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Trace quantities of pharmaceuticals (including carbamazepine and sertraline) are 

continuously discharged into the environment, which causes concern among scientists 

and regulators regarding their potential long-term impacts on aquatic ecosystems. 

These compounds and their metabolites are continuously interacting with the 

orgranisms in various life stages, and may differentially influence development of 

embryo, larvae, juvenile, and adult stages. To fully understand the potential ecological 

risks of two candidate pharmaceutical chemicals (carbamazepine (CBZ) and sertraline 

(SERT)) exposure on survival, growth and reproduction of Ceriodaphnia dubia in three 

sucessive generations under static renewal toxicity test, a multigenerational approach 

was taken. Results indicate that SERT exposure showed higher sensitivity to chronic 

exposure to C. dubia growth and reproduction than CBZ exposure. The lowest 

concentration to affect fecundity and growth was at 50 µg L-1 SERT in the first two 

generations. These parameters become more sensitive during the third generation 

where the LOEC was 4.8 µg L-1. The effective concentrations (EC50) for the number of 

offspring per female, offspring body size, and dry weight were 17.2, 21.2, and 26.2 µg 

SERT L-1, respectively. Endpoints measured in this study demonstrate that chronic 

exposure of C. dubia to SERT leads to effects that occur at concentrations an order of 

magnitude higher than predicted environmental concentrations indicating potential 

transgenerationals effects. 



Additionally, a process-based dynamic energy budget (DEB) model is 

implemented to predict the simulated effects of chronic toxicity of SERT and CBZ to C. 

dubia individual behavior at laboratory condition. The model‘s output indicates the 

ecotoxicological mode of action of SERT exposure, which acts on feeding or 

assimilation with an effect that rapidly saturates at higher concentrations. Offspring size 

decreases with the toxic effects on feeding, and offspring number is thus less affected 

than total investment in reproduction. Consequently, CBZ affects direclty in reproduction 

which are captured by DEBtox model as increased embryonic hazard and reproduction 

cost as well as growth and maintenance costs. Furthermore, stress factor linearly 

increased not only with increasing chemical concentrations but also with exposure time. 

The DEBtox model establishes a cumulative life history consequence of 

multigenerational exposure to CBZ and SERT. This approach provides a tool to which 

to understand the effect of chemical to the individual organism and predict the 

population level effects in ecological risk assessment of the emerging contaminants. 
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CHAPTER 1 

MODELING THE EFFECTS OF CHRONIC TOXICITY OF PHARMACEUTICAL 

CHEMICALS ON THE LIFE HISTORY STRATEGIES OF Ceriodaphnia dubia: A 

MULTIGENERATIONAL STUDY 

1.1. Introduction 

Trace quantities of pharmaceuticals (including carbamazepine and sertraline) are 

continuously discharged into the environment, causing concern among scientists and 

regulators regarding their potential long-term impact on aquatic ecosystems. The 

therapeutic use of these chemicals has been increased over recent years, which leads 

to their presence in surface waters, effluents, and non-target aquatic organisms. These 

compounds and their metabolites are continuously interacting with organisms at various 

life-cycle stages, and have differentially influenced development of embryo, juvenile, 

and adult stages. Therefore, we conducted standardized acute and chronic toxicity tests 

to understand ecotoxicological risks of these chemicals in an aquatic organism. For this 

reason, we examined and modeled the chronic toxicity of two candidate pharmaceutical 

chemicals on life-history traits over three generations on ecologically relevant test 

species, Ceriodaphnia dubia. Chapters two and three of this study include effects of 

carbamazepine and sertraline exposures to C. dubia, respectively. In chapter four, we 

implement toxicological modeling approach in dynamic energy budget (DEBtox) by 

integrating these ecotoxicological data into a single framework. Therefore, application of 

the DEB model adds more value to explanations of ecotoxicological effects than the 

current practice of interpreting standardized toxicity tests’ results (Jager et al., 2004; 

Kooijman et al., 1996). In this way, the DEB model not only integrates routine toxicity 
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data independent of exposure time, it also eases extrapolation from individual stress to 

effects on population level (Jager et al., 2013b; Kooijman & Bedaux, 1996). The model 

predicts the effects of chronic toxicity of C. dubia under laboratory conditions. The 

model approach establishes the consequences of multigenerational exposure to these 

chemicals and provides a tool with which to understand the effect of chemicals on 

individual organisms and predict population-level effects over time and space. In 

chapter five, we discuss the major findings obtained from these studies, and future 

perspectives in advancing ecotoxicological research. Therefore, this study aims to fill 

the gap between the standard toxicity test and the current practice of toxicological 

modeling application in dynamic energy budgets.  

 

1.2. Chapter References  

Jager, T., Crommentuijn, T., van Gestel, C. A., & Kooijman, S. A. L. M. (2004). 
Simultaneous modeling of multiple end points in life-cycle toxicity tests. Environ 
Sci Technol, 38(10), 2894-2900.  

Jager, T., Martin, B. T., & Zimmer, E. I. (2013b). DEBkiss or the quest for the simplest 
generic model of animal life history. J Theor Biol, 328, 9-18. doi: 
10.1016/j.jtbi.2013.03.011 

Kooijman, S. A. L. M., & Bedaux, J. J. M. (1996). Analysis of toxicity tests on Daphnia 
survival and reproduction. Water Res, 30(7), 1711-1723.  

Kooijman, S. A. L. M., Bedaux, J. J. M., & Slob, W. (1996). No-effect concentration as a 
basis for ecological risk assessment. Risk Anal, 16(4), 445-447.  
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CHAPTER 2  

CHRONIC EFFECTS OF CARBAMAZEPINE ON LIFE-HISTORY STRATEGIES OF 

Ceriodaphnia dubia IN THREE SUCCESSIVE GENERATIONS1 

2.1 Introduction 

Pharmaceuticals are continuously discharged into the environment through 

domestic and industrial waste water effluents, resulting in the chronic exposure of 

aquatic organisms to these compounds in surface waters and wastewaters worldwide in 

the ng L-1 to µg L-1 range (Constantine & Huggett, 2010; Focazio et al., 2008; Kolpin et 

al., 2002b). Pharmaceuticals can affect aquatic organisms at sublethal concentrations 

by altering to physiological processes of individual organism (Gust et al., 2011; Muller et 

al., 2010a).  Carbamazepine (CBZ), a commonly prescribed antiepileptic drug, has been 

detected in rivers, streams, and wastewaters worldwide at levels ranging from 325 ng L-

1 – 6.3 µg L-1 with a reported detection frequency >90% in wastewater effluents 

throughout the United States (Fent et al., 2006; Ferrari et al., 2004; Glassmeyer et al., 

2005; Kolpin et al., 2004b; Leclercq et al., 2009; Zhang & Geissen, 2010). Its pseudo-

persistent nature in the environment is likely due to its low removal efficiency by 

wastewater treatment plants, calculated to be ˂7%, and its relatively long half-life of 

37.5 days (Andreozzi et al., 2002; Brun et al., 2006; Daughton & Ternes, 1999; Ferrari 

et al., 2004; Ferrari et al., 2003; Meredith-Williams et al., 2012; Nentwig, 2007; Tixier et 

al., 2003; Ying et al., 2009). The ratio between the predicted environmental 

concentration (PEC) to the aquatic environment and the predicted no-effect 

                                                      
1Parts of this chapter have been previously published, either in part or in full, from Lamichhane, K., 
Garcia, S. N., Huggett, D. B., DeAngelis, D. L., & La Point, T. W. (2013). Chronic effects of 
carbamazepine on life-history strategies of Ceriodaphnia dubia in three successive generations. Arch 
Environ Contam Toxicol. 2013; 64(3):427-438. doi: 10.1007/s00244-012-9845-5. Reproduced with 
permission from Springer Science and Business Media. 

http://www.ncbi.nlm.nih.gov/pubmed/23229195
http://www.ncbi.nlm.nih.gov/pubmed/23229195
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concentration (PNEC) in effluents in Germany was 47 (Ferrari et al., 2004; Ferrari et al., 

2003), indicating that CBZ is potentially a hazardous chemical. Furthermore, CBZ has 

been reported at environmental concentrations that can induce effects (Contardo-Jara 

et al., 2011).  

CBZ is neuroactive and interacts with receptors in target and non-target 

organisms. The main mode of action of CBZ in mammals is the stabilization of 

inactivated states of sodium channels, whereby neurons become less excitable and 

decrease action potential (Contardo-Jara et al., 2011). Furthermore, one of its major 

metabolites, CBZ-10,11-epoxide, is known to have similar antiepileptic properties as 

CBZ (Miao et al., 2005; Miao & Metcalfe, 2003) and could pose an ecotoxicological risk 

(Farré et al., 2008). Although the exact mode of action is unknown in invertebrates, it is 

conceivable that CBZ and active metabolites may interact with invertebrate Na⁺ 

channel. The most frequently reported effects of CBZ include oxidative stress and 

protein damage in Dreissena polymorpha (Contardo-Jara et al., 2011), growth 

retardation in algae and cladocerans (Cleuvers, 2003, 2004; Dietrich et al., 2010; Jos et 

al., 2003; Zhang et al., 2012), developmental abnormalities in Danio rerio (Crane et al., 

2006), reproductive impairment in benthic insects Chironomus riparius and Hyalella 

azteca (Dussault et al., 2009; Nentwig, 2007; Oetken et al., 2005), behavior modification 

in Dugesia tigrina (Ramakrishnan & DeSaer, 2011; Rayburn et al., 2004), sex 

modulation (Lürling et al., 2006; Quinn et al., 2004), molting deformities (Fatta-Kassinos 

et al., 2011; Ferrari et al., 2004; Ferrari et al., 2003), and slower maturation (Brodie, 

2010; Dietrich et al., 2010) in water fleas Daphnia spp. These effects may be caused by 

CBZ inhibiting foraging capacity and food assimilation (Dietrich et al., 2010), which 
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changes the energy budget of the affected organism and ultimately affects metabolism, 

reproduction, and growth (Gust et al., 2011; Meredith-Williams et al., 2012; Muller et al., 

2010a).  

Ceriodaphnia dubia is a common invertebrate biological model that plays an 

important role in freshwater ecosystems as a filter feeder and also serves as a food 

source for higher organisms (Knight & Waller, 1992). Cladocerans are sensitive to a 

wide range of toxicants (Cleuvers, 2004) and multigenerational studies using these 

organisms can elucidate long-term effects on sensitive life history traits at sublethal 

concentrations (Brennan et al., 2006; Brooks et al., 2009; Clubbs & Brooks, 2007; 

Haeba et al., 2008; Mangas-Ramírez et al., 2007; Massarin et al., 2010; Phyu et al., 

2011), which may improve the understanding of potential effects in aquatic systems.  

Although ample numbers of ecotoxicological studies (Ankley et al., 2007; Boxall, 

2004; Kim et al., 2007; Klüttgen et al., 1996; Oetken et al., 2005; Rodgher & Luiz Gaeta 

Espindola, 2008) have focused on the long-term effects of toxicants at sublethal 

concentrations, relatively little research has examined effects of chronic exposure of 

anticonvulsant drugs to multiple generations of planktonic invertebrates. Our research 

goal was to understand how, and if, sublethal CBZ exposure affects key life history 

characteristics over multiple C. dubia generations. Because CBZ has recently been 

shown to alter histone deacetylases and ultimately gene transcription, concern over 

potential multigenerational effects may be warranted (Beutler et al., 2005). We 

assessed parameters such as reproduction, growth, and respiration in order to evaluate 

the sensitivity of these processes and their importance in the ecological risk assessment 

of CBZ. 
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2.2 Materials and Methods 

2.2.1 Chemicals 

Carbamazepine (5H-dibenzo[b,f]azepine–5–carboxamide; CAS # 298–46–4) and 

deuterated CBZ were obtained from Sigma–Aldrich (St. Louis, MO, U.S.A.). The 

relevant physical and chemical properties of CBZ are as follows: chemical purity >99%; 

water solubility 17.7 mg L-1 at 25 °C; log Kow 2.45; and vapor pressure 1.84E–007 mm 

Hg (25 °C). Formic Acid and high-performance liquid chromatography grade (HPLC) 

methanol were obtained from Fisher Scientific (Houston, TX, U.S.A.).  Milli-Q water was 

obtained from the laboratory’s own Milli-Q water system (Millipore, Billerica, MA, 

U.S.A.).  

 

2.2.2 Test Organism 

C. dubia were obtained from Aquatic Biosystems (Fort Collins, CO, U.S.A.). 

Mass cultures of C. dubia were maintained at 25 °C in the University of North Texas 

Aquatic Toxicology Laboratory. A 16:8 hour light-to-dark photoperiod was maintained 

with a fluorescent light intensity of 980 – 1030 lux. C. dubia were cultured in 500 mL 

glass jars with reconstituted hard water (RHW) beginning with neonates <24 h old. 

Neonates from mass cultures were isolated and individually kept in 30 mL clear portion 

plastic cups. Culture and test organisms were fed once daily with 0.5 mL 20 × 106 cells 

mL-1 unicellular green algae Pseudokirchneriella subcapitata and 60 µL of cerophyl 

(cereal grass media) suspension. These tests followed standard United States 

Environmental Protection Agency (USEPA) procedures (United States Environmental 

Protection Agency 2002a, b), with the exception that the yeast-cerophyl trout chow 
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(YCT) feeding suspension was replaced with cerophyl only as recommended by Knight 

and Waller (1992). Cerophyl extract was prepared weekly by blending 5 g of cerophyl/L 

RHW and filtering the blend through a 40 µm mesh.  

 

2.2.3 Toxicity Test 

2.2.3.1 Experimental Design 

2.2.3.2 Acute Toxicity 

CBZ exposure bioassays were conducted in a 48 h static-renewal test according 

to the methodology described in United States Environmental Protection Agency 

(2002a) guidelines.  Six nominal concentrations of CBZ (0, 0.625, 1.25, 2.5, 5, and 10 

mg L-1) were used with four replicates consisting of five organisms each. These 

experiments were initiated with C. dubia neonates <24 h old. The number of 

immobilized organisms was noted at 24 and 48 h to calculate effect concentration 

(EC50) value. 

 

2.2.3.3 Chronic Toxicity 

Sublethal CBZ nominal concentrations were chosen based on a 7-d range-

finding reproduction study; the range of 95% confidence interval of EC50 was 246.3 – 

296.8 µg L-1. Six nominal concentrations of CBZ (0, 17.5, 35, 70, 140, and 280 µg L-1) 

were used, with 10 replicates consisting of 10 organisms in each of 10 cups. All tests 

were conducted for 14 days, and the end points included reproduction, growth, and 

productivity (dry weight) for each generation based on the methodology described in 

USEPA guidelines for static-renewal testing (United States Environmental Protection 
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Agency 2002a, b). The experiments were initiated with <24-hour-old C. dubia neonates 

for all three generations (F0, F1, and F2). End points quantified were reproduction, 

growth and respiration. Reproduction was measured as total number of neonates 

produced in each brood. For growth, <24-hour-old neonates born on days 0, 7, and 14 

of each generation were taken for body size measurement, and adult body length and 

weight were measured on day 14. Neonate dry weight was measured from every brood 

produced. Respiration was measured on day 0 neonates. Third-brood neonates were 

used to start the experiment as well as to start the study of successive F1 and F2 

generations. Ten replicate 30 mL cups, each containing 15 mL test solution, were used 

for each treatment and were renewed daily. Reconstituted hard water was used as 

diluents and control. Only adult C. dubia were transferred to freshly prepared solutions 

every 24 h. The numbers of neonates produced were recorded daily. United States 

Environmental Protection Agency (2002b) acceptability criteria were met ( ≥80% 

survival of all control organisms and 60% of surviving control females had produced at 

least a third brood and an average of 15 neonates/surviving female C. dubia in 7 days). 

Moderately reconstituted hard water was prepared according to United States 

Environmental Protection Agency (2002a, b) protocol. Prepared RHW had pH, alkalinity, 

and hardness levels ranging from 7.4 to 7.8, 57 to 64 mg L-1 CaCO3, and 80 to 100 mg 

L-1 CaCO3, respectively. Reagents were purchased from Fisher Scientific (Pittsburg, PA, 

U.S.A.). Water temperature, dissolved oxygen, conductivity, pH, alkalinity, and hardness 

were measured and recorded every week from each treatment. 
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2.2.3.4 End Point Measurements 

To accurately measure neonate weight, several preparatory procedures were 

undertaken. Neonates were transferred to a glass Petri dish containing 20 mL Milli-Q 

water for 1 h. Organisms were washed five times with Milli-Q water to clear salt from 

their gut. Organisms were then kept in preweighed polypropylene 2 mL centrifuge tubes 

with lid in a freezer at –20 °C. After 4 h, samples were inserted into a lyophilizer to 

separate organisms from water, salt, and chemicals at –40 °C and high vacuum (200 

mbar) for 24 h. Dried samples were kept in a desiccator for half an hour before weighing 

to the nearest 0.01 mg on an analytical microbalance (H51AR, Mettler Toledo, 

Columbus, OH, U.S.A.). Body length was measured from the apex of the head to the 

base of the tail spine at the carapace using a digital analyzing system (Axio Vision Rel. 

4.7 imaging system camera; Carl Zeiss, Germany) calibrated with a micrometer at 5 × 

(2.02 µm), 10 × (1.01 µm), and 40 × (0.25 µm) with X- and Y- scaling. Adult sex was 

identified based on morphological characteristics as described by United States 

Environmental Protection Agency (1986). Female and male C. dubia were characterized 

under a 60× ocular microscope by the presence of tooth-pecten in the postabdominal 

claw and extended antennules in the female. 

C. dubia respiration was measured using <24-hour-old third-brood neonates from 

F0 control female animals in a closed-system respirometer (model 2006; Forma 

Scientific). Neonates of the same age were placed inside a closed respirometer at 25 ± 

1 °C in 178.06 μL RHW. Neonates were acclimatized in a 13.6 or 264.6 µg L-1 CBZ 

solution for 1 h before placement in the respirometer. Three chambers, each with 30 – 

40 offspring and one blank chamber, were monitored for 1 h. Eight sets of control 
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neonates, six sets of neonates at 13.6 µg L-1 and six sets of neonates at 264.6 µg L-1, 

were measured in this manner. Organisms were acclimatized at normoxic oxygen 

conditions (PO2amb = 4.18 – 4.25 kPa). The respiratory medium consisted of RHW to 

serve as the medium of Ceriodaphnia culture. The chamber was cleaned with 70% 

ethanol after each use.  For calibration, the medium in the chamber was equilibrated to 

100% oxygen saturation. The optical sensor was calibrated using sterilized clean 

medium and by flushing the chamber with oxygen. The decrease in oxygen partial 

pressure associated with respiration was recorded for 60 minutes. The respiratory 

activity of the organisms and dependence on PO2amb was determined by monitoring the 

decrease in oxygen concentration. The oxygen consumption rate at different PO2amb was 

obtained from the decrease in oxygen concentration per increment of time. The mass 

specific oxygen consumption rate MO2 (µL hr-1 mg) was obtained by dividing the whole-

animal oxygen consumption rate MO2 (µL hr-1) by the dry weight (mg) of the organisms.  

 

2.2.3.5 Chemical Preparation/Quantification 

Ten milligrams of CBZ/L stock solution was prepared in reconstituted hard water 

at 70 °C by heating, stirring, and sonicating for solution for 5 h. Based on a range-

finding study, the following concentrations were used as nominal concentrations for the 

test: 17.5, 35, 70, 140, and 280 µg L-1. The test concentrations were prepared by serial 

dilution of the stock solution. Once each week, two composite chemical samples from 

each treatment were taken immediately before addition of algae and cerophyl, and then 

again 24 h after redosing. Therefore, altogether eight samples were analyzed for each 

CBZ concentration before exposure, and seven samples were analyzed after 24 h of 



11 

exposure. Methods followed those previously published by Overturf et al. (2012). Briefly, 

CBZ-d2 was used as a labeled internal standard for all samples to quantify the 

compound using LC-tandem mass spectroscopy (LC-MS/MS). Samples were analyzed 

with a Waters 2695 separations module coupled with a Waters Quattro Ultima mass 

spectrometer running in electrospray positive ionization mode according to the method 

developed by Miao and Metcalfe (2003).  The CBZ initial method mobile phase was 

30:70 Milli-Q:MeOH with 0.1%  formic acid mixture running at a flow rate of 0.2 mL min-

1. The capillary voltage, cone voltage, source temperature, and desolvation temperature 

were 4 kV, 60 V, 120 and 350 °C, respectively. The mass spectrometer was set on 

multiple reaction monitoring mode and the mass transitions of CBZ and CBZ-d2 were 

237194 and 239196, respectively.  A nine-point for CBZ and standard calibration 

curve was developed based on the range-finding concentrations (3.9 – 1,000 µg L-1). 

Quality-control samples were taken to confirm precision (≤ 20%), accuracy (≥ 80%), and 

reliability of the study using method blanks, matrix spikes, and sample spikes.  

 

2.2.4 Statistical Analysis 

Data were analyzed using SAS 9.2 (SAS, Carey, NC, U.S.A.). The acute toxicity 

test was analyzed by using Fisher’s exact test to compare treatment group survival to 

control survival. Normality and homogeneity of variance were checked for all study end 

point parameters using the Shapiro-Wilk normality and Bartlett’s tests, respectively.  

One-way analysis of variance (ANOVA) with Tukey's Studentized Range (HSD) post 

hoc tests and minimum significance difference (MSD) were calculated to determine 

significant differences of measured concentrations relative to controls on survival, 
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reproduction, body length, dry weight, and respiration rate. When parametric 

assumptions for normality were not met, non-parametric Kruskal-Wallis test was 

conducted. In all tests, the significance level used was α = 0.05 to calculate no 

observed-effect concentration (NOEC) and lowest observed-effect concentration 

(LOEC) values. Effective concentration (EC5, EC10, EC20, and EC50) values were 

calculated using TRAP (version 1.21A; http://www.epa.gov/med/Prods_Pubs/trap.htm 

by Russell Erickson). GraphPad Prism 5 (GraphPad Software, CA, U.S.A.) software 

was used for graphical representation. 

 

2.3 Results 

CBZ was not detected in control dilution water samples. Limit of detection for 

CBZ with LC-MS/MS was 0.97 µg L-1. The median observed CBZ concentrations before 

exposure for the nominal treatment levels of 17.5, 35, 70, 140 and 280 µg L-1 were 13.6 

± 5.26, 40.0 ± 5.15, 104.0 ± 7.94, 196.7 ± 9.07 and 264.6 ± 6.58 (median, µg L-1 ± 

standard deviation), respectively (Table 2.1). The percent recovery of matrix and 

sample spikes was 91.5 ± 4.5% (n = 3) and 107.6 ± 3.6% (n = 3) respectively. CBZ 

degradation ranged from 51 to 74% loss. We assume the loss of CBZ is due to 

absorption in the exposure cups. This includes absorption by C. dubia, algae, and 

losses while processing the samples. 

The 48 h CBZ acute toxicity to C. dubia resulted in a median lethal concentration 

of 7.07 mg L-1. Analysis of three brood production among control organisms in three 

generations showed no statistical differences (F2, 27 = 0.22, p = 0.807) (MSD of 3.4 or 

12.3%). Results indicate that C. dubia produced an average of 27 offspring summed of 

http://www.epa.gov/med/Prods_Pubs/trap.htm
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three broods over 7 days in the control and 6 – 8 broods over the initial two weeks of 

the study. For the 7-day chronic toxicity test, the NOEC and LOEC for reproduction on 

F0 generation were 196.7 µg L-1 and 264.6 µg L-1, respectively and similar patterns were 

observed over successive F1 and F2 generations (Table 2.2). Overall, ANOVA results 

showed that neonate production over three broods decreased significantly at 264.6 µg 

L-1 CBZ treatment in F0 (F5, 54 = 7.6, p <0.0001), F1 (F5, 54 = 3.9, p = 0.004), and F2 (F5, 

54 = 3.8, p <0.005) generations compared with the control (MSD in F0, F1 and F2 were 

5.2 or 14.8%, 5.5 or 19.6%, and 2.4 or 8.5% of the control, respectively). 

