in chapter 3 effluent water quality from 

decentralized treatment systems was compared to effluent from a centralized treatment 

plant.  Removal, discharge, and novel water quality hazards of a range of CECs in these 

systems were examined during fall and winter seasons.  The results show that removal of 

CECs by these wastewater treatment systems was generally not influenced by season.  

Removal of most CECs by an advanced aerobic treatment system was generally 

comparable to centralized municipal treatment plant.  Effluent quality from septic 
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treatment systems can be improved when coupled to a constructed subsurface wetland.  

The majority of pharmaceuticals detected in on-site and municipal effluent discharges 

were predicted to likely result in therapeutic hazards to fish.   

In chapter 4, environmental occurrence and bioaccumulation of a range of 

pharmaceuticals and other contaminants of emerging concern were examined in a 

common snail (Planorbid sp.) grazer and periphyton from an effluent-dependent stream 

in central Texas, USA, during a historic drought.  This system was chosen for study 

because such limited dilution in stream flows may represent extreme exposure scenarios 

and pharmaceutical accumulation dynamics of snail-periphyton were unknown. 

Pharmaceuticals were observed at up to 4.7 µg/kg in periphyton and up to 42 µg/kg in 

Planorbid sp.  However, water exposure may represent the primary uptake route of 

pharmaceuticals to Planorbid sp. in the North Bosque River due to the limited number of 

compounds detected in periphyton.   

Because an understanding of pharmaceutical accumulation by fish from dietary 

sources was not understood, in chapter 5 occurrence of pharmaceuticals in water and 

various species from the North Bosque River was examined.  Trophic transfer of 

pharmaceuticals among study species were evaluated by novel estimates of trophic 

magnification factors; stable isotopes were used to identify trophic position.  These novel 

observations included trophic dilution of a model weak base pharmaceutical 

(diphenhydramine), and further suggested that uptake of ionizable pharmaceuticals by 

aquatic organisms may be more likely through inhalation than assimilation from diet.   

Future studies are needed to define pharmaceutical biotransformation among fish and 
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invertebrate species, which will further improve an understanding of pharmaceutical 

bioaccumulation in aquatic ecosystems. 
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