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Abstract 

 

 

Pharmaceutically active compounds (PhACs) are important substances commonly used to 

improve health systems and quality of life. They enter freshwater ecosystems through several 

pathways, including effluent from municipal wastewater treatment plants. In recent decades, 

the detection of PhAC residues in different aquatic ecosystems, including freshwater 

ecosystems, has attracted the attention of researchers. As they are biologically active 

compounds, the main concern has been the possible environmental risks PhACs may pose. 

Despite the efforts made in relation to the effects of PhACs on freshwater ecosystems, 

findings have not been exhaustive, and there is a remarkable lack of understanding of the 

ecological effects of PhACs on vital freshwater ecosystem processes.  

Decomposition of leaf litter is one of the essential freshwater ecosystems processes, but there 

is a knowledge gap in how PhACs affect this process. This thesis provides an investigation of 

the possible effects of four common PhACs separately, in mixture, and in combination with 

environmental stressors on leaf litter decomposition rates (LLDRs). The investigation in this 

thesis also contributes to the answer to the question posed at the Society of Environmental 

Toxicology and Chemistry (SETAC) workshop in 2012, which focused on the importance of 

pharmaceuticals and personal care products in terms of their biological impacts on the 

environment, in comparison to other stressors. The study undertook a thorough, up-to-date 

literature review of the effects of pharmaceuticals on the species and functions of freshwater 

ecosystems. The study methods were based on sampling from the field and laboratory 

bioassays analyses to reach its conclusions. This thesis was divided into several studies in 

order to gain a better understanding of the interactions and effects of four selected PhACs 

(amoxicillin, caffeine, paracetamol, and sertraline) on leaf litter decomposition in freshwater 

ecosystems.  

Because half-life values in river water have not been reported in the literature, the first study 

in this research aimed to determine the half-lives of caffeine and paracetamol in water from 

the Cotter River by studying their photolytic breakdown. Laboratory assays were used to 

measure photo-degradation rates of the two compounds in milli-Q water, river water, and 

river water with leaf litter. The findings suggested that caffeine and paracetamol degradation 

by hydrolysis alone is very slow in river water, and that photolysis is a substantial contributor 



ii 

 

and accelerator of their degradation.  

Obtaining the data on caffeine and paracetamol half-life in river water allowed the 

investigation of the effect of a single PhAC on LLDRs in freshwater ecosystems. This 

investigation enabled the determination of a cause and effect relationship between each of the 

four selected PhACs and the LLDRs. It was hypothesised that each PhAC alone would 

adversely affect both the LLDRs and the activities of the extracellular enzymes (ECEs) 

released during the decomposition process. The findings suggested that there is likelihood 

that PhACs have adverse and wide-reaching effects on LLDRs and ECEs in freshwater 

ecosystems. The determination of the effect of a single PhAC from the four selected PhACs 

led to the investigation of the effects of various PhACs mixtures on LLDRs. The hypothesis 

was that additive, synergistic, and antagonistic effects would be seen in all PhACs mixture 

scenarios. From the results, it was found that in mixture, an antagonism effect was dominant. 

The final investigation in this study was the examination of the combined effects of a mixture 

made up of the four selected PhACs and temperature on LLDRs. It has been hypothesised 

that (1) the increase in temperature would increase the PhACs mixture effects on LLDRs, (2) 

the change in temperature level would alter the activity of the ECEs, and (3) the changes in 

LLDRs and ECEs would be noticed in the presence or absence of invertebrate shredders. The 

findings suggested that the combination of PhAC stressors and temperature affected the 

LLDRs, particularly at high PhAC concentrations and temperature levels, indicating a 

potential for unforeseen ecosystem-wide effects. The results also showed that multiple 

stressors (PhAC combination and temperature) have different effects on LLDRs and ECEs 

from that of an individual PhAC. These results highlight the importance of including climate 

change as a key factor when studying the effects of PhACs on freshwater ecosystems 

structures and functions.  