Analysis of total brood production at 2 weeks among control organisms in three 

generations showed no statistically significant differences (F2, 27 = 0.01, p = 0.988) (MSD 

of 11.97 or 13.3%). Chronic toxicity effects of CBZ were compared for the total number 

of offspring born over 2 weeks relative to the control showed EC50 and EC20 values of 

365.3 µg L-1 and 162.5 µg L-1, respectively (Figure 2.1a; Table A.1 in Appendix A) in the 

F0 generation. The NOEC and LOEC values were 104.0 and 196.7 µg L-1, respectively, 

and similar patterns were observed in the F1 generation (Table 2.2). However, in the F2 

generation, NOEC and LOEC values for fecundity were 196.7 and 264.6 µg L-1, 

respectively. Overall, ANOVA results showed that neonate production over 2 weeks 

decreased significantly at 196.7 µg L-1 CBZ treatment in the F0 (F5, 54 = 17.1, p <0.0001) 

and F1 (F5, 54 = 10.8, p <0.0001) generations, but no significant difference was observed 

relative to control in the rest of the treatments for the first two generations. The EC50 

value was 360.4 µg L-1, which is slightly lower than that in the F0 (Figure 2.1b; Table 

A.1 in Appendix A). In the F2, the EC50 and EC20 values were 316.2 µg L-1and 167.9 µg 

L-1, respectively (Figure 2.1c; Table A.1 in Appendix A). In addition, effect 
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concentrations were more substantial on the F2 generation than on the F0 and F1 

generations, as shown in Figure 2.2, due to steep slope at higher concentration (MSDs 

in F0, F1, and F2 were 15.76 or 19.5%, 17.6 or 21.7%, and 22.3 or 24.8% of the control, 

respectively).  

First and second generations were not statistically different with respect to time 

to first reproduction. Median time to first brood production was significantly delayed (F5, 

51 = 5.34, p = 0.003) at the 264.6 µg L-1 CBZ treatment compared with the control in the 

F2 generation, indicating slower maturation (Table 2.2). The time to first reproduction 

ranged from 5 to 8 days at 264.6 µg L-1. 

A significant decrease on adult body length was observed in the F2 generation at 

264.6 µg L-1 CBZ treatment (F5, 50 = 2.99, p <0.0195). The EC50 and EC20 values were 

559.8 µg L-1 and 348.3 µg L-1, respectively (Figure 2.3a; Table A.1 in Appendix A). 

Overall no significant differences were observed in the F0 generation relative to the 

control, and a similar pattern was observed in the F1 generation (Figs. 3a – c). Offspring 

body lengths measured in the first, third, and seventh brood, born on days 4, 7, and 14, 

respectively, showed no significant difference relative to the control (see Table 2.2), 

indicating that CBZ did not influence body length in C. dubia offspring. However, there 

was a slight stimulatory effect on offspring body length measured at 196.7 and 264.6 µg 

L-1 in the F2 generation, although the differences were not statistically significant.  

No significant differences were observed in the dry weights of neonates exposed 

to CBZ relative to the control in the F0 generation. However, mean neonate biomass 

production was slightly higher at 40.0 µg L-1 than for the control, but a significant 

decrease of neonate dry weight was observed in successive generations. The EC50 and 
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EC20 values were 377.8 µg L-1 and 197.6 µg L-1, respectively (Figure 2.3a; Table A.1 in 

Appendix A). In the F1 generation, a significant decrease of biomass production was 

observed at CBZ concentrations >196.7 µg L-1 compared to the control (F5,60 = 3.33, p 

<0.0101). Similarly, in the F2 generation, neonate dry weight was decreased 

significantly at 264.6 µg L-1 (F5,59 = 3.74, p <0.0052). Overall, effect concentrations were 

not substantially different among three generations as shown in Figure 2.4a – c. 

However, a decrease in adult dry weight was observed as CBZ concentration 

increased. Adult dry weight increased at 13.6 µg L-1 in all three generations studied, but 

it decreased relative to the control at higher concentrations (Table A.3 in Appendix A). 

No male production was found in any control, and three of ten adults were not able to 

reproduce during 2 weeks on their third generation at 264.6 µg L-1 (Table A.3 in 

Appendix A). 

The whole-animal oxygen consumption rate (mO2) increased with CBZ 

concentration. Significant differences were observed between the control and increased 

concentration of CBZ at 264.6 µg L-1 (F2,17 = 5.19, p = 0.017) (Figure 2.5). The 

increased metabolic rate may be due to C. dubia neonates using significant amounts of 

energy to attain tolerance to or detoxify CBZ. 

 

2.4 Discussion 

The effects of pharmaceuticals on aquatic ecosystems are being widely 

discussed. The current study was intended to establish a baseline for chronic effects of 

CBZ on multiple generations of C. dubia. The mode of action of CBZ on aquatic 

invertebrates is largely unknown, but it may relate to Na⁺ channels being blockaded, as 
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in mammals. However, quantification of individual physiological responses under 

environmental stress may help scientists better understand the ecotoxicological risks of 

CBZ. Although changes in fecundity, growth, and metabolic rate can lead to long-term 

population effects, we only observed meaningful changes to these parameters at CBZ 

concentrations that were 100× greater than those found in the environment. In addition, 

our study showed that results over three successive generations are not different than 

what one would gain testing simply the F0 generation. 

Brood production over 2 weeks was significantly decreased at 196.7 µg L-1  in the 

F0 and F1 generations, but in the F2 generation neonate production decreased 

significantly only at the highest concentration (264.6 µg L-1), indicating that these 

organisms may have acquired tolerance by way of physiological acclimatization or 

developed resistance when exposed to sublethal concentrations. CBZ has recently 

been shown to significantly decrease glutamate oxaloacetate transaminase activity in 

fish liver and muscle from 7 days through 35 days of CBZ exposure (Malarvizhi et al., 

2012). Dietrich et al. (2010) elucidated physiological acclimatization of D. magna in CBZ 

exposure from the second to sixth generation. Lürling et al. (2006) observed a 

significant increase in neonate production over three broods in D. pulex at 1 µg L-1 CBZ 

and a decrease in reproduction at 200 µg L-1 CBZ, although the difference was not 

significantly different from the control. Furthermore, Heckmann et al. (2007) argued that 

long-term chemical exposure could lead to physiological resistance in non-target 

organisms.  

There is evidence that CBZ affects invertebrates at sublethal concentrations of 

0.236 – 200 µg L-1 (Cleuvers, 2004; Contardo-Jara et al., 2011; Dietrich et al., 2010; 
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Lürling et al., 2006; van den Brandhof & Montforts, 2010). Contardo-Jara et al. (2011) 

found that CBZ bioaccumulates in nontarget organisms (D. polymorpha) and causes 

oxidative stress and protein damage at the lowest concentration of 0.236 µg L-1. Their 

study showed that CBZ exposure significantly downregulated mRNA levels of hsp70, 

and the bioconcentration factor was significantly increased by 17 (day 1) to 90 (day 7) 

on mussel tissues. Those investigators surmised that the cell damage they measured 

could lead to effects on reproduction and growth. 

In a study by Lürling et al. (2006), the age at first reproduction in D. pulex was 

found to be significantly delayed at 200 µg L-1 CBZ exposure. The current study shows 

that the median day to release of the first brood was significantly delayed at 264.6 µg L-1 

in the F2 generation, indicating a delay in maturation. Furthermore, Dietrich et al. (2010) 

reported a significant delay in the first brood production of D. magna in the F0 and F2 

generations exposed to 0.5 µg L-1 CBZ, suggesting potential chronic effects due to the 

chemical. The inference was also supported by evidence from Calabrese and Baldwin 

(2003).  In contrast, Oetken et al. (2005) found increased emergence of C. riparius at 

low concentration of CBZ but increased emergence at high concentrations, indicating 

that the hormetic process is an adaptive response that protects organisms from toxic 

stress.  

Our results indicated that CBZ did not exert any effects on neonate body length, 

which is consistent with finding of Lürling et al. (2006), who observed that the length of 

treated D. pulex neonates was not significantly different compared to the control. CBZ 

did not exert any effects on neonate body length. However, a slight stimulatory effect on 

offspring body length was observed at 196.7 and 264.6 µg L-1 in the F2 generations, 
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though the differences were not significant. In contrast, Dietrich et al. (2010) observed 

significantly increased neonate body length in the first and the fifth generations, but no 

effects in the rest of the generations studied. Dietrich et al. (2010) also reported 

observable effects on adult D. magna body length as they acclimated to exposures of 

CBZ alone and mixtures of CBZ and other pharmaceuticals. Dry weight was significantly 

decreased at the LOEC value of 196.7 µg L-1 in the F1 generation.  Overturf et al. (2012) 

observed slight increases in dry weight of Pimephales promelas larvae at a sublethal 

CBZ concentration; however, the differences were not significant. The current study 

showed that reproductive parameters are sensitive to CBZ exposure because the 

proportion of the male offspring (3 of 10 male animals) started to increase during the F2 

generation at 264.6 µg L-1 treatment. Olmstead and LeBlanc (2001) reported that 

cladoceran parthenogenetic asexual reproduction switched to sexual reproduction, due 

to either genetic exchange or diapausing juvenile hormone due to environmental 

stressors. The production of male animals has been reported in several studies 

resulting from environmental factors and stress due to toxicants (Dodson et al., 1999; 

Haeba et al., 2008; Olmstead & LeBlanc, 2001; Shurin & Dodson, 1997). Baer et al. 

(2009) showed that sewage effluents modulated male offspring production of D. magna, 

which is in agreement with findings that these chemicals stimulated male production 

due to strong juvenoid agonist activity Wang et al. (2005). Haeba et al. (2008) showed a 

significant increase in D. magna male offspring exposed to diclofol at 0.1 mg L-1. They 

also showed suppression of neonate production, decreased in maternal size and 

delayed maturation of D. magna exposed to fluatamide at 1 mg L-1.  Furthermore, 

Olmstead and LeBlanc (2000) showed development of secondary sex characteristics, 
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i.e., male formation on D. magna, exposed to endocrine-disrupting chemicals. Nentwig 

et al. (2004) showed impaired development from the larval to the pupal stage in C. 

riparius at 10 mg CBZ kg-1 dw. 

Respiration, a surrogate of metabolism, significantly increased at 264.6 µg L-1 

CBZ compared with the control. Metabolic increase may be due to C. dubia neonates 

using significant amounts of energy to attain tolerance or detoxify CBZ, thus leaving 

less energy for reproduction. Maintenance costs are generally estimated by 

measurements of organism respiration rate, which can be fitted with reproductive 

success and body size in dynamic energy budget models (Kooijman & Bedaux, 1996; 

Muller et al., 2010a; Nisbet et al., 2012). Limited studies are available on the respiratory 

effects of antidepressant exposure to aquatic organisms. However, CBZ acts as an 

inhibitor of histone deacetylases, induction of gene transcription, and Na⁺ channel 

blockage (Beutler et al., 2005), which might be associated with high energetic costs in 

the metabolic process in cladocerans. Quinn et al. (2004) showed a significant increase 

in the oxidative metabolic activity in Hydra attenuate exposed to CBZ. Their study 

showed induction of heme oxidase, lipid peroxidase, and glutathione S-transferase at 6 

µM (1.4176 mg L-1) CBZ exposure. Many studies have also shown that resistance to 

toxic chemicals in aquatic organisms depends on the mode of action of the toxic 

chemicals and the susceptibilities of nontarget organisms (Heckmann et al., 2007; Rose 

et al., 2002). Dietrich et al. (2010), however, argued that some aquatic organisms 

cannot develop resistance towards the long-term exposure to toxic chemicals over 

several generations due to the necessity of high energy acquisition and expenditure 

(Muller et al., 2010a). 
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There is potential for additive toxic effects between CBZ and other chemicals 

found in the environment. Cleuvers (2003), for example, reported a strong additive 

effect between CBZ (>100 mg L-1) and clofibrinic acid (72 mg L-1) on D. magna 

immobilization: 95% of Daphnia were immobilized in a mixture of these chemicals 

compared with 16 and 1% immobilized with exposure to CBZ and clofibrinic acid 

separately. Differences in fecundity, growth, and respiration between controls and the 

treatment groups (13.6, 40.0, and 104.0 µg L-1) were not always significant; however, 

differences indicated potential chronic effects of CBZ over generations. 

Our study determined that testing over three successive generations produces 

results that are not different from those that one would gain by testing simply the F0 

generation. Exposure levels in the current study were much higher than what would 

likely be seen in the environment. Our results suggest that high concentrations of CBZ 

interfere with various life-cycle processes, such as survival, reproduction, growth, and 

respiration. Reproductive impairment was observed at sublethal concentrations, which 

suggests long-term sensitivity to the compound. C. dubia shows no observable 

threshold effects at low chemical concentrations. In our study, the individual effects of 

CBZ exposure on all observed life-cycle parameters occurred at levels approximately 

100 times that of environmentally relevant concentrations, i.e. 196.7 µg L-1 CBZ 

compared to 2.1 µg L-1 in surface water as observed by Ferrari et al. (2003). Recently, 

Zhang et al. (2012) reported that CBZ significantly inhibited growth and chlorophyll 

content of algae (Scenedesmus obliquus and Chlorella pyrenoidosa) at a 1 mg L-1 

concentration. However, Andreozzi et al. (2002) reported that CBZ had neither a 
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significant effect on P. subcapitata growth at environmentally relevant concentrations 

nor that it bioaccumulated. 

In the current study, neonate production was significantly decreased for the F0 

generation (Figure 2.1). The trend remained consistent through the F2 generation, 

although in the F2 generation, the trend was not statistically significant <196.7 µg L-1. 

Our results indicate that there is a trade-off among growth, reproduction and respiration 

to maintain reproductive output. The reason for this could be that organism’s exhibit 

tolerance to the contaminant or become physiologically acclimated. The lowered 

reproductive output is evidence for higher energy needs for maintenance. Such 

transgenerational effects at sublethal concentrations may involve development of a 

genetically resistant population over the long-term. Metabolic rate is substantially higher 

with higher chemical concentrations, leading to significantly decreased fecundity and 

body size over three generations. Identifying the mode of action of CBZ will be essential 

to developing models that enable one to predict the toxicity of compounds and 

extrapolate their consequences to the population level. Research needs include linking 

metabolic cost of exposure to population life-cycle traits. Aquatic organisms live in a 

soup of chemicals to which they are exposed throughout their lifetimes and over 

generations. Confounding factors, such as mixture of chemicals and chemical uptake by 

way of food items, have been shown to alter chemical bioavailability (e.g., Cleuvers 

2004). There is much yet to be learned pertaining to the effects of metabolites and 

chemical mixtures to non-target organisms. Such scenarios are even more critical in 

cases where CBZ may be acting together with other co-occurring compounds, 

potentially causing long-term effects. Future studies are also needed that apply the 
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modeling approach on effects of CBZ metabolites and their co-occurring chemical 

mixtures at the molecular level with more environmentally realistic concentrations over 

multiple generations.  
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Table 2.1 Summary of carbamazepine concentrations of LC-MS/MS detection in water 
samples before and after 24 h exposure 

Nominal 
conc. (µg 

L-1) 

 Before exposure  After exposure (24 h)  

% loss  
Median measured 

conc. (µg L-1) ± SD (n = 
8) 

 Median measured conc. 
(µg L-1) ± SD (n = 7)  

Control  Below LOD  Below LOD  – 

17.5  13.6 ±  5.26  6.7 ± 2.17  50.7 

35.0  40.0 ±  5.15  16.0 ± 3.85  59.9 

70.0  104.0 ± 7.94  26.7 ± 4.82  74.3 

140.0  196.7 ± 9.07  78.0 ± 7.19  60.3 

280.0  264.6 ± 6.58  99.7 ± 7.34  62.3 
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 Table 2.2 Summary of LOEC and NOEC for Ceriodaphnia dubia exposed to carbamazepine over three generations. 
 

Endpoints/Generation 
 F0  F1  F2 

 LOEC 
(µgL-1) 

NOEC 
(µgL-1)  F–ratio, p–value 

 

LOEC 
(µgL-1) 

NOEC 
(µgL-1) F–ratio, p–value 

 

LOEC 
(µgL-1) 

NOEC 
(µgL-1) F–ratio, p–value 

aFecundity 
7–d, 3 broods 
14–d, 1–7 broods 

64.6 
96.7 

196.7 
104.0 

F5, 54 = 7.6, p <0.0001 
F5, 54 = 17.1, p <0.0001 

264.6 
196.7 

196.7 
104.0 

F5, 54 = 3.9, p = 0.004 
F5, 54 = 10.8, p <0.0001 

264.6 
264.6 

196.7 
196.7 

 
F5, 54 = 3.8, p = 0.005 
F5, 54 = 10.7, p <0.0001 

bAge at first reproduction 
(d) 264.6 264.6 F5, 54 = 0.8, p = 0.977 >264.6 264.6 F5, 54 = 0.2, p = 0.924 264.6 196.7 F5, 51 = 5.3, p = 0.003 
aGrowth 
Neonate body length (mm) 
Adult body length (mm) 264.6 

264.6 
264.6 
264.6 

F5, 354 = 1.1, p = 0.328 
F5, 51 = 0.09, p = 0.993 

>264.6 
>264.6 

264.6 
264.6 

F5, 354 = 0.73, p = 0.599 
F5, 51 = 0.73, p = 0.603 

>264.6 
264.6 

264.6 
196.7 

 
F5, 340 = 0.42, p = 0.834 
F5, 50 = 2.99, p = 0.019 

Neonate dry weight (µg)  264.6 264.6 F5, 60 = 1.4, p = 0.241  196.7 104.0 F5, 60 = 3.3, p = 0.010  264.6 196.7 F5, 59 = 4.3, p = 0.002 
aParametric one–way ANOVA, Tukey's multiple comparison test and minimum significance difference at α = 0.05. 
bKruskal–Wallis nonparametric one–way ANOVA, Dunn’s multiple comparison α = 0.05. 
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Figure 2.1 Average number of offspring produced in two weeks by C. dubia exposed to carbamazepine on (A) F0 
generation, (B) F1 generation, and (C) F2 generation; (n=10). 
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Figure 2.2 Measured effect concentrations of carbamazepine exposure on C. dubia reproductive output over three 
generations. 
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Figure 2.3 Average adult body length of C. dubia exposed to carbamazepine on (A) F0 generation, (B) F1 generation, and 
(C) F2 generation; (n=10). 
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Figure 2.4 Average dry weight of neonates of C. dubia exposed to carbamazepine on (A) F0 generation, (B) F1 
generation, and (C) F2 generation; (n=10). 

A B 
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Figure 2.5 Respiration rate of C. dubia neonates (mean ± SE) exposed to 
carbamazepine. A. Respiration rate per neonate; B. Mass specific respiration rate. 
Letters “a” and “b” indicate statistically significant differences from control treatment 
(Parametric one-way ANOVA, Tukey's multiple comparison test and minimum 
significance difference at α = 0.05). 
  

A 

B 
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CHAPTER 3  

EXPOSURES TO A SELECTIVE SEROTONIN REUPTAKE INHIBITOR (SSRI), 

SERTRALINE HYDROCHLORIDE, OVER MULTIPLE GENERATIONS: CHANGES IN 

LIFE HISTORY TRAITS IN Ceriodaphnia dubia2 

3.1 Introduction 

Understanding the potential risks associated with pharmaceuticals in the aquatic 

environment is becoming a major concern because these bioactive compounds can 

cause profound effects on the development, reproduction, metabolism, and organ 

function of aquatic organisms with potential for transgenerational effects. Among these 

pharmaceuticals are selective serotonin reuptake inhibitors (SSRIs) used for the 

treatment of psychiatric disorders. SSRIs (e.g. citalopram, escitalopram, fluvoxamine, 

fluoxetine, paroxetine, and sertraline) are a widely prescribed class of drugs in North 

America and Europe (Minagh et al., 2009; Schultz et al., 2010). Among these drugs, the 

use of sertraline (SERT) has increased substantially over the last six years in the United 

States, becoming the 60th most widely dispensed pharmaceutical overall 

(http://www.rxlist.com, accessed May. 04, 2013) and the third most prescribed 

psychiatric drug. More than thirty seven million prescriptions of SERT were filled in the 

United States alone in 2011 (Lindsley, 2012), amounting to $438.59 million in annual 

sales.  

Although SERT has been detected in low concentrations (ng L-1 to µg L-1) in 

surface waters and effluents throughout Europe and North America, an understanding 

                                                      
2 Parts of this chapter have been previously published, either in part or in full, from Lamichhane, K., 
Garcia, S. N., Huggett, D. B., DeAngelis, D. L., & La Point, T. W. (2014). Exposures to a selective 
serotonin reuptake inhibitor (SSRI), sertraline hydrochloride, over multiple generations: Changes in life 
history traits in Ceriodaphnia dubia. Ecotoxicology and Environmental Safety. 2014; 101:124-130. doi: 
http://dx.doi.org/10.1016/j.ecoenv.2013.11.026. Reproduced with permission from Elsevier Limited. 

http://www.rxlist.com/script/main/hp.asp
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of its impact to invertebrates is lacking (Henry & Black, 2007). Only a few studies have 

been conducted to assess the effects of SERT exposure to cladocerans--- all of which 

show that survival and reproduction were affected at concentrations only an order of 

magnitude higher than its measured environmental concentrations (Henry et al., 2004; 

Minagh et al., 2009). In a prior research, predicted environmental concentrations of 

SERT in surface waters in Europe and North America were calculated to range from 0.6 

– 1.2 µg L-1 (Johnson et al., 2005). Measured concentrations of SERT in wastewater 

effluents in North America and Europe, however, ranged from 0.06 to 0.6 µg L-1 (Batt et 

al., 2008; Schultz & Furlong, 2008) (Table 3.1). Moreover, SERT was also detected in 

surface waters of the Mississippi River with a detection frequency of 88% at a mean 

concentration of 0.04 µg L-1, with concentrations ranging from 0.011 – 0.076 µg L-1 

(Kwon & Armbrust, 2008). Furthermore, several studies reported the detection of SERT 

in concentrations as high as 545 ng g-1 in fish tissues collected from effluent-dominated 

rivers throughout North America (Brooks et al., 2005; Kolpin et al., 2002a; la Farre et al., 

2008; Metcalfe et al., 2010; Park et al., 2012; Ramirez et al., 2009; Schultz et al., 2010; 

Weigel et al., 2004; Wille et al., 2005). Moreover, substantially higher concentrations 

may be possible in areas where SERT is being manufactured. This trend has been 

documented with other pharmaceuticals (Phillips et al., 2010). 

SSRIs have been shown to down-regulate the production of serotonin and 

norepinephrine receptors (Hiemke & Hartter, 2000). 5–hydroxytryptamine (5–HT or 

serotonin) plays an important role in many physiological and developmental functions 

such as the regulation gonad stimulating factors in the brain and the thoracic ganglia 
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and thus influences gonad development, growth, metabolism, and foraging capacity in 

crustaceans (Conners et al., 2009; Nagaraju, 2011).  

In a variety of studies, SERT was found to be more sublethally toxic to many 

aquatic test organisms than other SSRIs (Christensen et al., 2007; Conners et al., 2009; 

Henry et al., 2004; Johnson et al., 2005; Lajeunesse et al., 2011; Minagh et al., 2009; 

Park et al., 2012; Sanderson & Thomsen, 2009; Schultz et al., 2011; Valenti et al., 

2012; Valenti et al., 2009) (Table 3.2). The greater toxicity may be due to sertraline 

having a higher log Dow value than rest of other SSRIs and therefore possessing a 

higher bioaccumulation potential (Christensen et al., 2007). Furthermore, SERT 

exposure has been shown to alter molecular, enzymatic, and behavioral activities in fish 

and mammals at environmental concentrations (Deiro et al., 2006; Conners et al., 2009; 

Schultz et al., 2011; Valenti et al., 2012). However, these studies do not conclusively 

link these effects to life history traits. The ecotoxicological characteristics and biological 

effects of SSRIs to non-target organisms over multiple generations are largely unknown. 

Because aquatic organisms are exposed throughout their lifetimes, there is also a 

potential for these compounds to affect their life history parameters over many 

generations. Limited studies have highlighted the potential epigenetic effects of SSRIs 

in the offspring of exposed parents in multiple generations (Renner, 2009). Dietrich et 

al. (2010) measured a reduction in number of offspring in successive generations of 

Daphnia magna exposed to metoprolol and a mixture of metoprolol, diclofenac, 

carbamazepine, and 17α-ethinylestradiol. We found C. dubia exposed to 

carbamazepine produced similar effects over multiple generations (Lamichhane et al. 

2013).  
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Previous studies raised concerns about the presence of SERT in aquatic 

environments (Henry & Black, 2008; Kolpin et al., 2004a), and recent studies have 

shown that SERT alters the physiology and anatomy of Pimephales promelas at 

environmentally relevant concentrations (Schultz et al., 2011). Furthermore, SSRIs 

bioaccumulations have adversely affected on several fish species in effluent- dominated 

waters (Table 3.2). Several studies reported detection accumulation of SERT in brain, 

liver, and muscle of several fish species in effluent-dominated streams, potentially 

causing neurological disorders (Brooks et al., 2005; Ramirez et al., 2009).  

Research conducted on SSRIs, mainly fluoxetine, have focused on 

ecotoxicology; however, limited studies have been conducted on the chronic effects of 

aquatic organisms exposed to SERT. To our knowledge, none have focused on 

multigenerational effects. The purpose of this study is to assess the chronic effects of 

SERT on life history parameters of C. dubia in three successive generations at 

environmentally relevant concentrations.  

 

3.2 Material and Methods 

3.2.1 Reconstituted Hard Water (RHW) 

The first three reagents [KCl (CAS # 7447–40–7), MgSO4 (anhydrous) (CAS # 

7487–88–9), NaHCO3·7H2O (CAS # 144–55–8), and CaSO4·2H2O (CAS # 10101–41–

4)] were purchased from Sigma-Aldrich (St. Louis, Missouri, US). These first three 

chemicals (KCl, 0.4 g; MgSO4, 6.0 g; and NaHCO3·7H2O, 9.6 g), and 6.0 g of 

CaSO4·2H2O were  poured in 2–L deionized water separately following a USEPA 

guidelines (United States Environmental Protection Agency, 2002a; United States 
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Environmental Protection Agency, 2002b). The chemical content was stirred and poured 

into deionized (DI) water. The DI water was prepared by recirculating in reverse 

osmosis through granulated activated carbon and two ion exchange columns in a 50–L 

Carboy. Three replicates of reconstituted hard water (RHW) were analyzed separately 

to check basic physico-chemical parameters of RHW every two weeks.  RHW was used 

as a diluent and as a control solution in all acute and chronic toxicity tests. 

 

3.2.2 Culturing and Acclimation of Test Organisms 

Algae were cultured in 2–L sterilized pyrex conical flasks containing 1.5 L of 

RHW with 1 mL Pseudokirchneriella subcapitata starter obtained from the University of 

Texas Algae Culture Facility for 7d. The environmental condition was maintained at 25 

ºC, 16:8 h light-to-dark photoperiod under white fluorescent light intensity of 1476 – 

1540 lux. Nutrient agars (200 µL of pro-culture A and equal volume of pro-culture B) 

(Kent Marine, Franklin, WI, US) were added and aerated for 7d (Knight & Waller, 1992; 

United States Environmental Protection Agency, 2002b). On day seven, an aliquot was 

centrifuged at 8,500 rpm for 14 mins at 3 ºC to retrieve concentrated algae. Algae 

pellets were reconstituted to 500 mL RHW, and its density was counted using a 

haemocytometer, and then the algae were stored in the dark at 4 ºC until needed.  

Ceriodaphnia dubia neonates were purchased from Aquatic Biosystems (Fort 

Collins, CO, US) and cultured at the University of North Texas aquatic toxicology facility. 

C. dubia were cultured in 500–mL culture jars containing 300 mL RHW, and the 

organisms were fed daily with 10 mL of 20 × 106 P. subcapitata cells mL-1 and 5 mL of 

cerophyl suspension (cereal grass media, Scholar Chemistry, West Henrietta, NY, US) 
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as described by Hemming et al. (2002). Cultures were maintained at 25 ºC and kept 

under a 16:8 h light-to-dark photoperiod under a light intensity ranging from 980 – 1030 

lux for 7d. The third brood neonates were taken to new cultures and used for acute and 

chronic toxicity tests.  

 

3.2.3 Ceriodaphnia dubia Bioassays 

Acute and chronic toxicity tests were conducted following USEPA guidelines 

(United States Environmental Protection Agency, 2002a). Test organisms were fed daily 

with 0.5 mL of 20 × 106 cells mL-1 unicellular algae, P. subcapitata, and 60 µL of 

cerophyl suspension.  Acute and chronic toxicity tests were conducted separately with 

less than 24 h-old neonates in 30–mL clear portion plastic cups filled with 20 mL of test 

solution. Test solutions were renewed daily under static-renewal condition during the 

chronic test. 

Water quality parameters such as temperature (ºC), pH, dissolved oxygen      

(mg L-1), electric conductivity (µS cm-1), alkalinity (mg CaCO3 L-1), and hardness (mg 

CaCO3 L-1) were measured and recorded by taking three composite samples of each 

treatment before and after exposure weekly. Average RHW measurements for these 

parameters (mean ± SD, sample size) were; 25 ± 0.16 ºC (n = 9), 7.8 ± 0.13 (n = 9), 

7.79 ± 0.31 mg L-1 (n = 9), 437.38 ± 12.80 µS cm-1 (n = 9), 61.1 ± 3.3 mg L-1 as CaCO3 

(n = 9), and 92.7± 8.2 mg L-1 as CaCO3 (n = 9), respectively. 
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3.2.4 Toxicity Testing 

3.2.4.1 Acute Tests 

An acute 48h immobilization test was performed in triplicate with C. dubia. Five 

nominal concentrations of SERT (0, solvent control, 31.3, 62.5, 125, 250, and 500 µgL-

1) were used with four replicates consisting of five organisms each.  

 

3.2.4.2 Chronic tests 

Based on a 7d range-finding reproduction study, nominal SERT concentrations 

chosen for the chronic toxicity tests were 0.0050, 0.050, 0.50, 5.0, and 50 µg L-1 as well 

as an RHW control and a dimethylformamide (DMF) solvent RHW control. Chronic 

toxicity tests met the acceptability criteria described in the protocol; i.e., ≥80% survival 

of all control organisms and 60% of the surviving control C. dubia had produced at least 

three broods with an average of 15 neonates per surviving female C. dubia within 7d in 

each F0, F1 and F2 generation. A chronic toxicity test was conducted using the third 

brood of each generation. 

Endpoints measured were reproduction, growth, and dry weight on each 

generation (F0, F1 and F2) and  endpoints were assessed as described by Lamichhane 

et al. (2013). Briefly, reproduction was measured as total number of neonates produced 

in each brood. Growth was measured by neonate length (< 24–h old) on days 0, 7, and 

14 of the experiment. Adult body length was measured at the end of the experiment on 

14d. Body length was measured as the distance from the apex of the head capsule to 

the base of the tail spine at the carapace. For these measures, we used a digital 

analyzing system (Axio Vision Rel. 4.7 imaging system camera; Carl Zeiss, Germany) 
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that was calibrated with a micrometer at 5 × (2.02 μm), 10 × (1.01 μm), and 

40 × (0.25 μm) with X– and Y–scaling. Following United States Environmental 

Protection Agency (1986), morphological characteristics were observed under a 60× 

ocular dissecting microscope to identify male and female sex characteristics by 

presence of tooth-pectin in the post-abdominal claw and extended antennules. Dry 

weight was measured to the nearest 0.01mg on an analytical microbalance (H51AR, 

Mettler Toledo, Columbus, OH, US).  

 

3.2.5 Chemical Preparation 

Sertraline hydrochloride, ((1S, 4S)–4–(3, 4–Dichlorophenyl) –1,2,3,4–tetrahydro–

N–methyl–1–napthalenamine, hydrochloride, empirical formula C17H17NCl2·HCl) [CAS 

number 79559–97–0, molecular weight 432.69 g mol-1, purity, ≥ 98%] and fluoxetine-d5 

hydrochloride [CAS # 1173020–43–3, molecular weight 350.82 g mol-1, purity, 98%] 

were acquired from Toronto Research Chemical, Inc. (Ontario, Canada). Stock 

solutions of SERT were prepared on a weekly basis and stored at 4 ºC between uses.  

 

3.2.5.1 Sample Preparation 

All laboratory analyses were conducted at the Aquatic Toxicology Facility at the 

University of North Texas in Denton, TX. SERT nominal concentrations of 0 and solvent 

control, 0.0050, 0.050, 0.50, 5.0, and 50 µg L-1, were prepared with DMF as a carrier 

solvent, with final solvent concentrations in the toxicity tests below 0.001%. Composite 

samples from every treatment level were taken before and after exposure for 

instrumental analysis once every two weeks. 
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3.2.5.2 Solid-Phase Extraction (SPE)  

Known volumes of water and spike samples were basified with 10 mM NaOH to 

pH 10 and spiked with the labeled surrogate internal standard (IS) fluoxetine–d5 

(corresponding to a final concentration of 250 µg L-1). ). Larger composite water 

samples were collected from treatments as sertraline concentrations decreased. For 

example, the concentration ranged from 1 mL for 50 µg L-1 to 250 mL for 0.005 µg L-1 

treatment level. Fluoxetine-d5 hydrochloride was already available in the laboratory and 

it shares similar characteristics to sertraline hydrochloride (mol. wt., 350.7 vs. 342.69 g 

mol-1; pKa, 9.2 vs. 8.9; water solubility 14 vs. 4 mg L-1, respectively) (Christensen et al., 

2007). These compounds are polycyclic with NH2 group, thus have similar reverse 

phase elution times (5.33  vs. 5.35 mins.). Samples were concentrated using Waters 

Oasis HLB (6–mL) solid phase extraction (SPE) cartridges (Milford, MA, US). Cartridges 

were conditioned with 3 mL of MeOH under a vacuum manifold, followed by 

equilibration of the cartridges with 3 mL MilliQ water. Water samples were then 

extracted through the cartridges at flow rate of 1mL min-1 at 120 psi. After extraction, the 

cartridges were allowed to dry under vacuum for an hour. Analytes were extracted by 

eluting cartridges slowly with two 2 mL aliquots of MeOH. Extracts were evaporated to 

dryness using a RapidVap N2–blow down and reconstituted to 100 µL acetonitrile (ACN) 

aliquots (1% NaOH: ACN). 

 

3.2.5.3 Instrumental analysis/Liquid chromatography-mass spectrometry (LC-MS/MS) 

SERT was quantified with a Waters 2695 Separations Module coupled with a 

Waters Quattro Ultima Mass Spectrometer running in electrospray positive ionization 
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mode following the methods developed by Batt et al. (2008) and Schultz and Furlong 

(2008). A Sunfire C18 column (3.5 µm, 21 mm × 50 mm) was used for chromatographic 

separation using a gradient mobile phase consisting of milliQ with 0.1% formic acid 

(Solvent A) and ACN with 0.1% formic acid (Solvent B). The initial mobile phase 

proportion was 95% solvent A and 5% solvent B, and solvent B was then linearly 

increased to 30% in 0.5 min and further increased to 70% which was then held for 4 

min. Solvent B was further increased to 100% over 5 min, which was then held for 1 

min. Initial conditions were achieved in 10 min and the column allowed to equilibrate for 

8 min, for a total run time of 18 min at a total flow rate of 0.25 mL min-1. Capillary 

voltage, cone voltage, source temperature, and desolvation temperature were 4 kV, 40 

V, 130 ºC, and 400 ºC, respectively. The mass spectrometer was set on multiple 

reaction monitoring mode and the precursor >product mass transitions for SERT and 

fluoxetine–d5 were 306 > 275 and 315 > 44, respectively.  

 

3.2.5.4 Quality Control 

For each extraction, quality control samples were taken to serve as method 

blanks and matrix spikes. The method blank consisted of two replicates of laboratory 

MilliQ water with labeled IS. Similarly, the matrix spikes consisted of two replicates of 

RHW spiked with IS during the extraction.  

A nine-point calibration curve was developed by diluting the stock solution to 

quantify sertraline hydrochloride (3.9 – 1000 µg L-1). The linear calibration curve 

resulted in correlation of determination (r2) greater than 0.986. The lower limit of 

quantification (LLOQ) was 0.05 µg L-1, which was determined by acceptable precision ( 
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≤ 20%) and acceptable accuracy ( ≥ 80%) in a  manner similar to that described by 

(Schultz & Furlong, 2008).  

 

3.2.6 Statistical Analysis 

All statistical analyses for chronic tests were conducted with the Statistical 

Analysis System (Version 9.2, SAS, Inc. Carey, NC, US) in a randomized block-design 

experiment on C. dubia for 14d to determine differences among treatments relative to 

controls. Homogeneity of variance was determined using the F-max test. If variances 

were homogenous, an ANOVA was conducted (p ≤ 0.05) to determine if differences 

among treatments existed. If variances were heterogenous, Dunnett’s non-parametric 

test was used to determine the minimum significance differences (MSD) in treatment 

levels (p ≤ 0.05). For the chronic toxicity tests, the following life history traits were 

analyzed: the number of neonates produced per female, time to first brood, number of 

broods per female, and adult and neonate body length and dry weight. These analyses 

determined the No Observed Effect Concentration (NOEC), Lowest Observed Effect 

Concentration (LOEC), and the Effect Concentrations (EC20 and EC50) relative to the 

controls. For the acute toxicity tests, the Effect Concentration 50% (EC50) values were 

calculated using Graphpad Prism (Version 6.0, CA, US) by analyzing nonlinear fit of 

normalized and log-transformed dose and response results.  

 

3.3 Results 

3.3.1 Test Concentrations 

The analytical limit of detection for SERT was determined to be 0.05 µg L-1. The 
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method accuracy and precision were calculated as 92.3% and 16.7%, respectively. 

Average percentage recovery for matrix spike and method blank quality control samples 

was 87.3 ± 9.3% (n = 3) and 105 ± 7.1% (n = 3), respectively. The SERT-median-

measured concentrations for the nominal treatment level of 0.0050, 0.050, 0.50, 5.0 and 

50 µg L-1 were (mean ± SD, sample size) 0.0063 ± 0.007 (n = 6), 0.056 ± 0.02 (n = 8), 

0.47 ± 0.03 (n = 8), 4.8 ± 0.32 (n = 16) and 53.4 ± 6.19 (n = 18) µg L-1, respectively. 

SERT concentrations were below the detection limit at 0.5 µg L-1 in control and solvent 

control samples (Table 3.3).  

 

3.3.2 Toxicity Tests 

Toxicity testing was performed in two stages: stage one was a range-finding test, 

and stage two was a series of acute and chronic toxicity tests. The range-finding test 

was conducted to establish the range of concentrations to be tested in the definitive 

tests. The concentration range established for the acute tests was 31.3 – 500 µg L-1, 

whereas the range established for the chronic tests was 0.0050 – 50 µg L-1.  

 

3.3.3 Acute Tests 

The 48h acute median effective concentration (EC50) of SERT to C. dubia 

immobilization was 126 µg L-1 (Figure 3.1) at pH 7.8. The range of EC50 for this test was 

118 – 135 µg L-1.  
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3.3.4 Chronic Tests and Multigenerational Effects 

3.3.4.1  Fecundity 

Among control organisms, a statistical significance was not observed in total 

number of neonates produced per female (F2, 27 = 0.23, p = 0.797). Similarly, there was 

no significant difference in fecundity among the solvent control treatment-level 

organisms (F2, 27 = 0.11, p = 0.893). Therefore,  the RHW control and solvent control 

fecundity data were pooled; there were no statistical differences among F0-, F1-, and 

F2- grouped control generations (F4, 54 = 0.17, p = 0.971). The MSD ranged between 9.2 

– 11.0 neonates/female or 10.1% – 12.2% of the RHW control (Table B.1 in Appendix 

B). RHW control C. dubia produced three broods with an average of 28 offspring within 

7 days of the test, 6 – 8 broods within the first two weeks of each generation, an 

average number of 84 offspring per female, and a first brood in less than four and a half 

days. Overall, SERT’s LOEC for average number of neonates per female was 53.4 µg 

L-1 in the F0 (F6, 63 = 31.9, p < 0.0001) and F1 (F6, 63 = 23.4, p < 0.0001) generations. 

Reproductive effects became more severe in the F2 generation as the LOEC dropped 

to 4.8 µg L-1 (F6, 63 = 48.9, p < 0.0001) (Figure 3.2; Table B.1 in Appendix B). NOEC for  

average number of offspring produced per female was 4.8 µg SERT L-1 in F0 and F1 

generations and 0.47 µg SERT L-1 in the F2 generation for 14 d reproductive test (Table 

B.1 in Appendix B), and similar results were observed for number of offspring produced 

in 7d. Brood production was significantly reduced at 53.4 µg L-1 in F0 (F6, 63 = 2.6, p = 

0.024) and F2 (F6, 63 = 3.5, p < 0.0047) generations, although there was no significant 

effect in the F1 generation (F6, 63 = 2.2, p < 0.0506) as compared to the control (Figure 

3.3; Table B.1 in Appendix B). The time-to-first-brood production was significantly 
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affected in the third generation at 53.4 µg SERT L-1 (F6, 60 = 4.6, p = 0.0007), with no 

observable effects in the F0 and F1 generations (Table B.1 in Appendix B). The F0 EC50 

and EC20 values for the total number of offspring produced were 62.84 µg L-1 and 8.69 

µg L-1, respectively (Table B.3 in Appendix B). The EC50 and EC20 in F1 and F2 

generations were 59.43 and 6.98 µg L-1 and 17.21 and 0.97 µg L-1, respectively.   

 

3.3.4.2 Body Length 

Neonate body length was significantly reduced in F0, F1, and F2 generations 

relative to the pooled controls. The LOEC was 53.4 µg L-1 in the first two daphnid 

generations (F0: F6, 390 = 2.93, p = 0.0082 and F1: F6, 401 = 5.90, p < 0.0001) (Figure 3.4; 

Table B.2 in Appendix B); however, the LOEC in the F2 generation was 4.8 µg L-1 (i.e. 

F2: F6, 371 = 5.08, p < 0.0001). The MSD for F0, F1 and F2 were 0.011 or 5.4%, 0.012 or 

5.8%, and 0.013 or 6.5% of the RHW control, respectively. EC50 and EC20 values for 

neonate body length were 67.54 and 7.49 µg L-1 in the F0 generation, 58.24 and 9.21 

µg L-1 in the F1 generation, and 21.19 and 0.77 µg L-1 in the F2 generation, respectively 

(Table B.3 in Appendix B). 

The LOEC for the average adult length was 53.4 µg L-1 across all three 

generations (F0 generation: F6, 62 = 2.80, p = 0.0180; F1 generation: F6, 63 = 3.11, p = 

0.0098; and F2 generation: F6, 61 = 5.10, p = 0.0003. The MSD in F0, F1, and F2 were 

0.157 or 12.8%, 0.158 or 13.6%, and 0.113 or 9.6% of the RHW control, respectively 

(Figure 3.5; Table B.2 in Appendix B). EC50 and EC20 values for adult body length were 

71.75 and 22.14 µg L-1 in the F0 generation, 61.18 and 17.41 µg L-1 in the F1generation, 

and 79.35 and 9.24 µg L-1 in the F2 generation, respectively (Table B.3 in Appendix B).  
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3.3.4.3 Dry Weight 

Similarly, neonate dry weight was significantly decreased in the F0, F1, and F2 

generations relative to the pooled controls. The LOEC was 53.4 µg L-1 in the first two 

successive daphnid generations (F0: F6, 68 = 2.87, p = 0.0149; F1: F6, 69 = 3.00, p = 

0.0116; MSD for F0, and F1 were 0.304 or 11.8%, and 0.328 or 13.7%, respectively), 

and the LOEC for the F2 generation was 4.8 µg L-1 (F6, 68 = 3.60, p = 0.0037; MSD 0.134 

or 5.8% of the control) (Table B.2 in Appendix B). EC50 and EC20 values were 56.25 and 

11.36 µg L-1 in the F0 generation, 62.46 and 12.19 µg L-1 in the F1 generation, and 

26.23 and 1.72 µg L-1 in the F2 generation, respectively (Table B.3 in Appendix B). 

 

3.4 Discussion  

3.4.1 Acute Tests 

Published studies assessing the acute toxicity of SERT have only been 

performed on four taxa of aquatic organisms. Among them, P. subcapitata was the most 

sensitive to SERT exposure (EC50 value 43 µg L-1) followed by P. promelas (LC50 value 

72 µg L-1), C. dubia (EC50 value 120 – 198 µg L-1), Simulium vittatum larvae (EC50 value 

475.02 µg L-1), and Daphnia magna (EC50 value 920 µg L-1) (Christensen et al., 2007; 

Henry & Black, 2007; Henry et al., 2004; Overmyer et al., 2010; Valenti et al., 2009) 

(Table 3.2). Our study showed that the C. dubia EC50 was 126 µg L-1 at pH 7.8 which 

agrees with Henry et al.’s findings. As a weak base, however, SERT’s toxicity is highly 

influenced by its ionization state, which is determined by the pH of its matrix. Of the 

studies performed on SERT acute toxicity, only Valenti et al. (2009) have investigated 

how pH influences SERT toxicity. In their study, SERT toxicity to P. promelas increased 
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approximately nine times over a shift of two pH units, from a LC50 of 647 µg L-1 at pH 

6.5 to a LC50 of 72 µg L-1 at pH 8.5. 

 

3.4.2 Chronic Tests and Multigenerational Effects 

This study not only showed that SERT exposure affects growth and reproduction 

of C. dubia, but it also determined that the organisms’ sensitivity to SERT becomes 

more pronounced by the third generation for neonate body length, neonate dry weight, 

time to first brood, and number of neonates produced per female (Figure 3.2 ‒ 3.5; 

Tables B.1 and B.2 in Appendix B). The reproductive NOECs and LOECs obtained from 

this study in the F0 and the F1 generations were comparable with Henry et al.’s (2004) 

findings of 9 µg L-1 and 45 µg L-1, respectively (Table 3.2). However, LOECs for number 

of offspring produced per female as well as neonate body length and weight and time to 

first brood, were reduced by approximately ten times in the third generation relative to 

the first two generations.  

LOECs for number of offspring produced per C. dubia female and neonate body 

length and weight declined from 53.4 µg L-1 in F0 and F1 generations to 4.8 µg L-1 in the 

F2 generation. Moreover, SERT exposure began to have a significant effect on C. dubia 

time to first brood with the LOEC first appearing in the F2 generation at the 53.4 µg L-1 

treatment level. These increases in sensitivity indicate that the test organisms lost a 

degree of tolerance that might have enhanced their ability to grow and reproduce in the 

third generation. 

To our knowledge, this study is the first to assess effects of SERT on 

multigenerational life history parameters of C. dubia under realistic environmental 
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concentrations. The lowest four treatment levels encompass the range of SERT 

concentrations observed or predicted in surface waters and wastewater effluents (Table 

3.1). Even though we measured noticeable changes in growth and fecundity that might 

lead to long-term population effects, these effects were observed in exposure 

concentrations that were approximately 45 times higher than the predicted 

environmental concentrations in the first two generations. However, more profound 

results were observed in the third generation because SERT triggered effects on C. 

dubia life history traits at a concentration four times greater than the predicted 

environmental concentration in the United States (calculated using the PEC of 1.2 µg 

SERT L-1 as determined by Johnson et al. (2005). 

Studies linking the mode of action, specifically for SSRIs, to physiological 

changes in aquatic organisms are lacking (Conners et al., 2009; Valenti et al. 2012). 

However, sublethal exposures of SSRIs have yielded a wide range of neurological and 

behavioral changes. Consequently, changes such as reduced foraging capacity, feeding 

rates, movement, and predatory avoidance could alter life history traits. Valenti et al. 

(2012) reported a significant decrease of serotonin reuptake transporter binding coupled 

with a decreased propensity for shelter-seeking behavior in light conditions at 3 µg L-1 

SERT exposure in adult male P. promelas. These findings suggest that when fish 

plasma levels exceed human therapeutic concentrations, SERT elicits an anti-anxiety 

effect that might make them more vulnerable to predation (Valenti et al., 2009). 

Similarly, Gould et al. (2007) showed downregulation of serotonin transporter binding 

affinity in the brain of zebra fish, Danio rerio at 16.9 µg L-1 SERT exposure. A similar 

study by Benmansour et al. (1999) indicated that chronic exposure to SERT significantly 
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reduced serotonin transporter function and density, as indicated by failure of 

fluvoxamine to prolong 5-HT clearance in Rattus norvegicus. These effects might 

potentially be linked to behavior alterations by disrupting energy budgets, thus affecting 

growth and reproductive performance. Therefore, SERT exposure is known to produce 

a number of adverse effects in early life stages of fish and mammals, which have been 

shown to change behavioral responses (Painter et al., 2009). 

Our study demonstrates that higher SERT concentration delayed reproduction 

with a significant reduction in fewer, and smaller-sized offspring per female across all 

generations studied. Furthermore, multigenerational effects were observed on neonate 

body length and dry weight in the third generation, which could potentially be linked to 

effects on molting behavior and alteration of energy utilization in life history traits of C. 

dubia (Christensen et al., 2007). The consequences for reproduction and growth, as a 

function of having been exposed to SERT were likely due to reduction in food intake, 

which might increase the level of serotonin and impair its functional response to down 

regulation. Furthermore, a few studies have demonstrated that SSRIs alter the 

reproductive physiology of cladocerans by stimulating the production of ecdysteroids 

and juvenile hormones at low concentrations and inhibiting their actions at higher 

concentrations by controlling oogenesis and vitellogenesis (Campos et al., 2012; Fong 

et al., 2003). SERT exposure resulted in a significant decrease in survival, and 

anatomical alteration of testicular interstitial cells in fathead minnow at environmental 

concentration (i. e. 0.0052 µg SERT L-1) (Schultz et al., 2011); however, reproductive 

output was not affected at this concentration. The microcosm study by Laird et al. 
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(2007) showed that SERT in a mixture with other SSRIs has significantly affected 

abundance and species richness of copepod population at 39.4 µg L-1 in 35d exposure. 