Finally, the thesis outlines the contribution that this research has made to filling gaps in 

understanding the ecological effects of freshwater ecosystems processes when they are under 

multiple pharmaceutical stressors, or when under combined pharmaceutical and climate 

(temperature) stressors. In response to the 2012 SETAC workshop question, it is evident from 

this study that pharmaceuticals and personal care products have biological impacts on 

freshwater ecosystems. With the increasing global consumption of pharmaceuticals, the 

continuous detection of PhACs residues in rivers and streams, and the requirement for more 

data to effectively manage this problem, this study provides evidence that more research is 

needed to fully comprehend the effects of multiple pharmaceutical-environmental stressors 
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on freshwater ecosystems. It also provides essential information for water resources 

regulators, and policy makers that will assist them in making better decisions in relation to 

water resources management. This thesis is a foundation that paves the way for future 

research in the area of PhACs in freshwaters, and highlights the importance of properly 

investing in understanding the problems facing one of the world's most vital resources, 

water. 
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Chapter 1: Introduction 

1.1 Pharmaceutical pollution in freshwater ecosystems 

Pharmaceutically active compounds (PhACs) are important substances commonly used to 

provide medical treatment for humans and animals. However both the parent compounds and 

their residues are frequently detected in the environment (Cycoń et al. 2019; Daughton and 

Ternes 1999; Kümmerer 2003, 2009; Pedersen et al. 2005). Residues from a wide range of 

PhACs, including antibiotics, analgesics, anti-cancer drugs, contraceptives and 

antidepressants have been detected in aquatic ecosystems (Grenni et al. 2018; Isidori et al. 

2016; Kim et al. 2007; Sehonova et al. 2018; Souza et al. 2013). In addition to PhACs being 

frequently detected in freshwater ecosystems, there is growing evidence of their ecological 

impacts (Backhaus et al. 2008; Cleuvers 2004; Dai et al. 2016; Kümmerer 2009; Muir et al. 

2017; Richmond et al. 2018; Rosi-Marshall and Royer 2012; Silva et al. 2002). 

There are various pathways by which PhACs enter freshwater ecosystems, depending on their 

source (Figure 1.1). A common source is wastewater from agricultural operations, 

households, hospitals and industrial sites, especially pharmaceutical plants (Daughton and 

Ruhoy 2009; Daughton and Ternes 1999; Nagarnaik et al. 2012; Phillips et al. 2010). Manure 

runoff from livestock farming is also a major source of PhACs in freshwater ecosystems, 

particularly in winter, when livestock are given more medicines to treat disease (Matsui et al. 

2008). In developing nations with no or limited wastewater infrastructure, direct disposal of 

sewage into freshwater bodies is also a significant source of PhACs (Ebele et al. 2020). In 

developed nations, wastewater treatment plants (WWTPs) are the primary source of PhACs 

entering the freshwater environment (Nikolaou et al. 2007), together with sewer leaks 

(Kuroda et al. 2012; Wolf et al. 2012) and overflows (Buerge et al. 2006; Daneshvar et al. 

2012). The effectiveness of WWTPs in treating PhACs has been evaluated (Halling-Sørensen 

et al. 1998; Heidler and Halden 2008; Kolpin et al. 2002; Magdeburg et al. 2014; Reif et al. 

2008), showing that some PhACs are not effectively removed, leading to their discharge into 

surface waters (Heberer 2002; Nikolaou et al. 2007). Persistent PhACs in treated wastewater 

and solid waste also reach freshwater ecosystems through leaching, either by the use of 

reclaimed water for irrigation and farming, or the application of biosolids to the land as 

fertiliser (Chen et al. 2013; Karnjanapiboonwong et al. 2011; Katz et al. 2009). Many PhACs 
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are already present in low concentrations in freshwater ecosystems (Hernando et al. 2006), 

and the increasing human population, pharmaceutical use and use of veterinary medicines are 

projected to increase PhAC concentrations in the environment (Adesokan et al. 2015; 

Australian Bureau of Statistics 2017; United Nations 2015). 

 

Figure 1.1: Sources and pathways of PhACs entering surface water in developed countries. 