In vertebrates, 5-HT stimulates corticotropin-releasing factors that the control 

behavior of the hypothalamus and thus inhibits an organisms’ foraging capacity (Lowry 

& Moore, 2006). SERT exerts its therapeutic effects by inhibiting 5-HT levels in 

vertebrates; however, the mechanism by which it adversely impacts aquatic 

invertebrates is largely unknown. A significant reduction on body mass and 

developmental impairments was observed at 0.1 µg L-1 SERT exposure during 

metamorphosis in tadpoles of Xenopus laevis (Conners et al., 2009), which might be 

linked to reduction of feeding rate, and the increased serotonin level in presynaptic 

nerve cells. Conners et al. (2009) also demonstrated that time to metamorphosis 

significantly reduced at 0.1 µg SERT L-1 exposure in tadpoles of X. laevis, and other 

associated effects (such as tail bending, edema, and missing or deformed limbs) were 

observed at higher concentration of 10 µg L-1. Recent research also shows that 

exposure to SERT in the presence of serotonin in the synaptosomal membrane of 

neurons reduced Na/K-ATPase levels and their activities (Launay et al., 2006). 

Moreover, it has been shown that SERT can act as a developmental signal in 

embryogenesis and growth by altering the serotonergic system in early life stages of 

rats (Deiro et al., 2006; Whitaker-Azmitia, 1991). SERT has been shown to have a 

mode of action in invertebrates that is similar to that in vertebrates, thus there is the 

possibility that these effects can be seen in the invertebrates (Hiemke & Hartter, 2000).  

Moreover, SERT toxicity also altered various environmental parameters, as 

Valenti et al. (2009) demonstrated by showing negative effects on survival, growth, and 



54 

feeding rates of P. promelas exposed to SERT under environmental relevant pH 

conditions. D. rerio in its early larval stage was exposed to SERT (25 µg L-1) for 96 h, 

which differentially expressed more than 33 genes (Park et al., 2012). These results 

suggest the down-regulation of stress-functional proteins and gonadotropin-releasing 

hormones. Furthermore, the minimum concentration that inhibited growth was observed 

to be 2.0 mg SERT L-1 in X. laevis after 96h exposure (Richards & Cole, 2006). 

Richards and Cole (2006) also demonstrated teratogenic index (LC50/EC50) of SERT, 

which showed potential developmental toxicity. SERT delays the somatic growth and 

reflex ontogeny (ear unfolding, auditory conduit opening) in neonate rats during the 

suckling period at 5 mg kg-1 (Deiro et al., 2006). SERT was also detected in oral fluid 

and plasma (de Castro et al., 2008) at 27.1 ng mL-1.  

Decreased body size could be related to reduced energy allocation to somatic 

maintenance, thus affecting reproduction due to less available energy (Sibly et al., 

2013). Some studies demonstrated that transgenerational effects stopped by the 

second generations following metal exposure (Massarin et al., 2011), but the third 

generation in this study remained sensitive to SERT. Lamichhane et al. (2013) showed 

that effects of carbamazepine exposure were observed to be similar in multiple 

generations to what one would expect from the first generation. Therefore, 

multigenerational studies are important because, while some effects are not 

transgenerational, some chemicals do affect organisms in this manner and in such ways 

that sensitivity increases over time. Thus we measured a significant decrease in 

reproduction and growth of offspring from mothers exposed to SERT. Critically, the 

reduction in growth and reproductive success was observed in the third generation at 
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4.8 µg L-1. Acute and chronic toxicity tests with SERT indicated that toxic effects are 

less likely in C. dubia in environmentally relevant concentrations; however, the probable 

harmful effects of long-term exposure of SERT on aquatic organisms over multiple 

generations cannot be overlooked. A study by Schultz et al. (2011) found 60% mortality 

in fathead minnows over a 21 d exposure to 0.0052 µg L-1 sertraline. Although a specific 

mortality-based mode of action is unknown, this indicates that sertraline exposure can 

be significantly more toxic to fish. SERT concentrations used in the present study are 

only 4× higher than predicted environmental concentrations. Hence, long-term 

multigenerational effects should be taken into consideration. Future follow-up work 

should focus on transgenerational exposures of aquatic organisms posed by 

pharmaceutical chemical/s in environmentally relevant pH and mixture exposures. 
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Table 3.1 Measured and predicted sertraline concentrations in the aquatic environment. 

Environmental 
compartment  Environmental 

concentration   
Region   

Reference 
Surface water  0.6 µg L-1 (EU PEC1) 

1.2 µg L-1 (US EIC2) 
 Europe 

USA 
 a 

a 

Waste water 
effluent 

 0.0007 – 0.0375 µg·L-1  Colorado and Iowa, USA  b 

 0.057 – 0.087 µg L-1  New Mexico, USA  c 

  0.03 – 0.08 µg L-1  Pecan Creek, Texas, USA  d 

  0.09 – 0.6 µg L-1  Mississippi, USA   e 

  0.006 µg L-1  Canada  f 

  0.10 µg L-1  Norway  g 

Sediment  2.98 – 17.71 ng g-1  Colorado, USA  b 

Aquatic Organisms 
Fish brain tissue  0.005-4.2 ng g-1  Colorado and Iowa, USA  b 

Fish liver  27.0 – 545.0 ng g-1  Phoenix & West Chester, USA  h 

Fish fillets  5.0 – 11.0 ng g-1  Phoenix & West Chester, USA  h 

Fish brain   4.27 ± 1.4 ng g-1  Pecan Creek, Texas, USA  i 

1PEC : predicted environmental concentrations; 2EIC : environmental introduction concentrations 
aJohnson et al. (2005); bSchultz et al. (2010); cBatt et al. (2008); dSchultz and Furlong (2008); eKwon and 
Armbrust (2008); fLajeunesse et al. (2008); gWeigel et al. (2004); hRamirez et al. (2009); iBrooks et al. 
(2005) 
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Table 3.2 Summary of ecotoxicological end-points measurement of sertraline exposure to ecologically relevant aquatic 
organisms. 

Test species  pH Effect concentration  Exposure 
time  Test  Biological end-points  Reference 

Acute test            
Pseudokirchneriella 
subcapitata 

 8.5 43 µg L-1  48h  EC50  Immobilization  a 

Ceriodaphnia dubia  8.1 120 - 198 µg L-1  48h  EC50  Immobilization  b 

Daphnia magna  8.5 920 µg L-1  48h  EC50  Immobilization  c 

Simulium vittatum  7.8 475 µg L-1  48h  EC50  Immobilization  d 

Pimephales promelas  8.5 72 µg L-1  48h  EC50  Immobilization  e 

Chronic test            

P. subcapitata  7.3 12.1 µg L-1  96h  EC50  Growth inhibition   f 

  8.5 75 µg L-1  72h  LOEC  Growth inhibition   g 

C. dubia  8.1 45 µg L-1  8d  LOEC  Reproduction  h 

  8.1 9 µg L-1  8d  NOEC  Reproduction  h 

  7.8 53.4 µg L-1  14d  LOEC  Growth & reproduction2  this study 

  7.8 4.8 µg L-1  14d  NOEC  Growth & reproduction2  this study 

  7.8 4.8 µg L-1  14d  LOEC  Growth & reproduction3  this study 

  7.8 0.47 µg L-1  14d  NOEC  Growth & reproduction3  this study 

D. magna  8.5 100 µg L-1  21d  LOEC  Reproduction  g 

  8.5 66 µg L-1  21d  EC50  Reproduction  g 

Danio rerio  7.6 25 µg L-1  96h  Biomarker  Gene expression  i 

Oncorhynchus mykiss  8.5 320 µg L-1  96h  LOEC  Mortality  g 

1Fish sps.  - 4.27 ± 1.4  ng g-1  Field study  Bioaccumulation  Brain  j 

1Fish sps.  - 3.59 ± 1.7 ng g-1  Field study  Bioaccumulation  Liver  j 

1Fish sps.  - 0.34 ±0.09 ng g-1  Field study  Bioaccumulation  Muscle  j 

P. promelas  8.4 0.0052 µg L-1  21d  LC50  Mortality  k 

  8.5 60 -120 µg L-1  7d  LOEC  Growth and feeding  e 

  8.5 3 µg L-1  28d  Behavior   Mean time in shelter  l 

1(Ictalurus punctatus, Pomoxis nigromaculatus, Lepomis macrochirus) 
EC50: median effective concentration 
LC50: median lethal concentration 
NOEC: no observed effect concentration  
LOEC: lowest observed effect concentration 
2endpoints in F0 and F1 generations; 3endpoints in F2 generation 
aChristensen et al. (2007); bHenry et al. (2004); cChristensen et al. (2007); dOvermyer et al. (2010); eValenti et al. (2009); fJohnson et al. (2007); 
gMinagh et al. (2009); hHenry et al. (2004); iPark et al. (2012); jBrooks et al. (2005); kSchultz et al. (2011); lValenti et al. (2012) 
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Table 3.3 Nominal and measured concentrations of sertraline, µg L-1 (means ± SD) in test solutions before and after 24h 
of exposure in LC-MS/MS. 

Nominal concentration (µg L-1)   n   Before exposure (µg L-1)   After exposure (24 h, µg L-1)   Average (µg L-1) 

Control 

 

2 

 

<LOD 

 

<LOD 

 

- 

Solvent Control 

 

2 

 

<LOD 

 

<LOD 

 

- 

0.005 

 

3 

 

0.0071 ± 0.002 

 

0.0054 ± 0.003 

 

0.0063 

0.05 

 

4 

 

0.067 ± 0.052 

 

0.045 ± 0.042 

 

0.056 

0.5 

 

4 

 

0.628 ± 0.029 

 

0.314 ± 0.033 

 

0.47 

5 

 

8 

 

5.37 ± 0.304 

 

4.28 ± 0.217 

 

4.8 

50   9   61.89 ± 6.68   44.85 ± 9.18   53.4 

LOD: Limit of detection in LC-MS/MS 
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Figure 3.1 Acute toxicity (EC50) of sertraline to C. dubia after 48–h exposure (nonlinear 
fit of normalized and log-transformed dose and percent immobilization, median, 95% 
confidence intervals). 

Figure 3.2 Average number of offspring per female ( SDX ± ) C. dubia  exposed to 
sertraline for two weeks over three successive generations (parametric one-way 
ANOVA, Tukey's multiple comparison test for statistically significant differences from 
control treatment at α = 0.05; F0, F6, 63 = 31.9, p < 0.0001; F1, F6, 63 = 23.4, p < 0.0001; 
F2, F6, 63 = 48.9, p < 0.0001). 
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Figure 3.3 Average number of broods per female ( SDX ± ) C. dubia exposed to 
sertraline for two weeks over three successive generations (parametric one-way 
ANOVA, Tukey's multiple comparison test for statistically significant differences from 
control treatment at α = 0.05; F0, F6, 63 = 2.6, p = 0.024; F1, F6, 63 = 2.2, p < 0.0506; F2, 
F6, 63 = 3.5, p < 0.0047). 

Figure 3.4 Average body length ( SDX ± ) of offspring of C. dubia  exposed to sertraline 
for two weeks over three successive generations (parametric one-way ANOVA, Tukey's 
multiple comparison test for statistically significant differences from control treatment at 
α = 0.05; F0, F6, 390 = 2.9, p = 0.0082; F1, F6, 401 = 5.9, p < 0.0001; F2, F6, 371 = 5.1, p < 
0.0001). 
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Figure 3.5 Average body length ( SDX ± ) of adults C. dubia exposed to sertraline for 
two weeks over three successive generations (parametric one-way ANOVA, Tukey's 
multiple comparison test for statistically significant differences from control treatment at 
α = 0.05; F0, F6, 62 = 2.8, p = 0.0180; F1, F6, 63 = 3.1, p = 0.0098; F2, F6, 61 = 5.1, p = 
0.0003). 
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CHAPTER 4  

APPLICATION OF DYNAMIC ENERGY BUDGET (DEB) MODEL TO SUB-LETHAL 

EFFECTS OF PHARMACEUTICAL CHEMICALS IN MULTIPLE GENERATIONS OF 

Ceriodaphnia dubia 

4.1 Introduction 

Ecotoxicological effects are noted at a hierarchy of levels  that spans the range 

from individuals to ecosystems (Kooijman & Bedaux, 1996); (Sibly, 2013). In linking 

levels among hierarchies, it is important to develop models capable of relating 

information from molecular and cellular studies to organismal performance and further 

to the level of ecosystem services. Grimm and Martin (2013) proposed that a modeling 

approach for ecotoxicological assessment should be able to predict how effects of 

realistic environmental concentrations of pollutants on individual organisms produce 

effects at the population level. However, more rigorous and pragmatic models are 

needed to better resolve the mechanistic effects due to a variety of anthropogenic 

activities, which have implications in management and conservation of natural 

resources. To solve specific questions, a process-based dynamic energy budget (DEB) 

model has already been proposed to elucidate how effects on individual entities are 

linked to population level dynamics (Martin et al., 2012). Therefore, DEB models appear 

to provide the sort of quantitative framework for integrating biological processes from 

cells to population level across many taxa based on energy and mass budgets (Baas et 

al., 2010; Grimm et al., 2010; Martin et al., 2012; Nisbet et al., 2010; Sibly, 2013; Sousa 

et al., 2010).  
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The DEB model integrates ecotoxicological data by incorporating the effects on 

all life-history traits into a single framework. Body size depends on growth; therefore, 

application of organism’s body size in the current practice of interpreting standardized 

toxicity data enhances robustness of ecotoxicological studies (De Roos et al., 2003). 

Furthermore, knowledge of changes in reproduction in a population alone does not 

provide enough information to predict toxicant effects at the population level, but must 

be coupled with information about effects on growth  to  make such predictions  (Martin 

et al., 2013a). Therefore, application of the DEB model adds more value to explanations 

of ecotoxicological effects than does the current practice of interpreting standardized 

toxicity tests’ results (Jager, 2011; Jager et al., 2004; Kooijman et al., 1996). The 

current statistical approach to estimating no effect concentration (NOEC) and lowest 

effect concentration (LOEC) values provides limited information because effects vary 

based on duration of chemical exposure, toxicant nature, and species taxa. Therefore, 

these measures are hypothesis-based testing approaches, which compare results 

among control and treatment levels overall. Using regression analysis to measure effect 

concentrations (ECx) is a better approach to deal with these problems, but it still lacks 

robustness because it usually does not incorporate organism body size (Baas et al., 

2010; Muller et al., 2010a; Sousa et al., 2010). The DEB model not only integrates 

routine toxicity data to produce predictions for any exposure time, it also eases 

extrapolation from stress on individuals to effects on population level (Jager et al., 

2013b; Kooijman & Bedaux, 1996). Furthermore, standard toxicity tests do not account 

for increased sensitivity and loss of tolerance over multiple generations (Lamichhane et 

al. in press).  
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The DEB model has been successfully implemented in various test species, for 

different toxicants, and environmental conditions (Alvarez et al., 2006; Jager & Zimmer, 

2012; Martin et al., 2013b; Muller et al., 2010b; Nisbet et al., 2010). However, these 

studies focused only on a single generation of life-history traits. Multigenerational 

effects, as accounted by DEBtox applications, are very scarce (Massarin et al., 2011). 

In real-world scenarios, organisms live in a “soup” of chemicals over multiple 

generations. Therefore, alleles that confer resistance, but are otherwise deleterious, 

might be selected for and transferred to progeny. Organisms can then develop 

resistance with increased survival, but at the expense of decreasing performance in 

reproduction and growth over the course of multiple generations (Biron et al., 2012; 

Massarin et al., 2011). Research has shown that sublethal effects are observed at the 

molecular and genetic levels at the environmental concentration of sertraline (SERT)  

and carbamazepine (CBZ) exposures to aquatic organisms (Conners et al., 2009; 

Contardo-Jara et al., 2011; Dietrich et al., 2010; Kolpin et al., 2004b; Valenti et al., 

2012). At higher concentrations, the effects can be observed in individual survival, 

growth, and reproduction (Lamichhane et al., 2013; Massarin et al., 2011), but these 

studies do not conclusively link these sublethal effects to the changes in life-history 

traits. The major challenges here are to trace and keep track of how chemical exposure 

causes changes at the molecular level and to link the effects to life-history parameters. 

To link the biological processes, the DEB model provides a mechanistic representation 

of growth and reproduction under varying food, toxicants, and environmental factors 

(Nisbet et al., 2004). The DEB model also identifies the physiological mode of action 

(PMoA) linking individual to population-level effects.  
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The goal of this study is to apply the DEBtox model to the chronic effects of 

antidepressants and serotonin reuptake inhibitors (SSRIs) on survival, growth, and 

reproduction of C. dubia over multiple generations. We also aim to identify the 

ecotoxicological modes of action caused by chemical exposures across three 

successive generations.  

 

4.1.1 Model Structure 

A standard DEB model (Jager & Zimmer, 2012) was implemented with 

modifications to the model for this study. 

 

4.1.2 An Overview of Dynamic Energy Budget (DEB) Framework 

The DEB theory describes the acquisition of resources (i.e. food from the 

environment) and how organisms allocate the acquired energy to various physiological 

processes. The DEB theory provides a conceptual framework to quantify the amount of 

food intake and how energy gets channeled into growth and reproduction (Figure 4.1). 

The underlying principle of the DEB theory is that, once food is taken up by an 

organism, part of the energy is assimilated into the reserve compartment. The reserve is 

mobilized and split into two fluxes. A fraction of the reserve is utilized for somatic 

maintenance and growth, and the rest goes to maturation, maturity maintenance and 

reproduction (Kooijman, 2010). Somatic maintenance has to be satisfied first, and the 

rest of the flux goes to maturation during early life stages, or reproduction in the adult 

stage, which is related to the structural body length. Since these fluxes cannot be 

directly measured, the organisms’ body size and number of offspring serve as the 
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surrogates to estimate energy fluxes. The model includes structure and reserve as state 

variables, in which the potential priorities for allocating energy depend on life stages. 

The rate of energy mobilization depends on an organism’s body size and reserve 

density. In the model the resource allocations to various components are in proportion 

to the organism’s size. Therefore, the physical size of an organism contains 

contributions from the reserve, structure, and reproduction buffer (Jager & Zimmer, 

2012). Application of the DEB model helps to assess how chemical exposures alter 

growth and reproduction of individual organisms. Therefore, the DEB holds great 

potential to account for the comparative difference among toxicants and exposure for 

any period of time, and effects can be quantified at various life stages, which provide 

the basis for extrapolating from stress at the individual level to effects at the population 

level.  

 

4.1.3 DEB Theory in Toxicological Modeling 

The ability to link life-history processes such as survival, growth, and 

reproduction to stressors has been greatly improved though use of the DEB model. The 

DEB, as applied to the toxicology data (DEBtox), includes descriptions of how the 

toxicants alter one or more of the DEB parameters. Once the toxicant is absorbed by 

organisms, the effects are manifested in their physiological processes, such as growth 

and reproduction, via specific physiological modes of action (PMoA). The PMoA can be 

described as costs  of reproduction, feeding, maintenance, and growth, the effects of 

stressors on which  are in turn reflected in the DEB model  (Jager et al., 2004). Thus, 

the DEBtox provides quantitative representation of how toxicants can affect the shared 
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processes in various life stages based on modes of action. Toxicants can alter energy 

dynamics by decreasing the feeding rate or increasing the maintenance costs. These 

toxicant exposures can cause organisms to become more sensitive over multiple 

generations, and can alter the stress function that affects parameters of the organism, 

as related to organism’s body size. The model accounts for the stress function, which 

increases linearly above the no effect concentration (NEC). When considering toxic 

effects at higher levels of biological organization such as growth, reproduction, and 

population growth, the pharmacological modes of action may be relevant, because the 

modes of action rely on toxicological mechanistic effects on molecular target sites 

(Barata et al., 2012). Currently, the mechanistic model successfully extrapolates the 

molecular level effects up to individual-level endpoints (Villeneuve et al., 2007; Warner 

et al., 2012).  

The DEBtox model has been implemented to simulate the sublethal effects of 

chemical exposure based on PMoAs (Jager & Zimmer, 2012; Martin et al., 2013b; 

Nisbet et al., 2010). The impact on physiological processes can be quantified in terms of 

the toxic parameters in the DEB model (Billoir et al., 2009; Muller et al., 2010a). 

Furthermore, the DEBtox model has been successfully applied to study the life-history 

traits of a wide range of species and toxicant exposures (eg: cadmium, carbaendzaim 

and pentachlorobenzene exposures in Acrobeloides nanus (Alvarez et al., 2006): 

cadmium (Billoir et al., 2009), fluoranthene (Jager & Zimmer, 2012), phenol (Kooijman & 

Bedaux, 1996), 3,4–dichloroaniline (Martin et al., 2013b), and fenvalerate (Pieters et al., 

2006) exposures in Daphnia magna; chlorpyrifos exposure in Folsomia candida (Jager 

et al., 2007); nonylphenol exposure in Capitella teleta (Jager et al., 2011); copper 
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exposure in Dendrobaena octaedra (Klok et al., 2007);  barium exposure in Mytilus 

galloprovincialis and M. californianus (Muller et al., 2010b); and cadmium, fluoranthene, 

and atrazine exposures  in Caenorhabditis elegans (Swain et al., 2010)). These studies 

surmised that the observed chemical effects were due to alterations of energy budgets, 

thus affecting growth and reproductive performance. Here we implemented the DEBtox 

model by integrating organism body size into routine toxicity data over multiple 

generations.  

 

4.2 Material and Methods 

4.2.1 Growth and Reproduction Data 

In the DEBtox model we applied data from Lamichhane et al. (2013) on survival, 

growth, and reproduction (number of offspring and inter-brood duration), which was 

measured in three successive generations of Ceriodaphnia dubia under static renewal 

conditions, following US EPA guidelines (2002). Briefly, chronic toxicity tests were 

conducted on <24 h old neonates of the third brood of C. dubia in a series of SERT 

chemical concentrations. Reproduction was measured as the total number of neonates 

produced in each brood daily. For the growth study, groups of 25 neonates (<24h old) 

were separately exposed to the chemicals in a 500–mL beaker for each concentration 

and a control group. The body length was measured daily as the distance from the apex 

of the head capsule to the base of the tail spine at the carapace. To measure body 

length, we used a digital analyzing system (Axio Vision Rel. 4.7 imaging system 

camera; Carl Zeiss, Germany) that was calibrated with a micrometer at 5 × (2.02 μm), 

10 × (1.01 μm), and 40 × (0.25 μm) with X– and Y–scaling. Each organism received an 
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optimal food density of 0.5 mL of 20 × 106 cells mL-1 unicellular algae, P. subcapitata, 

daily. Chronic toxicity tests met the acceptability criteria described in the US EPA 

protocol (i.e. ≥80% of all control organisms survive, and 60% of the surviving control C. 

dubia had produced at least three broods with an average of 15 neonates per surviving 

female within 7d) in each F0, F1, and F2 generation. 

 

4.2.2 Exposure Concentrations 

For the nominal treatment levels of 0.005, 0.05, 0.5, 5, and 50 μg L−1, the SERT 

measured concentrations were 0.0063 ± 0.007, 0.056 ± 0.02, 0.47 ± 0.03, 4.8 ± 0.32, 

and 53.4 ± 6.19 μg L−1 (mean, μg L−1 ± SD), respectively, over the course of two weeks 

of exposure. Similarly, the CBZ measured concentrations were 13.6 ± 5.26, 40.0 ± 5.15, 

104.0 ± 7.94, 196.7 ± 9.07 and 264.6 ± 6.58 (mean, μg L−1 ± SD) over the course of two 

weeks of exposures. The detailed procedure for the sample analysis and instrumental 

analysis (LC-MS/MS) has been previously published (Lamichhane et al., 2013).  

 

4.2.3 Implementation of DEBtox Model 

All computations were carried out in Matlab (Version R2012b, MathWorks Inc., 

CA, USA) programming software. We implemented a simplified DEB model for 

toxicological effects (Jager & Zimmer, 2012), which is available on the DEBtox website 

(DEBtoxM 1.03; http://debtox.info/debtoxm.php). Briefly, the equations and parameters 

involved in the DEBtox submodel are given in Table 4.1 and Table 4.2, respectively. 

State variables are reserve density (e) (scaled with respect to maximum reserve density 

in the control), reproduction (R), and stress factor (s)(0 in the control), chemical 

http://debtox.info/debtoxm.php
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concentration, (c) and structural body length (L). The scaled reserve density receives 

energy from assimilated food and mobilizes it to different functions at a rate depending 

on the structural body length is given in (equation 1). In the modifications to DEBtox 

growth submodel, organism’s scaled body length relative to the maximum length of 

control organisms was used to analyze growth over time. The organism’s scaled body 

size is more practical than the actual body size because under ad libitum condition, 

scaled body size not only determines the rate of ingestion but also the maximum 

volumetric length (see equation 2). Furthermore, the scaled body size determines the 

volume-specific maintenance cost and cost for growth indirectly, which follows the Von 

Bertalanffy growth curve. In the reproduction submodel, reproduction depends on the 

organism’s scaled body size, food availability, and reserve mobilization. Therefore, 

maximum reproduction is proportional to the maintenance cost, assimilation rate, and 

growth cost (see equation 3). In this equation, R  represents reproduction rate, and 

subscripts M, m, and p are maintenance cost, maximum, and puberty, respectively. 

In the stress submodel (equations 5, 5.1,…, 5.5), chemical exposure may affect 

one or more of the DEB parameters, which can be measured by applying the 

toxicokinetic model. In steady state equilibrium, the external concentration )( dc is equal 

to the internal concentration )( vc .This equilibrium condition holds true for the scaling 

factors of these parameters, because dc and vc are scaled by the bioconcentration 

factor, Pvd. Here we apply external chemical concentrations in the model. The scaled 

internal concentration depends on the organism’s body length (L) as given in equation 

4. In the equation, ek represents an elimination rate, and mL is the maximum size of the 
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organism. Thus, smaller organisms will have a higher elimination rate. The relationship 

between scaled internal concentration and the stress function in the model parameter is 

given in equation 5. In the equation s is the indicator of stress, accounting for sublethal 

effects that are assumed to depend on toxicant exposure concentration. 0c is an NEC 

threshold, above which the stress factor increases linearly.  Therefore, the stress factor 

in the DEB model identifies possible physiological modes of action of chemical 

exposure, which are given in equations 5.1 to 5.5 (Table 4.1). For example, chemical 

effects on the food assimilation rate depend on the stressor’s accumulation, as is 

represented in equation 5.1. The somatic and maturity maintenances depend on the 

stress factor (equation 5.2), but structure and maturation costs increase with slower 

growth and delay reproduction, as represented in equation 5.3. Overhead costs for 

making an egg and hazard during oogenesis, both of which delay reproduction, are 

given in equations 5.4 and 5.5, respectively. 

We parameterized the chemical effects using individual data on survival, growth, 

and reproduction obtained from standardized toxicity tests, and then we simulated the 

data using DEBtox. Parameterization was conducted using a Nelder-Mead simplex 

direct search in Matlab R2012b. The optimization routine converged to a solution after 

66 iterations. The model was fitted to all generations with a single set of parameters 

obtained from control organisms in the F0 generation. The parameter definitions, their 

maximum likelihood estimates, and their confidence interval for the estimated 

parameters of F0, F1, and F2 are given in Table 4.3. We also analyzed stress factors 

relative to organism body size to explain the physiological mode of action estimated 

from the model fit. A detailed model description, derivation, and underlying assumptions 
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can be found inJager and Zimmer (2012). All reproduction data are scaled to the 

offspring volume in the control (average of solvent control and blank) in the F0 

generation. Reproductive output is scaled to the offspring size. The Matlab scripts and 

their output are given in Appendices C and D, respectively. 

 

4.3 Results 

4.3.1 Model Fits  

4.3.1.1 Case for SERT exposure to C. dubia 

The model fit shows that effects of SERT exposure on growth and reproduction 

of C. dubia are dependent on their body sizes across the three generations. All model 

parameters studied were similar for all three generations except the organism’s body 

size, which decreased over the successive generations. The model fit indicates that C. 

dubia survival was least affected by the SERT exposure concentrations, which have 

been predicted across three generations. Furthermore, in the F0, NEC (c0, 2.89 ×10-6 

μg L−1) was estimated to be approximately two orders of magnitude smaller than 

environmentally relevant concentrations (Table 4.2). The NEC equals the EC0 at infinite 

time. This model’s maximum likelihood parameter estimates the loss of tolerance 

concentration (CT) between the 95% confidence interval of 0.797 – 1.25 μg L−1 SERT 

exposure (Table 4.2). The model predicts that the reserve has a minor role in storing 

energy, because C. dubia is a relatively small organism whose body size hardly grows 

beyond 1 mm. This indicates that assimilated energy is directly utilized in physiological 

processes rather than being stored. Therefore, the investment ratio (g) is less likely to 

be affected. Thus, it has been changed from 1 to 10, which helps to fit the model better. 
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The model output indicates that the investment into offspring precedes the appearance 

(and counting) of offspring by 0.5 days. The scale factor of offspring numbers was 

applied to their volume using the measured offspring sizes relative to the control. A 

clear effect on reproduction was observed across three generations: a similar number of 

offspring were produced in most treatments, but their size was much smaller (Figure 

4.2). In the F0 generation, growth and reproduction data  are  omitted from the DEBtox 

model fit at 0.0054 μg L−1 SERT exposure concentration, because slight stimulatory 

effects on growth and reproduction were observed at the lowest concentration. In this 

lowest SERT exposure concentration, growth is similar to the control. However, the 

growth is slightly increased initially and reproduction is much more enhanced because 

larger offspring are produced. This cannot be captured by a change in one parameter 

only. However, such stimulatory effects stopped by the second and third generations, 

which might be due to C. dubia offspring that have been acclimatized to the SERT 

exposure. As shown in Figure 4.3, there is a linear relationship between scaled 

ingestion rate and scaled offspring body length. Furthermore, the stress factor increases 

linearly with increasing SERT concentrations over time. 

The model output shows that SERT exposure decreases the feeding rate, which 

can be best explained by the model fit as PMoA “assimilation”. A decrease in 

assimilation rates leads to a decrease in growth and an even greater decrease in 

reproduction. For this reason, the relationship between offspring body size, relative to 

the control, and the stress factor was further analyzed by linear regression analysis 

using sums of squares. The stress factor (s) at t = 5 and 10 d is shown to be related to 

the four higher SERT exposure concentrations (i.e. 0.056, 0.47, 4.8, and 53.4 μg L−1). 



78 

The stress factor increased with increasing SERT exposure concentration, the toxic 

effect of which might have caused a decreased ingestion rate. The regression equation 

indicates that y = -1.23x (95% confidence interval of the slope -1.36 to -1.10). This 

equation shows that a strong linear relationship between the stress factor in the 

treatments and offspring body size, which was observed with increasing SERT 

exposure concentrations (Figure 4.4). The stress factor increased not only with 

increasing SERT concentration but also with exposure time. These increases may have 

decreased offspring body size. Furthermore, this stress factor relative to the offspring 

body size slightly decreases across successive generations, indicating that the 

organism’s body size largely influences the toxicity of the SERT exposure. Therefore, 

sensitivity of SERT exposure was observed at higher concentrations, reducing growth 

and reproduction of C. dubia progeny. This reduction indicates that the same stress 

factor can be responsible for the effect both on decreased feeding capacity and on 

offspring size (Figure 4.4). The model fit shows that the effects on ingestion rate and on 

offspring body size relative to the control are almost similar. As a 10% decrease in 

feeding rate relates to a 10% decrease in the adult final size, it also leads to a 10% 

decrease in the offspring size. These effects on life-history traits will have long-term 

implications on population size. Furthermore, this study indicated that population growth 

across various SERT exposure concentrations is almost identical in all three 

generations (Table 4.2). 

Application of chronic toxicity test results in DEBtox model predicts organisms’ 

feeding rate depends on their body size. The effect pattern over multiple generations 

was observed similar. This indicates that the organism might have adapted or 
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developed tolerance to SERT exposures, thus becoming smaller and reproducing fewer 

offspring. Therefore, the energy might have redistributed to affect one or more 

physiological modes of action.  

 

4.3.1.2 Case for CBZ exposure to C. dubia 

The simulated chronic effects of CBZ exposure to C. dubia over multiple 

generations increase the cost for growth and maintenance, and reproduction. The 

model predicts slower growth during the early growing period, but no effects was 

observed on the final body size. Moreover, the model predicts delayed reproduction. 

However, the effect that was observed in the reproduction could be due to increased 

reproduction cost (reproduction buffer into new offspring) and embryonic hazard (eggs 

mortality) (Table 4.2 and Figure 4.5). The growth was slowly reduced at the growing 

phase, which could be due to energy being utilized for reproduction and maturity 

maintenance from reserve. CBZ exposure significantly decreased reproduction at 260 

μg L−1, but this does not lead to change into the body size among control (0.242 ± 0.006 

mm) vs. the highest treatment level (0.229 ± 0.008 mm). The trend remained consistent 

over the successive generations. Therefore, these observations postulate the mode of 

chemical action directly affected into the reproduction. Organism body size did not alter 

the reproductive maintenance.  The model predicts that the NEC was 4.76 × 10−4 

μg L−1, which is below CBZ exposure concentrations as determined from the 14 d 

toxicity test results (Table 4.2). The model shows the increased CBZ concentration 

linearly increases the stress function (Figure 4.6). These parameters ultimately affect 

the population size and structure due to increased cost for reproduction and embryonic 
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hazard. ECx values for growth and reproduction over the multiple generations remained 

consistent. Therefore, ECx can lead to produce similar PMoAs. Although body size is 

not measured in the standardized toxicity tests, it is important to incorporate the body 

size for identifying how the measured endpoint can be altered by the chemical 

exposures to produce different ECx.  

Model fit predicts organisms grow slowly with increasing CBZ exposure 

concentrations. Number of offspring per female decreased in higher CBZ 

concentrations. Model fit also shows that the growth patterns are identical over multiple 

generations; however, reproduction decreased over the subsequent generations, and 

profoundly reduced at the highest CBZ exposure concentration by the third generations. 

The stress factor increased with increasing CBZ exposure concentration, the toxic effect 

of which might have caused a decreased ingestion rate. The regression equation 

indicates that y = -0.03x (95% confidence interval of the slope -0.039 – -0.027). This 

equation shows that a strong linear relationship between the stress factor in the 

treatments and offspring body size occurs, which was observed with increasing CBZ 

exposure concentrations (Figure 4.6). However, in comparison, the effects of SERT 

exposure are higher than CBZ exposure. The possible reason for the bigger effects of 

SERT exposure might be due to smaller-sized organisms produced over the successive 

generations, and there is also the possibility of a higher body burden of SERT. 

 

4.3.2 Assumptions  

It was assumed that saturation on the toxicokinetics of chemical exposures would 

occur in C. dubia. This means that, at higher concentrations, doubling the external 
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concentration does not lead to doubling of effects (Figure 4.2). In particular, SERT 

exposure is increased 100-fold in the highest three concentrations without much extra 

effect on growth and reproduction. This might be due to some receptor or bioavailability 

issues. The toxicokinetics of the SERT and CBZ might have reached the target site 

more slowly due to bioavailability and physiological interactions. The reserve itself likely 

plays a minor role so energy investment is set high (g = 10). The DEBtox model is 

heavily depends on constancy of the length at puberty as a function of stress factor. The 

model does not deal with the embryonic phase, ageing, and food limitations.  

 

4.4 Discussion  

The DEBtox model allows for the fitting of standardized toxicity data on survival, 

growth, and reproduction of C. dubia across multiple generations. The DEBtox model 

fitting showed that a decrease in food assimilation of C. dubia resulted from increased 

SERT exposure. SERT exposure primarily affects food acquisition. Thus, a decrease in 

the assimilation rate led to an increase in maintenance costs, which ultimately affected 

C. dubia growth and reproduction. 

SERT treatments produced significant increases in reproduction before causing 

reproduction to decrease at higher treatment levels. Furthermore, a slight stimulatory 

effect on the growth at the SERT exposure of 0.0054 μg L−1 was observed. This 

concentration represents the environmentally relevant concentration that has been 

found in surface water in North America and Europe (Kwon & Armbrust, 2008). 

However, this hormetic response is restricted to a very small concentration range, so it 

is very sensitive to small deviations in the exposure concentration. Such stimulatory 
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effects during early growth periods of the parental generation produce bigger effects on 

reproduction at environmentally relevant concentrations. Mechanistically, extra 

investment in growth might have been compensated for by up-regulating energy 

acquisition from food assimilation or by reducing maintenance costs. The increasing 

energy input into individual organisms increased the growth and reproduction, thus 

producing larger offspring. However, the stimulatory effects stopped by the second 

generation. The hormetic response might be expected to disappear in constant food 

environments in the long run (Jager et al., 2013a; Jager & Klok, 2010). There are two 

possible reasons to explain this. First the pharmacological mode of actions of SSRI 

favors earlier reproduction and slower growth by producing more, but smaller-sized, 

organisms (Campos et al., 2012). SSRI exposures stimulate ecdysteroids, ecdysone, 

and juvenile hormones, which are responsible for regulating oogenesis and molting in 

invertebrates (Flaherty & Dodson, 2005).  Second, it could be that the organisms have 

acclimatized to the chemical concentration or detoxified over time at lower 

concentrations. The latter process, hormetic dose response, occurs as a result of a 

direct stimulation without altering homeostasis (Calabrese, 2010). Such stimulatory 

responses will be about 30% – 60% greater than the control organisms’ response. The 

response describes the plasticity of biological systems ranging from cells to organisms. 

The effects of SERT exposure observed on individual life-history parameters translate 

into effects on the population level.  

Previous studies have demonstrated that sublethal SERT exposures to C. dubia 

cause alteration of specific biochemical and enzymatic activities at environmental 

concentrations (Lowry & Moore, 2006); this study establishes negative effects on growth 
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and reproduction by alteration of  the energy dynamics of shared life-history processes. 

The effects mostly depend on the modes of action of specific chemicals designed for 

therapeutic effects. Some studies show that the effects might be temporary and will go 

away in a few generations; however, most of the chemicals stay in the tissue  over the 

long run, thus potentially impacting their dynamic energy allocation and increasing 

maintenance costs, consequently affecting life-history traits (Massarin et al., 2011).The 

degree of effects on growth is dependent on the duration of exposure (Alvarez et al., 

2006). Moreover, allocation of energy is reserved for various processes to maintain 

increased growth at an early age. Thus, sensitivity and loss of tolerance slightly 

increased over the generations.  

According to the previous study (Lamichhane et al., in press), SERT exposure 

decreased reproductive output by 50% (EC50) at 60 μg L−1 in the first generation. The 

sensitivity to SERT exposure of C. dubia reproduction increased over time in the F1 and 

F2 generations, where the EC50 value declined from 59.4 to 17.2 μg L−1. A decreased 

body size in successive generations was also observed. At this chemical concentration, 

the model application shows that the organisms’ body size largely influences the 

performance of C. dubia growth and reproduction, and more importantly the stress 

function of SERT exposure. Consequently, CBZ exposure significantly decreased 

reproduction at 264.6 μg L−1 but this does not lead to change into the body size among 

control (0.242 ± 0.006 mm) vs. the highest treatment level (0.229 ± 0.008 mm). The 

trend remained consistent over the successive generations. Therefore, these 

observations postulate the mode of chemical action directly affected the reproduction. 
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Therefore, integrating the organisms’ body size and stress function provides a better 

understanding of chemical exposures to life history traits.  

At the higher exposure, decreased energy investment per offspring was 

observed, indicating smaller-sized offspring per female. These offspring have lower 

fitness levels compared to larger offspring. At higher SERT exposure concentration, a 

decrease in reproductive output might have been linked to pharmacological modes of 

action due to inhibition of serotonin production. SSRIs play an important role in many 

physiological and developmental functions, such as the regulation gonad stimulating 

factors in the brain and the thoracic ganglia. SSRIs thus influence gonad development, 

growth, metabolism, and foraging capacity in crustaceans (Conners et al., 2009; 

Nagaraju, 2011).  

Reduction in food intake decreases assimilation efficiency and leads to slower 

growth, delayed reproduction, and lower reproduction rates (Jager et al., 2013b). The 

usefulness of the DEB is that it can be integrated with the effects of toxicants, and the 

results will be useful to inform regulatory actions relevant to protecting endangered 

species and ecosystem services. In addition, DEB can be applied to multiple stressors 

(Jager et al., 2010; Preuss et al., 2009). Nonetheless, current practices under standard 

toxicity tests do not account for the effects observed over multiple generations 

(Lamichhane et al., 2013). Effects of toxicant accumulation in organisms can be 

transferred to their progeny via residual and low-quality alleles to cause effects over the 

successive generations (Noonburg et al., 2010). Larger organisms can detoxify faster or 

can assimilate faster than the smaller-sized organisms (Jager et al., 2005). Individuals 

with the same length and food intake grow or reproduce at different rates under similar 
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environmental conditions (Jager et al., 2013a). Therefore, larger organisms produce 

more offspring and transfer toxicant loads from the mother to the offspring. The model fit 

shows that SERT exposure affects the feeding rate, thus decreasing the body size and 

increasing the maintenance cost, while also reducing the number of offspring.  

Effects of stressors on individual life-history parameters translate to the 

consequences on the population growth and abundance (DeAngelis et al., 1993; Sibly, 

2013). Evidence shows that increased chemical concentrations change allocation 

priorities. Therefore, toxicant induced stress reduces the food intake and impacts on 

growth and reproduction (Brown & Sibly, 2006). The DEB model precisely explains on 

scaling relationships among allocations of energy in maintenance, growth, and 

reproduction by organism size. 

Application of the DEBtox model indicates that current practices to interpret 

toxicity data hinge on knowledge of organism’s body size. The model predicts that 

SERT exposure affects the physiological process by acting on feeding or assimilation of 

energy from food, which also might be linked to pharmacological modes of action 

caused by SERT exposure. The model properties were consistent with known growth 

and reproduction patterns of C. dubia. Therefore, the offspring size decreases due to 

the effect on feeding; however, offspring number is less affected than total investment in 

reproduction. Under low SERT concentration, the model predicts that there is a trade-off 

between reproductive output and growth where more offspring with larger body size are 

produced. Changes in feeding rates due to lower SERT exposures lead to stimulatory 

response on growth and, to a greater degree, on reproduction at the environmentally 

relevant concentrations. However, a decreased assimilation rate observed at higher 
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SERT exposures consequently led to decrease in growth and reproduction. Therefore, 

application of organisms body size in DEBtox model adds benefits assessing 

ecotoxicological risk associated with pharmaceutical exposures.  
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Table 4.1 DEBtox sub model, parameter, and equation (adapted from Jager and 
Zimmer, 2012). 
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Table 4.2 DEBtox parameters (definition, symbol, estimated value, and units), using maximum likelihood, and 95% 
confidence interval estimate of the model fits. 

Parameters Symbol 
Estimated Value (95% Confidence Interval) 

Unit 
Sertraline Carbamazepine 

Dominant rate constant ek  0.562 (0.299 – 1.86) 0.336 (0.542 – 1.27) 1−d  

Half-saturation concentration Cdk 0.331 (0.263 – 0.399) 0.331 (0.263 – 0.399) μg L−1 

NEC for metabolic effect 0c  2.88 ×10−6 (0 – 3.05 ×10−3) 4.76 × 10−4 (0 – 4.12 ×10−2) μg L−1 

Tolerance concentration Tc  1.03 (0.797 – 1.25) 185.5 (167 –205) μg L−1 

Initial body length 0L  0.20 0.20 mm 

Half  maximum-ingestion length fL  0.219 (0.206 – 0.234) 0.219 (0.206 – 0.234) mm 

Body length at puberty pL  0.561 (0.544 – 0.593) 0.560 (0.542 – 0.591) mm 

Maximum body length  mL  1.11 (1.09 – 1.13) 1.11 (1.09 – 1.13) mm 

Von Bertalanffy growth rate constant  Br  0.370 (0.348 – 0.394) 0.370 (0.348 – 0.394) 1−d  

Maximum reproduction rate mR  8.49 (8.10 – 9.05) 8.49 (8.10 – 9.05) 1# −d  

Bioconcentration factor  Pvd 1 1  

Blank hazard rate 0h  1×10−6 1×10−6 1−d  
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Energy investment ratio g  10 10 [ ]−  

Scaled food density f  1  1  [ ]−  

Stress function s 0.23 (0.14-0.32) 0.67 (0.33-1.02)  [ ]−  

Scaled reserve density e n.a. n.a.  [ ]−  

Somatic maintenance rate Mk  n.a. n.a.  
1−t  

Energy conductance  ν  n.a. n.a.  1−lt  

Scaled killing rate ∗b  n.a. n.a. 113 # −− tL  

Where ,,#,,,, ⋅ctel  and [ ] refer to the length, energy, time, concentration, number of organism, rate, and volume specific 

quantities, respectively
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Figure 4.1 Schematic representation of energy flow in a DEB model (Kooijman, 2010; 
Jagar & Zimmer, 2012; Martin et al., 2013). 
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Figure 4.2 Data and simultaneous model fits for growth and reproduction endpoints in C. dubia exposed to sertraline over 
three (F0, F1, and F2) successive generations. The top graphs show the body size data points for all concentrations, 
whereas the bottom graphs show the cumulative offspring-per-female data points for all concentrations. Symbols and 
solid lines represent the observed data and model predictions for the exposure concentrations. The 95% confidence 
intervals represents the uncertainty of the mean. 
  Control,   1×10-6 μg L−1,   0.0063 μg L−1,  0.056 μg L−1,    0.47 μg L−1,     4.8 μg L−1,    53.4 μg L−1.  

 

 

F0 generation      F1 generation      F2 generation 
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Figure 4.3 Scaled offspring body length relative to control versus the scaled ingestion 
rate at t=10 d. Ingestion rates were identical for all three generations. 

Figure 4.4 Scaled offspring body size versus stress factor at t=10 d. Dashed lines 
indicate 95% confidence intervals of the slopes calculated by regression analysis, y = -
1.23x (95% confidence of the slope -1.21 –  -1.30). Offspring size was scaled to the 
offspring size of the control in each generation separately for four highest sertraline 
exposure concentrations on F0 generation. Stress factors were identical for all three 
generations. 
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F0 generation        F1 generation              F2 generation 

Figure 4.5 Data and simultaneous model fits for growth and reproduction endpoints in C. dubia exposed to 
carbamazepine over three (F0, F1, and F2) successive generations. The top graphs show the body size data points for all 
concentrations, whereas the bottom graphs show the cumulative offspring-per-female data points for all concentrations. 
Symbols and solid lines represent the observed data and model predictions for the exposure concentrations. The 95% 
confidence intervals represents the uncertainty of the mean. 
  Control,    13.6  μg L−1,    40 μg L−1,    104 μg L−1,    196.7 μg L−1,    264.6 μg L−1.  
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Figure 4.6 Scaled offspring body size versus stress factor at t=10 d. Dashed lines 
indicate 95% confidence intervals of the slopes calculated by regression analysis, y = -
0.03x (95% confidence of the slope -0.039 – -0.027). Offspring size was scaled to the 
offspring size of the control in each generation separately for four highest 
carbamazepine exposure concentrations on F0 generation. Stress factors were identical 
for all three generations. 
 

 

 

 

 

 

 

 

 

 

 



99 

CHAPTER 5  

OVERALL CONCLUSIONS AND FUTURE PERSPECTIVES 

The research goal of this project was to examine the effects of exposure to two 

candidate pharmaceutical chemicals’, carbamazepine (CBZ) and sertraline (SERT), on 

life-history traits of ecologically relevant test species C. dubia in successive generations 

under laboratory conditions, and application of these traits to the DEBtox model.   

In the standardized toxicity test, the results suggest that growth and reproduction 

in successive generations are not different than those which one would obtain by testing 

the F0 generation. The effects of CBZ exposure significantly decreased fecundity at 

264.6 µg L-1 in F0, and the results remained consistent over three generations. More 

specifically, the results indicate that there is a trade-off between growth and 

reproduction to maintain reproductive output. The reason for this could be that 

organisms exhibit tolerance to the CBZ exposure or become physiologically acclimated. 

The lowered reproductive output is evidence for higher energy needs for maintenance.  

Similarly, under SERT exposure, the study not only shows that SERT exposure 

affects growth and reproduction of C. dubia, but also determines that the organisms’ 

sensitivity to SERT becomes more pronounced by the third generation for neonate body 

length, neonate dry weight, time to first brood, and number of neonates produced per 

female. Thus, potential transgenerational effects by the third generation in this study 

remained sensitive to SERT. The lowest concentration to affect fecundity and growth 

was at 53.4 µg L-1 in the first two generations. These parameters became more 

sensitive in the third generation where the LOEC was 4.8 µg L-1. Therefore, 

multigenerational studies are important because, while some effects are not 
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transgenerational, some chemicals do affect organisms in this manner and in such ways 

that sensitivity increases over time might be linked to both pharmacological and 

physiological modes of action. Such transgenerational effects may link to organisms’ 

receptors that act to the long term exposure of SERT. 

Application of the DEBtox model indicates that current practices to interpret 

toxicity data hinge on knowledge of organisms body size. The model predicts that SERT 

exposure affects the physiological process by acting on feeding or assimilation of 

energy from food, which also might link to pharmacological modes of action caused by 

SERT. Also, the offspring size decreases with the effect on feeding; however, offspring 

number is less affected than total investment in reproduction. Under low SERT 

concentration, the model predicts that there is a trade-off between reproductive output 

and growth by producing more offspring with larger body size. Changes in feeding rates 

due to lower SERT exposures lead to have slight stimulatory effects on growth and, 

much more so, on reproduction at the environmentally relevant concentrations. 

However, a decrease in the assimilation rate observed at higher SERT exposures, 

consequently led to a decrease in growth and reproduction. Decreasing ingestion rate 

leads to slow growth of organisms, which increases the stress factors as increasing 

SERT concentrations. For these reasons, organisms could not grow to final body size. 

Interestingly, CBZ exposure effects on maintenance and growth cost by slowing the 

growth, but no effects on final body size, and delayed reproduction. Therefore, 

application of organism body size in the DEBtox model facilitates the assessment of 

ecotoxicological risks associated with pharmaceutical exposures to non-target 

organisms via physiological modes of action. 
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APPENDIX A  

EFFECTS OF CARBAMAZEPINE TO LIFE HISTORY TRAITS OF Ceriodaphnia dubia
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Table A.1 Effect concentrations (EC20, EC50, confidence interval and slope) on total brood production by Ceriodaphnia 
dubia exposed to carbamazepine in two weeks over three generations. 

 

Endpoints/Generation 

 F0   F1   F2  

 EC20 
(µgL-1) 

EC50 
(µgL-1) EC20/EC50 Slope  

EC20 
(µgL-1) 

EC50 
(µgL-1) EC20/EC50 Slope  

EC20 
(µgL-1) 

EC50 
(µgL-1) EC20/EC50 Slope 

Fecundity, 14–d broods  
162.5 365.3 0.44 1.6 

 
136.9 360.4 0.38 

1.1  
167.9 316.2 0.53 3.1 

Adult body length (mm)  348.3 559.8 0.62 0.82  326.1 452.9 0.72 0.90  320.1 429.5 0.74 0.70 

Neonate dry weight (µg)  197.6 377.8 
0.52 

1.11  132.4 258.4 
0.51 

1.45  104.0 243.1 
0.43 1.13 
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Table A.2 Adult dry weight (pooled) of Ceriodaphnia dubia exposed to carbamazepine 
over three generations 

Treatment 

(µgL-1 

CBZ)  

F0 
 

F1 
 

F2 

Average dry 

weight (µg) 
N   

Average dry 

weight (µg) 
N   

Average 

dry weight 

(µg) 

N 

Control 20.00 10   18.00 10   19.00 10 

13.6 21.11 9   20.00 10   20.00 10 

40.0 19.00 10   18.00 10   17.78 9 

104.0 21.00 10   17.00 10   18.89 9 

196.7 15.56 9   13.33 9   13.00 10 

264.6 16.67 9   15.00 8   13.75 8 
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Table A.3 Mortality and male adult of Ceriodaphnia dubia exposed to carbamazepine 
over three generations. 

Treatment  

(µgL-1 

CBZ) 

F0  F1  F2 

Total number of  Total number of  Total number of 

dead male dead male dead male 

Control 0 0 0 0 0 0 

13.6 1 0 0 0  0 0 

40.0 0 0  0 0  1 0 

104.0 0 0  0 0  1 0 

196.7 1 0  1 0  0 0 

264.6 1 0  2 1  2 3 
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APPENDIX B  

EFFECTS OF SERTRALINE TO LIFE HISTORY TRAITS OF Ceriodaphnia dubia
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Table B.1 Chronic (14 d) reproductive end-points (mean ± SD) of sertraline to Ceriodaphnia dubia in three successive 
generations  

Measur
ed 

Conc. 
(µg L-1) 

 F0  F1  F2 
 Time to 

first brood 
(d) 

No. of 
broods/fe

male 

No. of 
neonates/fe

male 

 Time to 
first brood 

(d) 

No. of 
broods/fem

ale 

No. of 
neonates/f

emale 

 Time to first 
brood (d) 

No. of 
broods/fe

male 

No. of 
neonates/fem

ale 
CTRL  4.30 ± 0.48 7.1 ± 0.57 84.9 ± 3.96  4.40 ± 0.52 6.9 ± 0.57 82.7 ± 4.26  4.30 ± 0.48 6.7 ± 0.48 83.4 ± 4.53 

SC  4.40 ± 0.70 6.6 ± 0.70 85.2 ± 4.97  4.50 ± 0.71 6.6 ± 0.70 83.9 ± 4.79  4.50 ± 0.71 6.6 ± 0.70 85.6 ± 4.72 
0.0063  4.50 ± 0.71 6.6 ± 0.70 86.2 ± 4.69  4.50 ± 0.71 6.7 ± 0.48 80.1 ± 5.16  4.20 ± 0.42 6.9 ± 0.57 76.5 ± 3.56 
0.056  4.50 ± 0.53 7.0 ± 0.47 82.8 ± 4.85  4.50 ± 0.53 6.8 ± 0.47 73.6 ± 4.0  4.40 ± 0.70 6.8 ± 0.42 77.1 ± 4.71 
0.47  4.40 ± 0.52 6.7 ± 0.48 76.8 ± 5.09  4.30 ± 0.52 6.7 ± 0.48 71.6 ± 4.64  4.30 ± 0.48 6.6 ± 0.70 74.8 ± 6.76 
4.8  4.40 ± 0.52 6.4 ± 0.97 72.6 ± 7.36  4.30 ± 0.48 6.0 ± 1.25 68.7 ± 6.85  4.50 ± 0.71 6.3 ± 0.67 36.0 ± 4.21* 
53.4  4.50 ± 0.92 5.8± 1.48* 35.4 ± 4.98*  4.44 ± 0.73 6.0 ± 1.05 28.3± 3.51*  5.86 ± 1.46* 5.7 ± 1.06* 21.6 ± 4.32* 

DF,      
F ratio,      
p -value 

 
F6, 63 =0.70, 
p < 0.691 

F6, 63 = 2.6,    
p = 0.024 

F6, 63 = 31.9,    
p <0.0001 

 
F6, 62 =0.20,    
p = 0.973 

F6, 63 = 2.2,    
p < 0.0506 

F6, 63 =23.4,      
p <0.0001 

 
F6, 60 = 4.6,    
p = 0.0007 

F6, 63 = 3.5,    
p < 0.0047 

F6, 63 =48.9,     
p <0.0001 

MSD  0.67 or   
15.6% 

1.14 or 
16.1% 

9.05 or    
10.7% 

 0.56 or   
12.7% 

1.07 or   
15.5% 

11.23 or   
3.6% 

 0.72 or     
16.7% 

0.93 or   
13.9% 

10.25 or       
2.3% 

*Parametric one-way ANOVA, Tukey's multiple comparison test and minimum significance difference (MSD) at α = 0.05. 

 

 

 

 

  



107 

Table B.2 Chronic (14 d) growth end-points (mean ± SD) of sertraline to Ceriodaphnia dubia in three successive 
generations  

Measured 
Conc.     

(µg L-1) 

 F0  F1  F2 
 Neonate 

body length 
(mm) 

Neonate dry 
weight     
(µg) 

Adult body 
length   
(mm) 

 Neonate 
body length 

(mm) 

Neonate 
dry weight 

(µg) 

Adult body 
length   
(mm) 

 Neonate 
body length 

(mm) 

Neonate 
dry weight    

(µg) 

Adult body 
length   
(mm) 

CTRL 
 

0.242 ± 
0.020 

2.5742 ± 
0.031 

1.170 ± 
0.125 

 
0.243 ± 

0.019 
2.3887 ± 

0.038 
1.160 ± 

0.117 

 
0.242 ± 

0.021 
2.3153 ± 

0.010 
1.170 ± 

0.125 

SC 
 

0.242 ± 
0.014 

2.3521 ± 
0.026 

1.180 ± 
0.114 

 
0.242 ± 

0.016 
2.5370 ± 

0.031 
1.170 ± 

0.134 

 
0.241 ± 

0.024 
2.4294 ± 

0.041 
1.160 ± 

0.113 

0.0063 
 

0.243 ± 
0.021 

2.4168 ± 
0.022 

1.190 ± 
0.120 

 
0.244 ± 

0.022 
2.4097 ± 

0.012 
1.160 ± 

0.126 

 
0.244 ± 

0.022 
2.1693 ± 

0.018 
1.170 ± 

0.125 

0.056 
 

0.244 ± 
0.023 

2.6891 ± 
0.037 

1.180 ± 
0.092 

 
0.243 ± 

0.018 
2.5929 ± 

0.016 
1.150 ± 

0.085 

 
0.241 ± 

0.020 
2.2861 ± 

0.033 
1.140 ± 

0.117 

0.47 
 

0.241 ± 
0.019 

2.1451 ± 
0.042 

1.180 ± 
0.103 

 
0.240 ± 

0.021 
2.2052 ± 

0.028 
1.080 ± 

0.123 

 
0.239 ± 

0.022 
1.7761 ± 

0.017 
1.089 ± 

0.162 

4.8 
 

0.240 ± 
0.018 

1.3868 ± 
0.025 

1.150 ± 
0.127 

 
0.239 ± 

0.021 
1.4883 ± 

0.043 
1.111 ± 

0.117 

 
0.231 ± 
0.020* 

1.2897 ± 
0.023* 

1.090 ± 
0.120 

53.4  0.234 ± 
0.017* 

0.8581 ± 
0.033* 

1.011 ± 
0.117* 

 0.232 ± 
0.014* 

1.2545 ± 
0.027* 

0.989 ± 
0.117* 

 0.229 ± 
0.015* 

0.9632 ± 
0.049* 

0.900 ± 
0.030* 

DF,            
F ratio,       
p -value 

 
F6, 390 =2.93,   
p = 0.0082 

F6, 68 = 2.87,    
p = 0.0149 

F6, 62 = 2.80,    
p = 0.0180 

 
F6, 401=5.90, 
p < 0.0001 

F6, 69=3.00,  
p = 0.0116 

F6, 63=3.11, 
p = 0.0098 

 
F6, 371=5.08, 
p < 0.0001 

F6, 68 = 3.60,    
p = 0.0037 

F6, 61 = 5.10,    
p = 0.0003 

MSD  0.0107 or  
5.4% 

0.3044 or 
11.8% 

0.1572 or 
12.8% 

 0.0122 or 
5.8% 

0.3278 or 
13.7% 

0.158 or 
13.6% 

 0.0127 or  
6.5% 

0.1338 or  
5.8% 

0.1126 or  
9.6% 

*Parametric one-way ANOVA, Tukey's multiple comparison test and minimum significance difference (MSD) at α = 0.05 
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Table B.3 Effect concentrations (EC20, EC50, its ratio, and slope) of sertraline on life history traits of Ceriodaphnia dubia 
exposed in three generations. 

Endpoints/Generation 

 
F0  F1  F2 

 
EC20 (95% C.I.)*, 

µgL-1) 
EC50 (95% 
C.I.)*, µgL-1 Slope  EC20 (95% C.I.)*, 

µgL-1) 
EC50 (95% 
C.I.)*, µgL-1 Slope  EC20 (95% 

C.I.)*, µgL-1) 
EC50 (95% 
C.I.)*, µgL-1 Slope 

Fecundity, 14 d broods  
8.7 (6 – 9) 62.8 (58 – 64) 0.56  7.0 (5 – 8) 59.4 (55 – 62) 0.68  1.0 (0.6 – 1.4) 17.2 (14 – 20) 0.89 

Neonate body length (mm)  7.5 (6 – 8) 67.5 (61 – 73) 0.38  9.2 (8 – 11) 58.2 (54 – 61) 0.46  0.8 (0.5 – 1.1) 21.2 (17 – 25) 0.61 

Neonate dry weight (µg)  11.4 (10 – 13) 56.3 (51 – 60) 0.42  12.2 (10 – 14) 62.5 (57 – 65) 0.51  1.7 (1.1 – 2.2) 26.2 (23 – 29) 0.59 

Adult body length (mm)  22.1 (20 – 24) 71.8 (66 – 76) 0.29  17.4 (16 – 19) 61.2 (56 – 64) 0.38  9.2 (7 – 11) 79.4 (75 – 83) 0.55 
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APPENDIX C  

MATLAB (VERSION R2012B) SCRIPT OF DEBTOX MODEL
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% Script file mydata_C.dubia.m 
% Kiran Lamichhane (August 2013) 
% 
diary off      % turn off the diary function (if it is on) 
% warning off MATLAB:divideByZero % dont want to see this warning 
(calculations run ok) 
clear variables  % clear variables from memory 
clear global     % clear any globals that are defined 
  
% set path to the DEBtoxM directory (or do it the hard way). The function 
pathdefine 
% only works when the mydata file is in a subfolder of the DEBtoxM folder 
pathdefine; 
  
% % Only works on PC: set priority on low, so pc does not freeze! 
% if ispc == 1, priority('l'); end 
  
global DATA TYPES ADD pospar % make data-related structures global 
global L0g % TEMP TEMP 
  
% set(0,'DefaultFigureWindowStyle','docked') ;  
% use this option to collect all figure into one window with tab controls 
  
format short g 
  
% Note: data will be categorised in studies and sets, that will be analysed 
% simultaneously if neded. Every type of data is a SET, which contains the 
% observations on a single endpoint at different concentrations (or 
% exposure profiles) and different observation times. a single STUDY can 
% contain multiple sets. Every STUDY has one single set of parameters. 
% Studies differ in the value of one or more model parameters.  
% 
% Studies and sets are numbered, starting at 1 (sets start at 1 in each  
% study).  
  
% 
=============================================================================
= 
%                  Now define the input data 
% 
=============================================================================
= 
% Enter all the available data sets, in arbitrary order. 
%    type =  
%         1 : Internal concentrations 
%         2 : Survival data 
%         3 : Length data 
%         4 : Reproduction data 
% 
=============================================================================
= 
% In time, I will add the possibility to use external conc. data as well ... 
  
TYPES.name = 'Ceriodaphnia dubia, sertraline'; % identification of overall 
analysis, for reporting only 
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% Concentrations and times may contain duplicate values, and can be in any 
order. 
% However, the concentration and time vectors must match the observation 
matrix. 
  
TYPES.units = {'ug' 'L' 'd' 'mm' 'kg'}; % units for chemical mass, 
environmental volume/weight, time, body length, body weight for output 
% Note that you can choose any units you like, as long as they are consistent 
throughout! 
% The unit for body weight is only used in relation to internal 
% concentrations for now. So if you have body sizes measured as weight, use 
% e.g., g^(1/3) as unit for body length. You may still use kg as unit for 
% body weight when body residues are given as e.g., mg/kg. 
  
study = 1; 
ADD_tmp(study).studyname = 'F0'; % specify what all the individual studies 
are, for reporting only 
  
L0g{study} = [0 1e-6    0.0054  0.0557  0.48    4.7 53.4]; % concentrations 
in first row 
  
% exposure concentrations, average of measured data, solvent ctrl set to 1e-6 
C = [0  1e-6    0.0054  0.0557  0.48    4.7 53.4]'; 
  
% reproduction 
sett = 1; 
type = 4; % repro data 
T = [0:14]'; % time vector of data 
  
% Enter repro data as number of offspring observed at a time point (time in 
rows, conc in columns) 
% Enter the TOTAL reproduction per interval for a group of females, but it 
% is also possible to fit on individual females (make more columns for the 
% same concentration). Make sure the first time point has zero reproduction, 
% and use NaN when all animals in a single column have died. 
N =  [0  0   0   0   0   0   0 

0   0   0   0   0   0   0 
0   0   0   0   0   0   0 
0   0   0   0   0   0   0 
32  26  46.70813423 16.27028063 9.86445787  7.761182795 3.552519166 
74  49  71.52183054 31.2890012  9.86445787  8.656703887 6.157699888 
43  78  93.41626846 43.80460169 25.9398707  15.82087262 9.710219054 
110 70  102.1740436 46.30772178 27.40127186 16.11937965 9.473384443 
99  80  112.391448  50.68818195 33.97757711 28.95518197 12.07856516 
38  97  147.4225487 54.4428621  28.49732274 38.50740694 15.63108433 
104 101 151.8014363 63.20378243 31.42012507 30.74622415 12.07856516 
89  67  100.7144144 44.43038171 37.26572973 10.7462531  9.236549832 
80  115 167.8573574 40.67570157 14.61401166 38.50740694 5.447196055 
94  46  67.14294296 65.70690253 40.91923265 15.22385856 0.473669222 
86  135 197.0499413 61.32644236 25.20917011 5.671633581 0.473669222];  

 % This is repro CORRECTED for the wts of offspring in the control of F0 
 % the weight factor should be the number of individuals per data point 
% the analysis assumes that the offspring found in an interval are produced 
% by the average of the number of females before and after that interval 
% if the matrix N only includes reproduction from females that were 
% actually alive at the end of the interval, make sure the first row of the 
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% weight matrix is -1's! 
W =  [10 10  10  10  10  10  10 

10  10  10  10  10  10  10 
10  10  10  10  10  10  10 
10  10  10  10  10  10  10 
10  10  10  10  10  10  9 
10  10  10  10  10  10  9 
10  10  10  10  10  9   9 
10  10  10  10  10  9   9 
10  10  10  9   9   9   9 
10  10  10  9   9   9   9 
10  10  10  9   9   9   9 
10  10  10  9   9   9   9 
10  10  10  9   9   9   9 
10  10  10  9   9   9   9 
10  10  10  9   9   9   9]; 

  
lam = 0.5; % lambda, for transformation of the data (0=log, 0.5=square root, 
1=none) 
DATA_tmp(study,sett) = fill_struct(T,C,N,W,type,lam); % collect everything in 
DATA_tmp structure array 
  
% growth 
sett = 2; 
type = 3; % growth data 
T = [0:13]'; % time vector of data 
  
% Growth here is in body length cm; e.g. the third root of the estimated 
volume cm3 
% Enter body size data (length basis) as matrix (time in rows, conc in 
columns) 
% Either the average of a group of animals or each replicate in a separate 
% column (also use make sure to adapt the concentration vector to include 
% duplicate doses).  
N =  [0.2623 0.2623  0.262   0.2623  0.2623  0.2623  0.2623 

0.4135  0.4249  0.527   0.3787  0.3272  0.3125  0.2853 
0.6272  0.6201  0.724   0.5798  0.5132  0.4717  0.4471 
0.813   0.829   0.887   0.722   0.693   0.647   0.552 
0.909   0.907   0.984   0.853   0.786   0.753   0.644 
0.999   0.997   1.014   0.937   0.802   0.764   0.692 
1.012   0.997   1.015   0.969   0.838   0.767   0.687 
1.026   1.023   1.038   0.971   0.843   0.784   0.719 
1.032   1.035   1.054   0.974   0.863   0.801   0.726 
1.081   1.079   1.062   0.977   0.893   0.784   0.723 
1.096   1.103   1.078   0.986   0.916   0.786   0.703 
1.109   1.102   1.079   1.003   0.924   0.789   0.732 
1.110   1.102   1.083   1.009   0.937   0.783   0.719 
1.108   1.102   1.087   1.010   0.922   0.796   0.718];  

% the weight factor should be the number of individuals per data point 
W =  [20 20  20  20  20  20  20 

20  20  20  20  20  20  20 
20  20  20  20  20  20  20 
20  20  20  20  20  20  20 
20  20  20  20  20  20  20 
20  20  20  20  20  20  20 
20  20  20  20  20  20  20 
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20  20  20  20  20  20  20 
20  20  20  20  20  20  20 
20  20  20  20  20  20  20 
20  20  20  20  20  20  20 
20  20  20  20  20  20  20 
20  20  20  20  20  20  20 
20  20  20  20  20  20  20]; 

  
% TEMP TEMP place the mean of initial lengths in global L0 
for i = 1:length(L0g{1}(1,:)) % 1:length(C) 
    L0g{study}(2,i)= mean(N(1,C==L0g{study}(1,i))); 
end 
  
lam = 0.5; % lambda, for transformation of the data (0=log, 0.5=square root, 
1=none) 
DATA_tmp(study,sett) = fill_struct(T,C,N,W,type,lam); % collect everything in 
DATA_tmp cell array 
  
% ========================================================================= 
  
study = 2; 
ADD_tmp(study).studyname = 'F1'; % specify what all the individual studies 
are, for reporting only 
  
L0g{study} = [0 1e-6    0.0054  0.0557  0.48    4.7 53.4]; % concentrations 
in first row 
  
% exposure concentrations, average of measured data, solvent ctrl set to 1e-6 
C = [0  1e-6    0.0054  0.0557  0.48    4.7 53.4]'; 
  
% reproduction 
sett = 1; 
type = 4; % repro data 
T = [0:14]'; % time vector of data 
  
% Enter repro data as number of offspring observed at a time point (time in 
rows, conc in columns) 
% Enter the TOTAL reproduction per interval for a group of females, but it 
% is also possible to fit on individual females (make more columns for the 
% same concentration). Make sure the first time point has zero reproduction, 
% and use NaN when all animals in a single column have died. 
N =  [0  0   0   0   0   0   0 

0   0   0   0   0   0   0 
0   0   0   0   0   0   0 
0   0   0   0   0   0   0 
31.02084721 31.02084721 24.8654526  22.54262694 8.558254056 11.30444255 
7.008976231 
45.56186934 41.68426344 40.00094549 29.53861461 10.20407214 13.68432519 
6.52559856 
62.04169442 56.22528557 71.35303791 55.19056941 14.48319917 16.06420783 
8.217420409 
113.4199726 64.94989885 82.16410426 44.30792192 27.97890749 14.57678118 
13.05119712 
50.40887672 68.82750475 65.94750473 55.19056941 19.09148982 38.67309294 
5.317154382 
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70.7663077  89.18493573 100.5429171 83.17452009 31.27054367 17.55163449 
7.734042738 
93.06254163 94.03194311 81.08299762 44.30792192 28.63723473 36.59069562 
9.667553422 
72.70511065 63.0110959  82.16410426 62.96388904 25.34559855 25.5837384  
8.70079808 
73.67451213 108.5729652 100.5429171 45.86258585 26.66225302 4.164794624 
1.691821849 
77.55211803 37.80665754 80.00189099 62.96388904 32.25803452 16.06420783 
0.483377671 
111.4811697 125.0527903 137.3005426 66.0732169  11.191563   10.11450123 
0];  

  
% This is repro CORRECTED for the wts of offspring in the control of F0 
  
% the weight factor should be the number of individuals per data point 
% the analysis assumes that the offspring found in an interval are produced 
% by the average of the number of females before and after that interval 
% if the matrix N only includes reproduction from females that were 
% actually alive at the end of the interval, make sure the first row of the 
% weight matrix is -1's! 
W =  [10 10  10  10  10  10  10 

10  10  10  10  10  10  10 
10  10  10  10  10  10  10 
10  10  10  10  10  10  10 
10  10  10  10  10  10  10 
10  10  10  10  10  10  10 
10  10  10  10  10  10  10 
10  10  10  10  10  10  10 
10  10  10  10  10  9   10 
10  10  10  10  10  9   10 
10  10  10  10  10  9   9 
10  10  10  10  10  9   8 
10  10  10  10  10  9   8 
10  10  10  10  10  9   8 
10  10  10  10  10  9   8]; 

  
lam = 0.5; % lambda, for transformation of the data (0=log, 0.5=square root, 
1=none) 
DATA_tmp(study,sett) = fill_struct(T,C,N,W,type,lam); % collect everything in 
DATA_tmp structure array 
  
% growth 
sett = 2; 
type = 3; % growth data 
T = [0:14]'; % time vector of data 
  
% Growth here is in body length cm; e.g. the third root of the estimated 
volume cm3 
% Enter body size data (length basis) as matrix (time in rows, conc in 
columns) 
% Either the average of a group of animals or each replicate in a separate 
% column (also use make sure to adapt the concentration vector to include 
% duplicate doses).  
N =  [0.2665 0.2617  0.2972  0.2241  0.1873  0.1751  0.1621 

0.4407  0.4423  0.4751  0.3701  0.3154  0.2724  0.2653 
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0.6425  0.6439  0.6825  0.5640  0.5121  0.3842  0.3554 
0.8374  0.8548  0.8735  0.7420  0.6710  0.4510  0.4485 
0.9212  0.9323  0.9463  0.8575  0.7721  0.5489  0.5257 
0.9924  0.9980  0.9953  0.9341  0.7910  0.5921  0.5757 
1.0188  0.9997  0.9985  0.9634  0.8142  0.6654  0.6185 
1.0287  1.0023  0.9997  0.9731  0.8221  0.6754  0.6350 
1.0297  1.0029  1.0036  1.0050  0.8421  0.6954  0.6736 
1.0370  1.0032  1.0075  1.0090  0.8524  0.7210  0.6854 
1.0598  1.0243  1.0213  1.0290  0.8721  0.7321  0.6986 
1.0626  1.0370  1.0296  1.0240  0.9210  0.7654  0.7048 
1.0897  1.0520  1.0598  1.0324  0.9314  0.7785  0.7057 
1.0973  1.0560  1.0679  1.0520  0.9120  0.7822  0.7025 
1.0990  1.0624  1.0623  1.0490  0.9251  0.7823  0.7093];  

  
% the weight factor should be the number of individuals per data point 
W =  [20 20  20  20  20  20  20 

20  20  20  20  20  20  20 
20  20  20  20  20  20  20 
20  20  20  20  20  20  20 
20  20  20  20  20  20  20 
20  20  20  20  20  20  20 
20  20  20  20  20  20  20 
20  20  20  20  20  20  20 
20  20  20  20  20  20  20 
20  20  20  20  20  20  20 
20  20  20  20  20  20  20 
20  20  20  20  20  20  20 
20  20  20  20  20  20  20 
20  20  20  20  20  20  20 
20  20  20  20  20  20  20]; 
  

% TEMP TEMP place the mean of initial lengths in global L0 
for i = 1:length(L0g{1}(1,:)) % 1:length(C) 
    L0g{study}(2,i)= mean(N(1,C==L0g{study}(1,i))); 
end 
  
lam = 0.5; % lambda, for transformation of the data (0=log, 0.5=square root, 
1=none) 
DATA_tmp(study,sett) = fill_struct(T,C,N,W,type,lam); % collect everything in 
DATA_tmp cell array 
  
% ========================================================================= 
  
study = 3; 
ADD_tmp(study).studyname = 'F2'; % specify what all the individual studies 
are, for reporting only 
  
L0g{study} = [0 1e-6    0.0054  0.0557  0.48    4.7 53.4]; % concentrations 
in first row 
  
% exposure concentrations, average of measured data, solvent ctrl set to 1e-6 
C = [0  1e-6    0.0054  0.0557  0.48    4.7 53.4]'; 
  
% reproduction 
sett = 1; 
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type = 4; % repro data 
T = [0:14]'; % time vector of data 
  
% Enter repro data as number of offspring observed at a time point (time in 
rows, conc in columns) 
% Enter the TOTAL reproduction per interval for a group of females, but it 
% is also possible to fit on individual females (make more columns for the 
% same concentration). Make sure the first time point has zero reproduction, 
% and use NaN when all animals in a single column have died. 
N =  [0  0   0   0   0   0   0 

0   0   0   0   0   0   0 
0   0   0   0   0   0   0 
0   0   0   0   0   0   0 
35.71222063 31.74419611 42.82287349 21.54917448 11.15448441 5.838152539 
0.72773546 
52.57632482 48.6083003  57.09716465 26.16685472 13.77906897 11.96821271 
3.396098815 
53.56833094 62.4963861  97.88085368 35.40221522 16.40365354 8.173413555 
5.579305197 
114.0807048 69.440429   55.0579802  63.87791006 26.90199181 6.71387542  
5.33672671 
58.52836159 76.3844719  80.54778584 47.7160292  25.58969952 20.72544151 
11.88634585 
80.35249642 97.2166006  76.46941694 57.72100307 27.55813795 12.26012033 
11.15861039 
104.1606435 103.1686374 65.25390246 73.88288393 34.44767244 18.3901805  
4.851569736 
48.6083003  66.46441062 76.46941694 52.33370945 25.26162645 14.88728897 
9.460560986 
124.9927722 114.0807048 65.25390246 56.18177632 15.41943433 6.130060166 
0 
42.65626353 45.63228192 94.822077   54.64254957 22.63704189 0   0 
112.0966925 133.9208274 68.31267913 56.18177632 12.46677669 0   0];  

  
% This is repro CORRECTED for the wts of offspring in the control of F0 
  
% the weight factor should be the number of individuals per data point 
% the analysis assumes that the offspring found in an interval are produced 
% by the average of the number of females before and after that interval 
% if the matrix N only includes reproduction from females that were 
% actually alive at the end of the interval, make sure the first row of the 
% weight matrix is -1's! 
W =  [10 10  10  10  10  10  10 

10  10  10  10  10  10  10 
10  10  10  10  10  10  10 
10  10  10  10  10  10  10 
10  10  10  10  10  10  10 
10  10  10  10  10  10  10 
10  10  10  10  10  10  10 
10  10  10  10  10  10  10 
10  10  10  10  10  10  10 
10  10  10  10  10  10  10 
10  10  10  10  10  10  9 
10  10  10  10  9   10  9 
10  10  10  10  9   10  9 
10  10  10  10  9   10  9 
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10  10  10  9   9   10  9]; 
  
lam = 0.5; % lambda, for transformation of the data (0=log, 0.5=square root, 
1=none) 
DATA_tmp(study,sett) = fill_struct(T,C,N,W,type,lam); % collect everything in 
DATA_tmp structure array 
  
% growth 
sett = 2; 
type = 3; % growth data 
T = [0:14]'; % time vector of data 
  
% Growth here is in body length cm; e.g. the third root of the estimated 
volume cm3 
% Enter body size data (length basis) as matrix (time in rows, conc in 
columns) 
% Either the average of a group of animals or each replicate in a separate 
% column (also use make sure to adapt the concentration vector to include 
% duplicate doses).  
N =  [0.2608 0.2578  0.2689  0.2409  0.1809  0.1749  0.1632 

0.4424  0.4494  0.4621  0.3609  0.2954  0.2656  0.2593 
0.6451  0.6585  0.6601  0.5621  0.4921  0.3404  0.3252 
0.8264  0.8564  0.8624  0.7243  0.6510  0.3921  0.3758 
0.9385  0.9439  0.9421  0.7924  0.7321  0.4331  0.4108 
1.0050  1.0050  1.0150  0.8243  0.7561  0.4872  0.4658 
1.0140  1.0140  1.0292  0.8824  0.7709  0.5525  0.5150 
1.0198  1.0198  1.0360  0.8924  0.8014  0.6112  0.5784 
1.0320  1.0320  1.0485  0.9541  0.8253  0.6604  0.6214 
1.0526  1.0438  1.0492  0.9543  0.8627  0.6921  0.6321 
1.0692  1.0474  1.0789  0.9864  0.8642  0.7182  0.6728 
1.0798  1.0395  1.0862  0.9751  0.9010  0.7317  0.6825 
1.0895  1.0568  1.0913  0.9685  0.9101  0.7467  0.6957 
1.0930  1.0658  1.1080  0.9845  0.9113  0.7657  0.7002 
1.1090  1.0758  1.1075  0.9945  0.9208  0.7795  0.7035];  
  

% the weight factor should be the number of individuals per data point 
W =  [20 20  20  20  20  20  20 

20  20  20  20  20  20  20 
20  20  20  20  20  20  20 
20  20  20  20  20  20  20 
20  20  20  20  20  20  20 
20  20  20  20  20  20  20 
20  20  20  20  20  20  20 
20  20  20  20  20  20  20 
20  20  20  20  20  20  20 
20  20  20  20  20  20  20 
20  20  20  20  20  20  20 
20  20  20  20  20  20  20 
20  20  20  20  20  20  20 
20  20  20  20  20  20  20 
20  20  20  20  20  20  20]; 

  
% TEMP TEMP place the mean of initial lengths in global L0 
for i = 1:length(L0g{1}(1,:)) % 1:length(C) 
    L0g{study}(2,i)= mean(N(1,C==L0g{study}(1,i))); 
end 
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lam = 0.5; % lambda, for transformation of the data (0=log, 0.5=square root, 
1=none) 
DATA_tmp(study,sett) = fill_struct(T,C,N,W,type,lam); % collect everything in 
DATA_tmp cell array 
  
% ========================================================================= 
% Select which part of the data you want to analyse now 
% If you want to analyse the entire set, DATA_all = DATA_temp suffices 
% sometimes it is handy to calculate only part of the set (e.g. only one 
% out of several studies, or only the growth data, or only the controls). 
% ========================================================================= 
  
cons_check_pre(DATA_tmp,ADD_tmp,mfilename); % check consistency of DATA_tmp 
DATA = fill_struct([],[],[],[],[],[]); % initialise DATA structure 
study_select = [1 2 3]; % which study/studies to calculate? 
set_tot = [1 2]; % which sets in each study to analyse? 
TYPES.nstudy = length(study_select); % number of studies to analyse 
for study = 1:TYPES.nstudy, 
    ADD(study).studyname = ADD_tmp(study_select(study)).studyname; % select 
the correct study names 
    for sets = 1:length(set_tot), 
        T = DATA_tmp(study_select(study),set_tot(sets)).T; % withdraw data 
from structure 
        C = DATA_tmp(study_select(study),set_tot(sets)).C; 
        N = DATA_tmp(study_select(study),set_tot(sets)).N; 
        W = DATA_tmp(study_select(study),set_tot(sets)).W; 
        type = DATA_tmp(study_select(study),set_tot(sets)).type; 
        lam = DATA_tmp(study_select(study),set_tot(sets)).lam; 
        cl = length(C); % number of concentrations 
        % ind_c = [1 2]; % select concentrations to be included in dataset, 
e.g. only control 
        ind_c = [1 2 4:cl];% excl. conc 3 or all concentrations are included 
in dataset 
        ind_t = find(T<+inf); % modify exposure times included in the 
analysis   
        DATA(study,sets) = 
fill_struct(T(ind_t),C(ind_c),N(ind_t,ind_c),W(ind_t,ind_c),type,lam); % put 
data back 
    end 
end 
clear DATA_tmp ADD_tmp % the temporary data structure can be cleared 
  
% ========================================================================= 
% Types of blank mortality, TYPES.blanktype 
% ========================================================================= 
%         0 : no background mortality 
%         1 : constant hazard rate (DEBtox standard) 
%         2 : simple ageing model 
% 
% ========================================================================= 
% Select dose metric to be used (M), TYPES.dosemetric 
% ========================================================================= 
%         1 : external concentration 
%         2 : scaled internal concentration 
%         3 : actual internal concentration 
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%  
% ========================================================================= 
% How to derive the scatter variance, TYPES.scattervar 
% ========================================================================= 
% 1) every set has a different error variance 
% 2) all sets with the same type within a study have the same error variance 
% 3) all sets with the same type have the same error variance 
% 4) use supplied error variance (after transf.) as second argument in lam 
for each set 
%    When using means, the variance should be for the individual 
%    observations! (var of individuals is var of mean times n) 
% 
% ========================================================================= 
% Different types of comparing repro data to model predictions, 
TYPES.reprotype 
% ========================================================================= 
% 1) compare repro over observation intervals, ignoring points with zero 
repro 
% 2) compare repro over observation intervals, including zero repro 
% 3) compare cumulative repro in model and data, ignoring intervals with 
zeros 
% 4) compare cumulative repro in model and data, including intervals with 
zeros 
% 
% ========================================================================= 
% Types of affected DEB parameters (TmoA), ADD.TmoA 
% ========================================================================= 
%         0 : no effect at al 
%         1 : increase in maintenance (somatic and maturity) 
%         2 : decrease in ingestion or assimilation 
%         3 : increase in costs for structure and maturation 
%         4 : hazard to the embryo 
%         5 : costs for reproduction 
%         6 : costs for structure, maturation and reproduction 
% 
=============================================================================
= 
  
% Switches for analysis types 
TYPES.dosemetric         = 2; % select the dose metric to be used (default = 
2) 
TYPES.blanktype          = 1; % type of blank mortality/ageing (0 is 'off') 
  
% Switches for statistical treatment (if you do not know what they do, stay 
with the defauls!) 
TYPES.scattervar         = 1; % how to select the error variance (default = 
1) 
TYPES.reprotype          = 4; % how to deal with reproduction data (default = 
4) 
  
[par_mat,par_sel] = def_pars; % define parameters and initialise par_mat with 
defaults and par_sel with zeros 
  
for study = 1:TYPES.nstudy, % by default, these parameters are set the same 
for each study 
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    ADD(study).TmoA = 2;    % toxic Mode of Action for each study; if needed, 
each study can be given a different TmoA 
    ADD(study).Tovi = 0.5;    % for ovo-viviparous species, time between egg 
production and counting of the offspring 
    ADD(study).Th   = 0;    % hatching time of eggs for population 
calculations (NOT for ovo-viviparous species!) 
end 
  
% I guessed 0.5 day between deposition of egg in brood pouch and appearance 
% of offspring! 
  
% Switches for standard errors and confidence intervals 
TYPES.PopSwitch          = 0; % switch for calculating population growth rate 
(1 is 'on') 
TYPES.ProfPars           = 0;%[pospar.c0 1; pospar.cdK 1; pospar.ke 1; 
pospar.cT 1; pospar.Lf 1; pospar.Lp 1; pospar.Lm 1; pospar.rB 1; pospar.Rm 
1]; % parameters that will be profiled vector with [parnr study] e.g. 
[pospar.ke 1; pospar.b 1] 
  
TYPES.ASEswitch          = 0; % calculate asymptotic standard errors? (1 is 
'on') procedure not very robust! 
TYPES.POSTswitch         = 0; % calculate the posterior distribution with 
MCMC (slow!) (enter number of samples, 0 is 'off') 
% Switches for specific plots 
TYPES.PlotoverSwitch     = 0; % 1) plot figures from different studies on top 
of each other (0 is 'off') 
                              % 2) plot the different exposure scenarios in 
separate figures 
                              %    (only body residues and survival data) 
TYPES.PlotdoserespSwitch = 0; % also plot dose-response for last time-step, 
as well as iso-effect lines 
  
% 
=============================================================================
= 
%                  INITIAL PARAMETER ESTIMATES  
% 
=============================================================================
= 
% if there are more studies, enter a parameter value for each study:  
% e.g. [1.5 2.3] for 2 studies. If there is more than one study,  
% simply using [1.2] will result in the same values for all studies. 
  
% toxicological parameters 
par_mat(pospar.ke,:)   = [0.5668];   % elimination rate (e.g. 1/d) 
par_mat(pospar.cdK,:)  = [0.3312];      % half-saturation constant for MM 
uptake kinetics (use 0 to bypass) 
par_mat(pospar.c0,:)   = [2.782e-6];  % (scaled) no-effect concentration for 
energetics (e.g. mg/L) 
par_mat(pospar.cT,:)   = [1.026];    % (scaled) tolerance concentration (e.g. 
mg/L) 
  
par_mat(pospar.g,:)    = [10];  % energy investment ratio (-) 
par_mat(pospar.L0,:)   = [0.2];    % initial body length (e.g., cm) 
par_mat(pospar.Lf,:)   = [0.2193];      % half-saturation length for initial 
growth limitation (e.g. cm) 
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par_mat(pospar.Lp,:)   = [0.5605];    % body length at puberty (e.g., cm) 
par_mat(pospar.Lm,:)   = [1.112];    % maximum body length in control at f=1 
(e.g., cm) 
par_mat(pospar.rB,:)   = [0.3701];   % Von Bertalanffy growth rate constant 
in control at f=1 (e.g., 1/d) 
par_mat(pospar.Rm,:)   = [8.482];    % maximum reproduction rate in the 
control at f=1 (#/d) 
  
% specific for the experiment 
par_mat(pospar.f,:)    = [1];      % scaled ingestion rate (-) 
  
% ======= selection matrix ========================= 
% put [0] for a fixed parameter, and [1] when the parameter must be 
% estimated. When there is more than one study, common parameters can be 
% indicated with -x (where x is number of the study where parameter should be 
copied from).  
% E.g. [1 0 -1 1 -4] would mean that the parameter is estimated 
% for study 1 and 4, separately; for study 2 it is fixed to the user input, 
% for study 3 it is always kept at the same value as study 1, for study 5 
% it is set to the value in study 4. 
  
% below, all is commented out so nothing is initially fitted 
  
par_sel(pospar.ke,:)  = [1 -1 -1]; 
par_sel(pospar.cdK,:) = [1 -1 -1]; 
  
par_sel(pospar.c0,:)  = [1 -1 -1]; 
par_sel(pospar.cT,:)  = [1 -1 -1]; 
  
par_sel(pospar.g,:)   = [0];  
par_sel(pospar.L0,:)  = [0];  
par_sel(pospar.Lf,:)  = [1 -1 -1]; 
par_sel(pospar.Lp,:)  = [1 -1 -1];  
par_sel(pospar.Lm,:)  = [1 -1 -1];  
par_sel(pospar.rB,:)  = [1 -1 -1];  
par_sel(pospar.Rm,:)  = [1 -1 -1];  
  
% ======= here the analysis starts ========================= 
  
% Check the consistency of the presented dataset, in combination with the 
required type of assessment 
cons_check(par_mat,par_sel,mfilename); 
  
p = start_calc(par_mat,par_sel,[1 2],mfilename); % start the optimisation by 
calling start_calc.m 
% the first [1] ensures that output graphs and estimates will be produced, 
[0] 
% suppresses output. the filename is passed on for identifying the output. 
% calling calcstart with [1 flag] is used to modify the optimisation method  
% (always a Nelder-Mead Simplex search): 
% 1) Two rounds: first rough, second more detailed (standard) 
% 2) Two rounds: two rough ones (specifically for trying to find optimum) 
% 3) One round: only a detailed one (when already close to optimum) 
% 4) One round: only a rough one (for quick and dirty runs) 
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% % Warning: experimental! 
% % The next three lines use the MCMC slice sampler from the statistics 
toolbox 
% % to make an error ellipse for two parameters and plot confidence intervals 
% % around the model curves. Make sure TYPES.POSTswitch is set correctly. 
% % But, these routines are also able to work with previously stored MCMC 
% % samples, in the MAT file with the name of this script, plus "_MC". 
% % (calc_slice.m saves this file itself every time it is run) 
% calc_ellipse(mfilename,[pospar.c0s 1;pospar.b 1]); % error ellipse for two 
parameters 
% calc_conf(mfilename); % plot conf intervals on model curves 
% calc_confpop(mfilename); % plot conf intervals on population growth 
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APPENDIX D  

DEBTOX MODEL OUTPUT
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mydata_kiran2 
===================================================================================== 
              PRE-CONSISTENCY CHECKING OF THE DATASET 
=====================================================================================  
------------------------------------------------------------------------------ 
Study 1, Set 1: reproduction 
Dataset size: 15x7 
time vector size: 15 
concentration vector size: 7 
------------------------------------------------------------------------------ 
Study 1, Set 2: body length 
Dataset size: 14x7 
time vector size: 14 
concentration vector size: 7 
------------------------------------------------------------------------------ 
Study 2, Set 1: reproduction 
Dataset size: 15x7 
time vector size: 15 
concentration vector size: 7 
------------------------------------------------------------------------------ 
Study 2, Set 2: body length 
Dataset size: 15x7 
time vector size: 15 
concentration vector size: 7 
------------------------------------------------------------------------------ 
Study 3, Set 1: reproduction 
Dataset size: 15x7 
time vector size: 15 
concentration vector size: 7 
------------------------------------------------------------------------------ 
Study 3, Set 2: body length 
Dataset size: 15x7 
time vector size: 15 
concentration vector size: 7 
------------------------------------------------------------------------------ 
Consistency is apparently ok.  
===================================================================================== 
              CONSISTENCY CHECKING OF THE DATASET AND ANALYSIS OPTIONS 
=====================================================================================  
------------------------------------------------------------------------------ 
Study 1, Set 1: reproduction 
Dataset size: 15x6 
time vector size: 15 
concentration vector size: 6 
------------------------------------------------------------------------------ 
Study 1, Set 2: body length 
Dataset size: 14x6 
time vector size: 14 
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concentration vector size: 6 
------------------------------------------------------------------------------ 
------------------------------------------------------------------------------ 
Study 2, Set 1: reproduction 
Dataset size: 15x6 
time vector size: 15 
concentration vector size: 6 
------------------------------------------------------------------------------ 
Study 2, Set 2: body length 
Dataset size: 15x6 
time vector size: 15 
concentration vector size: 6 
------------------------------------------------------------------------------ 
------------------------------------------------------------------------------ 
Study 3, Set 1: reproduction 
Dataset size: 15x6 
time vector size: 15 
concentration vector size: 6 
------------------------------------------------------------------------------ 
Study 3, Set 2: body length 
Dataset size: 15x6 
time vector size: 15 
concentration vector size: 6 
------------------------------------------------------------------------------ 
------------------------------------------------------------------------------ 
Consistency is apparently ok, but note any warnings that may have been shown 
 ==================================================================================== 
              STARTING THE PARAMETER ESTIMATION 
 (final results shown on screen will also be added to the logfile: results.out) 
=====================================================================================  
  Iteration   Func-count     min f(x)         Procedure 
     0            1          1537.73          
     1           10          1537.73         initial simplex 
     2           12          1537.73         contract inside 
     3           14          1537.73         contract outside 
     4           16          1537.73         contract inside 
     5           18          1537.73         contract inside 
     6           20          1537.73         contract inside 
     7           21          1537.73         reflect 
     8           23          1537.73         contract inside 
     9           25          1537.73         contract inside 
    10           27          1537.73         contract inside 
    11           29          1537.73         contract inside 
    12           31          1537.73         contract inside 
    13           33          1537.73         contract inside 
    14           35          1537.73         contract inside 
    15           36          1537.73         reflect 
    16           38          1537.73         contract inside 
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    17           39          1537.73         reflect 
    18           41          1537.73         contract inside 
    19           43          1537.73         contract inside 
    20           45          1537.73         contract inside 
    21           46          1537.73         reflect 
    22           48          1537.73         contract inside 
    23           49          1537.73         reflect 
    24           51          1537.73         contract outside 
    25           53          1537.73         contract inside 
    26           54          1537.73         reflect 
    27           56          1537.73         contract inside 
    28           57          1537.73         reflect 
    29           58          1537.73         reflect 
    30           59          1537.73         reflect 
    31           61          1537.73         contract inside 
    32           63          1537.73         contract inside 
    33           64          1537.73         reflect 
    34           66          1537.73         contract inside 
    35           68          1537.73         contract inside 
    36           70          1537.73         contract inside 
    37           71          1537.73         reflect 
    38           73          1537.73         contract inside 
    39           75          1537.73         contract inside 
    40           76          1537.73         reflect 
    41           78          1537.73         contract inside 
    42           80          1537.73         contract inside 
    43           81          1537.73         reflect 
    44           83          1537.73         contract inside 
    45           85          1537.73         contract inside 
    46           87          1537.73         contract inside 
    47           89          1537.73         contract inside 
    48           91          1537.73         contract inside 
    49           92          1537.73         reflect 
    50           94          1537.73         contract inside 
    51           96          1537.73         contract outside 
    52           98          1537.73         reflect 
    53           99          1537.73         reflect 
    54          100          1537.73         reflect 
    55          102          1537.73         reflect 
    56          104          1537.73         contract inside 
    57          106          1537.73         contract inside 
    58          107          1537.73         reflect 
    59          108          1537.73         reflect 
    60          110          1537.73         contract inside 
    61          112          1537.73         reflect 
    62          113          1537.73         reflect 
    63          115          1537.73         reflect 
    64          117          1537.72         contract outside 
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    65          119          1537.72         contract inside 
    66          121          1537.72         reflect 
    67          122          1537.72         reflect 
    68          124          1537.72         contract inside 
    69          126          1537.72         contract inside 
    70          127          1537.72         reflect 
  
Optimization terminated: 
 the current x satisfies the termination criteria using OPTIONS.TolX of 1.000000e-02  
 and F(X) satisfies the convergence criteria using OPTIONS.TolFun of 1.000000e-02  
 
  
 Iteration   Func-count     min f(x)         Procedure 
     0            1          1537.72          
     1           10          1537.72         initial simplex 
     2           12          1537.72         contract inside 
     3           14          1537.72         contract outside 
     4           16          1537.72         contract inside 
     5           18          1537.72         contract inside 
     6           20          1537.72         contract inside 
     7           21          1537.72         reflect 
     8           23          1537.72         contract inside 
     9           25          1537.72         contract inside 
    10           27          1537.72         contract inside 
    11           29          1537.72         contract inside 
    12           31          1537.72         contract inside 
    13           33          1537.72         contract outside 
    14           35          1537.72         contract inside 
    15           37          1537.72         contract inside 
    16           39          1537.72         contract inside 
    17           41          1537.72         contract inside 
    18           43          1537.72         contract inside 
    19           44          1537.72         reflect 
    20           45          1537.72         reflect 
    21           47          1537.72         contract inside 
    22           48          1537.72         reflect 
    23           50          1537.72         contract inside 
    24           51          1537.72         reflect 
    25           53          1537.72         contract outside 
    26           55          1537.72         contract inside 
    27           57          1537.72         contract inside 
    28           59          1537.72         contract inside 
    29           61          1537.72         contract inside 
    30           62          1537.72         reflect 
    31           64          1537.72         contract inside 
    32           65          1537.72         reflect 
    33           67          1537.72         contract inside 
    34           68          1537.72         reflect 
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    35           70          1537.72         contract outside 
    36           72          1537.72         contract inside 
    37           73          1537.72         reflect 
    38           75          1537.72         contract inside 
    39           77          1537.72         contract outside 
    40           78          1537.72         reflect 
    41           80          1537.72         contract inside 
    42           81          1537.72         reflect 
    43           83          1537.72         contract inside 
    44           85          1537.72         contract inside 
    45           86          1537.72         reflect 
    46           88          1537.72         contract outside 
    47           90          1537.72         contract inside 
    48           91          1537.72         reflect 
    49           93          1537.72         contract inside 
    50           95          1537.72         contract inside 
    51           97          1537.72         contract inside 
    52           99          1537.72         contract inside 
    53          101          1537.72         contract inside 
    54          102          1537.72         reflect 
    55          104          1537.72         contract inside 
    56          106          1537.72         contract inside 
    57          107          1537.72         reflect 
    58          108          1537.72         reflect 
    59          110          1537.72         contract outside 
    60          111          1537.72         reflect 
    61          113          1537.72         contract inside 
    62          115          1537.72         contract inside 
    63          117          1537.72         contract inside 
    64          119          1537.72         contract outside 
    65          120          1537.72         reflect 
    66          122          1537.72         contract inside 
  
Optimization terminated: 
 the current x satisfies the termination criteria using OPTIONS.TolX of 1.000000e-02  
 and F(X) satisfies the convergence criteria using OPTIONS.TolFun of 1.000000e-02  
===================================================================================== 
              RESULTS OF THE ANALYSIS WITH DEBtoxM-debtox 1.03 
===================================================================================== 
Analysis details 
   Ceriodaphnia dubia, sertaline 
   Filename      : mydata_kiran2 
   Analysis date : 21-Aug-2013 (16:43)  
  Type of data entered: 
   Study 1: F0 
      Growth data sets        : 1 
      Reproduction data sets  : 1 
     Study 2: F1 
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      Growth data sets        : 1 
      Reproduction data sets  : 1 
     Study 3: F2 
      Growth data sets        : 1 
      Reproduction data sets  : 1 
  
Type of modelling approach used 
   scaled internal concentration as dose metric 
   Mode of toxic action assumed: 2  2  2 
   constant hazard rate (DEBtox standard) 
   every set different error variance 
   compare cumulative repro, incl. zeros 
Results of the parameter estimation 
   Nelder-Mead simplex direct search 
   The optimisation routine has converged to a solution 
   66 iterations used to optimise. 
   Minimised objective function has value 1537.7195. 
=====================================================================================  
Parameter values and maximum likelihood estimates of the fitted parameters 
===================================================================================== 
Sym.   Parameter                     value (fit) unit 
===================================================================================== 
ke     dominant rate constant         0.5623 (1)    0.5623 (-1)    0.5623 (-1) 1/d  
PVd    bioconcentration factor             1 (0)         1 (0)         1 (0) L/kg  
cdK    half-saturation conc.          0.3308 (1)    0.3308 (-1)    0.3308 (-1) ug/L  
h0     blank hazard rate               1e-06 (0)     1e-06 (0)     1e-06 (0) 1/d  
c0     NEC for metabolic effect    2.889e-06 (1) 2.889e-06 (-1) 2.889e-06 (-1) ug/L  
cT     tolerance concentration         1.025 (1)     1.025 (-1)     1.025 (-1) ug/L  
===================================================================================== 
g      energy investment ratio            10 (0)        10 (0)        10 (0) [-]  
L0     initial body length               0.2 (0)       0.2 (0)       0.2 (0) mm  
Lf     half max-ingestion length      0.2194 (1)    0.2194 (-1)    0.2194 (-1) mm  
Lp     body length at puberty         0.5606 (1)    0.5606 (-1)    0.5606 (-1) mm  
Lm     maximum body length             1.112 (1)     1.112 (-1)     1.112 (-1) mm  
rB     Von B growth rate constant       0.37 (1)      0.37 (-1)      0.37 (-1) 1/d  
Rm     maximum reproduction rate       8.488 (1)     8.488 (-1)     8.488 (-1) #/d  
===================================================================================== 
f      scaled food density                 1 (0)         1 (0)         1 (0) [-]  
===================================================================================== 
The (median) external concentration(s) without survival effect is (are): 
     -0.33078     -0.33078     -0.33078 
The (median) external concentration(s) without sub-lethal effect is (are): 
   2.8893e-06   2.8893e-06   2.8893e-06 
===================================================================================== 
Time required: 5 mins, 4.7 secs 
Stress level at t=5 : 0           0    0.043371     0.18093     0.28882     0.30785 
Stress level at t=10: 0           0    0.045975     0.18961     0.29993     0.31917 
Stress level at t=5 : 0           0    0.043088      0.1779     0.28197     0.29785 
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Stress level at t=10: 0           0     0.04592      0.1891     0.29885     0.31757 
Stress level at t=5 : 0           0    0.043222     0.17747     0.28194      0.2981 
Stress level at t=10: 0           0    0.045946     0.18902     0.29884     0.31762 
>> 
  



131 

COMPREHENSIVE REFERENCES LIST 

Alvarez, O. A., Jager, T., Redondo, E. M., & Kammenga, J. E. (2006). Physiological 
modes of action of toxic chemicals in the nematode Acrobeloides nanus. Environ 
Toxicol Chem, 25(12), 3230-3237.  

Andreozzi, R., Marotta, R., Pinto, G., & Pollio, A. (2002). Carbamazepine in water: 
persistence in the environment, ozonation treatment and preliminary assessment 
on algal toxicity. Water Res, 36(11), 2869-2877.  

Ankley, G. T., Brooks, B. W., Huggett, D. B., & Sumpter, J. P. (2007). Repeating history: 
pharmaceuticals in the environment. Environ Sci Technol, 41(24), 8211-8217.  

Baas, J., Jager, T., & Kooijman, B. (2010). A review of DEB theory in assessing toxic 
effects of mixtures. Sci Total Environ, 408(18), 3740-3745. doi: 
10.1016/j.scitotenv.2009.09.037 

Baer, K. N., McCoole, M. D., & Overturf, M. D. (2009). Modulation of sex ratios in 
Daphnia magna following multigenerational exposure to sewage treatment plant 
effluents. Ecotoxicol Environ Saf, 72(5), 1545-1550.  

Barata, C., Fernandez-San Juan, M., Feo, M. L., Eljarrrat, E., Soares, A. M., Barcelo, 
D., & Baird, D. J. (2012). Population growth rate responses of Ceriodaphnia 
dubia to ternary mixtures of specific acting chemicals: pharmacological versus 
ecotoxicological modes of action. Environ Sci Technol, 46(17), 9663-9672. doi: 
10.1021/es301312h 

Batt, A. L., Kostich, M. S., & Lazorchak, J. M. (2008). Analysis of ecologically relevant 
pharmaceuticals in wastewater and surface water using selective solid-phase 
extraction and UPLC-MS/MS. Anal Chem, 80(13), 5021-5030. doi: 
10.1021/ac800066n 

Beutler, A. S., Li, S., Nicol, R., & Walsh, M. J. (2005). Carbamazepine is an inhibitor of 
histone deacetylases. Life Sci, 76(26), 3107-3115.  

Billoir, E., da Silva Ferrao-Filho, A., Laure Delignette-Muller, M., & Charles, S. (2009). 
DEBtox theory and matrix population models as helpful tools in understanding 
the interaction between toxic cyanobacteria and zooplankton. J Theor Biol, 
258(3), 380-388. doi: 10.1016/j.jtbi.2008.07.029 

Biron, P. A., Massarin, S., Alonzo, F., Garcia-Sanchez, L., Charles, S., & Billoir, E. 
(2012). Population-level modeling to account for multigenerational effects of 
uranium in Daphnia magna. Environ Sci Technol, 46(2), 1136-1143. doi: 
10.1021/es202658b 

Boxall, A. B. (2004). The environmental side effects of medication. EMBO Rep, 5(12), 
1110-1116. doi: 10.1038/sj.embor.7400307 



132 

Brennan, S. J., Brougham, C. A., Roche, J. J., & Fogarty, A. M. (2006). Multi-
generational effects of four selected environmental oestrogens on Daphnia 
magna. Chemosphere, 64(1), 49-55.  

Brodie, M. J. (2010). Antiepileptic drug therapy the story so far. Seizure, 19(10), 650-
655.  

Brooks, B. W., Chambliss, C. K., Stanley, J. K., Ramirez, A., Banks, K. E., Johnson, R. 
D., & Lewis, R. J. (2005). Determination of select antidepressants in fish from an 
effluent-dominated stream. Environ Toxicol Chem, 24(2), 464-469.  

Brooks, B. W., Huggett, D. B., & Boxall, A. B. A. (2009). Pharmaceuticals and personal 
care products: research needs for the next decade. Environ Toxicol Chem, 
28(12), 2469-2472.  

Brown, J. H., & Sibly, R. M. (2006). Life-history evolution under a production constraint. 
Proc Natl Acad Sci U S A, 103(47), 17595-17599. doi: 
10.1073/pnas.0608522103 

Brun, G. L., Bernier, M., Losier, R., Doe, K., Jackman, P., & Lee, H.-B. (2006). 
Pharmaceutically active compounds in Atlantic Canadian sewage treatment plant 
effluents and receiving waters, and potential for environmental effects as 
measured by acute and chronic aquatic toxicity. Environ Toxicol Chem, 25(8), 
2163-2176.  

Calabrese, E. J. (2010). Hormesis is central to toxicology, pharmacology and risk 
assessment. Hum Exp Toxicol, 29(4), 249-261. doi: 10.1177/0960327109363973 

Calabrese, E. J., & Baldwin, L. A. (2003). The hormetic dose-response model is more 
common than the threshold model in toxicology. Toxicol Sci, 71(2), 246-250.  

Campos, B., Pina, B., & Barata, C. C. (2012). Mechanisms of action of selective 
serotonin reuptake inhibitors in Daphnia magna. Environ Sci Technol, 46(5), 
2943-2950. doi: 10.1021/es203157f 

Christensen, A. M., Faaborg-Andersen, S., Ingerslev, F., & Baun, A. (2007). Mixture and 
single-substance toxicity of selective serotonin reuptake inhibitors toward algae 
and crustaceans. Environ Toxicol Chem, 26(1), 85-91.  

Cleuvers, M. (2003). Aquatic ecotoxicity of pharmaceuticals including the assessment of 
combination effects. Toxicol Lett, 142(3), 185-194.  

Cleuvers, M. (2004). Mixture toxicity of the anti-inflammatory drugs diclofenac, 
ibuprofen, naproxen, and acetylsalicylic acid. Ecotoxicol Environ Saf, 59(3), 309-
315.  



133 

Clubbs, R. L., & Brooks, B. W. (2007). Daphnia magna responses to a vertebrate 
estrogen receptor agonist and an antagonist: a multigenerational study. 
Ecotoxicol Environ Saf, 67(3), 385-398.  

Conners, D. E., Rogers, E. D., Armbrust, K. L., Kwon, J. W., & Black, M. C. (2009). 
Growth and development of tadpoles (Xenopus laevis) exposed to selective 
serotonin reuptake inhibitors, fluoxetine and sertraline, throughout 
metamorphosis. Environ Toxicol Chem, 28(12), 2671-2676. doi: 10.1897/08-
493.1 

Constantine, L. A., & Huggett, D. B. (2010). A comparison of the chronic effects of 
human pharmaceuticals on two cladocerans, Daphnia magna and Ceriodaphnia 
dubia. Chemosphere, 80(9), 1069-1074.  

Contardo-Jara, V., Lorenz, C., Pflugmacher, S., Nutzmann, G., Kloas, W., & Wiegand, 
C. (2011). Exposure to human pharmaceuticals Carbamazepine, Ibuprofen and 
Bezafibrate causes molecular effects in Dreissena polymorpha. Aquat Toxicol, 
105(3-4), 428-437. doi: 10.1016/j.aquatox.2011.07.017 

Crane, M., Watts, C., & Boucard, T. (2006). Chronic aquatic environmental risks from 
exposure to human pharmaceuticals. Sci Total Environ, 367(1), 23-41. doi: 
10.1016/j.scitotenv.2006.04.010 

Daughton, C. G., & Ternes, T. A. (1999). Pharmaceuticals and personal care products 
in the environment: agents of subtle change? Environ Health Perspect, 107 
Suppl 6, 907-938.  

de Castro, A., Concheiro, M., Quintela, O., Cruz, A., & Lopez-Rivadulla, M. (2008). LC-
MS/MS method for the determination of nine antidepressants and some of their 
main metabolites in oral fluid and plasma. Study of correlation between 
venlafaxine concentrations in both matrices. J Pharm Biomed Anal, 48(1), 183-
193. doi: 10.1016/j.jpba.2008.05.024 

De Roos, A. M., Persson, L., & McCauley, E. (2003). The influence of size-dependent 
life-history traits on the structure and dynamics of populations and communities. 
Ecology Letters, 6(5), 473-487. doi: Doi 10.1046/J.1461-0248.2003.00458.X 

DeAngelis, D. L., Shuter, B. J., Ridgway, M. S., & Scheffer, M. (1993). Modeling Growth 
and Survival in an Age-0 Fish Cohort. Transactions of the American Fisheries 
Society, 122(5), 927-941. doi: 10.1577/1548-
8659(1993)122<0927:MGASIA>2.3.CO;2 

Deiro, T. C., Manhaes-de-Castro, R., Cabral-Filho, J. E., Barreto-Medeiros, J. M., 
Souza, S. L., Marinho, S. M., Castro, F. M., Toscano, A. E., Jesus-Deiro, R. A., & 
Barros, K. M. (2006). Sertraline delays the somatic growth and reflex ontogeny in 
neonate rats. Physiol Behav, 87(2), 338-344. doi: 
10.1016/j.physbeh.2005.10.003 



134 

Dietrich, S., Ploessl, F., Bracher, F., & Laforsch, C. (2010). Single and combined toxicity 
of pharmaceuticals at environmentally relevant concentrations in Daphnia 
magna--a multigenerational study. Chemosphere, 79(1), 60-66. doi: 
10.1016/j.chemosphere.2009.12.069 

Dodson, S. I., Merritt, C. M., Torrentera, L., Winter, K. M., Tornehl, C. K., & Girvin, K. 
(1999). Dieldrin reduces male production and sex ratio in Daphnia galeata 
mendotae. Toxicol Ind Health, 15(1-2), 192-199.  

Dussault, E. B., Balakrishnan, V. K., Borgmann, U., Solomon, K. R., & Sibley, P. K. 
(2009). Bioaccumulation of the synthetic hormone 17alpha-ethinylestradiol in the 
benthic invertebrates Chironomus tentans and Hyalella azteca. Ecotoxicol 
Environ Saf, 72(6), 1635-1641.  

Farré, M. l., Pérez, S., Kantiani, L., & Barceló, D. (2008). Fate and toxicity of emerging 
pollutants, their metabolites and transformation products in the aquatic 
environment. TrAC Trends in Analytical Chemistry, 27(11), 991-1007. doi: 
http://dx.doi.org/10.1016/j.trac.2008.09.010 

Fatta-Kassinos, D., Kalavrouziotis, I. K., Koukoulakis, P. H., & Vasquez, M. I. (2011). 
The risks associated with wastewater reuse and xenobiotics in the agroecological 
environment. Sci Total Environ, 409(19), 3555-3563.  

Fent, K., Weston, A. A., & Caminada, D. (2006). Ecotoxicology of human 
pharmaceuticals. Aquat Toxicol, 76(2), 122-159.  

Ferrari, B., Mons, R., Vollat, B., Fraysse, B., Paxeus, N., Lo Giudice, R., Pollio, A., & 
Garric, J. (2004). Environmental risk assessment of six human pharmaceuticals: 
are the current environmental risk assessment procedures sufficient for the 
protection of the aquatic environment? Environ Toxicol Chem, 23(5), 1344-1354.  

Ferrari, B., Paxeus, N., Lo Giudice, R., Pollio, A., & Garric, J. (2003). Ecotoxicological 
impact of pharmaceuticals found in treated wastewaters: study of 
carbamazepine, clofibric acid, and diclofenac. Ecotoxicol Environ Saf, 55(3), 359-
370.  

Flaherty, C. M., & Dodson, S. I. (2005). Effects of pharmaceuticals on Daphnia survival, 
growth, and reproduction. Chemosphere, 61(2), 200-207. doi: 
10.1016/j.chemosphere.2005.02.016 

Focazio, M. J., Kolpin, D. W., Barnes, K. K., Furlong, E. T., Meyer, M. T., Zaugg, S. D., 
Barber, L. B., & Thurman, M. E. (2008). A national reconnaissance for 
pharmaceuticals and other organic wastewater contaminants in the United 
States--II) untreated drinking water sources. Sci Total Environ, 402(2-3), 201-
216.  

Fong, P. P., Philbert, C. M., & Roberts, B. J. (2003). Putative serotonin reuptake 
inhibitor-induced spawning and parturition in freshwater bivalves is inhibited by 



135 

mammalian 5-HT2 receptor antagonists. J Exp Zool A Comp Exp Biol, 298(1), 
67-72. doi: 10.1002/jez.a.10279 

Glassmeyer, S. T., Furlong, E. T., Kolpin, D. W., Cahill, J. D., Zaugg, S. D., Werner, S. 
L., Meyer, M. T., & Kryak, D. D. (2005). Transport of chemical and microbial 
compounds from known wastewater discharges: potential for use as indicators of 
human fecal contamination. Environ Sci Technol, 39(14), 5157-5169.  

Gould, G. G., Brooks, B. W., & Frazer, A. (2007). [(3)H] citalopram binding to serotonin 
transporter sites in minnow brains. Basic Clin Pharmacol Toxicol, 101(3), 203-
210. doi: 10.1111/j.1742-7843.2007.00100.x 

Grimm, V., Berger, U., DeAngelis, D. L., Polhill, J. G., Giske, J., & Railsback, S. F. 
(2010). The ODD protocol A review and first update. Ecological Modelling, 
221(23), 2760-2768. doi: DOI 10.1016/j.ecolmodel.2010.08.019 

Grimm, V., & Martin, B. T. (2013). Mechanistic effect modeling for ecological risk 
assessment: Where to go from here? Integr Environ Assess Manag. doi: 
10.1002/ieam.1423 

Gust, M., Mouthon, J., Queau, H., Dussart, C., Buronfosse, T., & Garric, J. (2011). 
Natural variability and response interpretation of fecundity, vertebrate-like sex-
steroid levels and energy status in the New Zealand mudsnail Potamopyrgus 
antipodarum (Gray). Gen Comp Endocrinol, 172(2), 243-250.  

Haeba, M. H., Hilscherova, K., Mazurova, E., & Blaha, L. (2008). Selected endocrine 
disrupting compounds (vinclozolin, flutamide, ketoconazole and dicofol): effects 
on survival, occurrence of males, growth, molting and reproduction of Daphnia 
magna. Environ Sci Pollut Res Int, 15(3), 222-227.  

Heckmann, L.-H., Callaghan, A., Hooper, H. L., Connon, R., Hutchinson, T. H., Maund, 
S. J., & Sibly, R. M. (2007). Chronic toxicity of ibuprofen to Daphnia magna: 
Effects on life history traits and population dynamics. Toxicol Lett, 172(3), 137-
145.  

Hemming, J. M., Turner, P. K., Brooks, B. W., Waller, W. T., & La Point, T. W. (2002). 
Assessment of toxicity reduction in wastewater effluent flowing through a 
treatment wetland using Pimephales promelas, Ceriodaphnia dubia, and Vibrio 
fischeri. Arch Environ Contam Toxicol, 42(1), 9-16. doi: 10.1007/s002440010285 

Henry, T. B., & Black, M. C. (2007). Mixture and single-substance acute toxicity of 
selective serotonin reuptake inhibitors in Ceriodaphnia dubia. Environ Toxicol 
Chem, 26(8), 1751-1755.  

Henry, T. B., & Black, M. C. (2008). Acute and chronic toxicity of fluoxetine (selective 
serotonin reuptake inhibitor) in western mosquitofish. Arch Environ Contam 
Toxicol, 54(2), 325-330. doi: 10.1007/s00244-007-9018-0 



136 

Henry, T. B., Kwon, J. W., Armbrust, K. L., & Black, M. C. (2004). Acute and chronic 
toxicity of five selective serotonin reuptake inhibitors in Ceriodaphnia dubia. 
Environ Toxicol Chem, 23(9), 2229-2233.  

Hiemke, C., & Hartter, S. (2000). Pharmacokinetics of selective serotonin reuptake 
inhibitors. Pharmacol Ther, 85(1), 11-28.  

Jager, T. (2011). Some good reasons to ban ECx and related concepts in 
ecotoxicology. Environ Sci Technol, 45(19), 8180-8181. doi: 10.1021/es2030559 

Jager, T., Albert, C., Preuss, T. G., & Ashauer, R. (2011). General unified threshold 
model of survival--a toxicokinetic-toxicodynamic framework for ecotoxicology. 
Environ Sci Technol, 45(7), 2529-2540. doi: 10.1021/es103092a 

Jager, T., Alda Álvarez, O., Kammenga, J. E., & Kooijman, S. A. L. M. (2005). Modelling 
nematode life cycles using dynamic energy budgets. Functional Ecology, 19, 
136-144.  

Jager, T., Barsi, A., & Ducrot, V. (2013a). Hormesis on life-history traits: is there such 
thing as a free lunch? Ecotoxicology, 22(2), 263-270. doi: 10.1007/s10646-012-
1022-0 

Jager, T., Crommentuijn, T., van Gestel, C. A., & Kooijman, S. A. (2007). Chronic 
exposure to chlorpyrifos reveals two modes of action in the springtail Folsomia 
candida. Environ Pollut, 145(2), 452-458. doi: 10.1016/j.envpol.2006.04.028 

Jager, T., Crommentuijn, T., van Gestel, C. A., & Kooijman, S. A. L. M. (2004). 
Simultaneous modeling of multiple end points in life-cycle toxicity tests. Environ 
Sci Technol, 38(10), 2894-2900.  

Jager, T., & Klok, C. (2010). Extrapolating toxic effects on individuals to the population 
level: the role of dynamic energy budgets. Philos Trans R Soc Lond B Biol Sci, 
365(1557), 3531-3540. doi: 10.1098/rstb.2010.0137 

Jager, T., Martin, B. T., & Zimmer, E. I. (2013b). DEBkiss or the quest for the simplest 
generic model of animal life history. J Theor Biol, 328, 9-18. doi: 
10.1016/j.jtbi.2013.03.011 

Jager, T., Vandenbrouck, T., Baas, J., De Coen, W. M., & Kooijman, S. A. (2010). A 
biology-based approach for mixture toxicity of multiple endpoints over the life 
cycle. Ecotoxicology, 19(2), 351-361. doi: 10.1007/s10646-009-0417-z 

Jager, T., & Zimmer, E. I. (2012). Simplified Dynamic Energy Budget model for 
analysing ecotoxicity data. Ecological Modelling, 225, 74-81. doi: Doi 
10.1016/J.Ecolmodel.2011.11.012 

Johnson, D. J., Sanderson, H., Brain, R. A., Wilson, C. J., Bestari, K. J., & Solomon, K. 
R. (2005). Exposure assessment and microcosm fate of selected selective 



137 

serotonin reuptake inhibitors. Regul Toxicol Pharmacol, 42(3), 313-323. doi: 
10.1016/j.yrtph.2005.05.010 

Johnson, D. J., Sanderson, H., Brain, R. A., Wilson, C. J., & Solomon, K. R. (2007). 
Toxicity and hazard of selective serotonin reuptake inhibitor antidepressants 
fluoxetine, fluvoxamine, and sertraline to algae. Ecotoxicol Environ Saf, 67(1), 
128-139. doi: 10.1016/j.ecoenv.2006.03.016 

Jos, A., Repetto, G., Rios, J. C., Hazen, M. J., Molero, M. L., del Peso, A., Salguero, M., 
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