The arrow from raw sewage to surface water represents the common PhACs pathway in 

developing countries without effective sewage treatment infrastructure. 

1.2 Risks related to pharmaceutical pollution in freshwater ecosystems 

Over the last two decades, scientists, assessors and regulators have raised many concerns 

about potential environmental risks from the increasing use of pharmaceutical and personal 

care products (products used by people for personal cosmetic or health reasons or by 

businesses to improve health or growth of livestock), ultimately leading to residues ending up 

in sewage systems and water treatment facilities (Daughton and Ternes 1999; Ellis 2006). 

Among these products, active ingredients of pharmaceuticals and their metabolites (PhACs) 

are of particular concern, and may be discharged into soils, surface water and aquifers (Seiler 

et al. 1999; Sui et al. 2015; Tolls 2001; Yao et al. 2018). These may have adverse effects on 
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the aquatic environment (Corcoran et al. 2010) and potentially affect drinking water supplies 

(Aristizabal-Ciro et al. 2017; Sun et al. 2015). 

Around the turn of the 21st century, a substantial amount of work was carried out globally to 

identify the occurrence, fate and consequences of PhACs in the environment. This involved 

soil, surface water and groundwater studies, and the results suggested that the presence of 

PhACs was of concern and warranted further investigation (e.g. Halling-Sørensen et al. 1998; 

Karnjanapiboonwong et al. 2011; Kim et al. 2007). Coinciding with this was a suite of 

experimental studies focussing on the effects, toxicity or bioaccumulation of PhACs in 

individual species or groups of species (e.g. Blaise and Gagné 2006; Brain and Johnson 2004; 

Lajeunesse et al. 2011). Given the emerging understanding of the potential risks of PhACs for 

ecological health, researchers at a 2012 Society of Environmental Toxicology and Chemistry 

(SETAC) workshop developed a list of the top 20 questions to consider in future studies of 

pharmaceutical and personal care products. The most important question identified by 

workshop participants was, ‗How important are pharmaceutical and personal care products, 

relative to other chemicals and non-chemical stressors, in terms of biological impacts in the 

natural environment?‘. Answering this question requires an understanding of the biological 

impacts of pharmaceutical and personal care products. 

Since the SETAC workshop, there have been continued efforts to determine the potential 

biological effects of PhACs on ecosystems, including freshwater ecosystems. Most studies 

have focussed on their effects on ecosystem structure; single species or groups of species, 

such as algae, vertebrates or invertebrates; and stream microbes (Guo, et al. 2015; Ji et al. 

2013; Kidd et al. 2014; Richmond et al. 2016; Rivetti et al. 2016; Villain et al. 2016). 

Comparatively little effort has been invested in understanding the effects of PhACs on 

ecosystem processes, leading some authors to call for further investigations to address this 

knowledge gap (e.g. Hughes et al. 2016). 

Research efforts have also focussed more on single compounds (Antunes et al. 2013; Henry 

et al. 2004), despite the fact that PhACs enter freshwater ecosystems in mixtures (Vasquez et 

al. 2014). Consequently, there is a need to understand the effect of these PhAC mixtures in 

the environment. Further, PhAC pollution is just one of many stressors that impact upon 

aquatic ecosystems, with others including land use and climate change (Piggott et al. 2012; 

Taniwaki et al. 2017). Despite some efforts to understand the nature of the effect of PhACs 
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combined with other stressors on freshwater ecosystems (e.g. Corcoll et al. 2015), research in 

this area is still in its infancy. The research presented in this thesis was designed to respond to 

the SETAC‘s main question, and to contribute to understanding the effects of PhACs 

separately, in mixtures, and in combination with a warming climate, on freshwater ecosystem 

processes. 

1.2.1 Pharmaceutically active compound effects on freshwater ecosystem processes 

The relationship between land and surface waters is a reciprocal complementary one, 

whereby the land provides streams and rivers with organic matter that stimulates interactions 

within them to produce energy, which then supports land production. Because of this 

relationship, any disturbance of or alteration to, the structure or function in either system will 

affect the other. Organic carbon (OC) inputs, stores and processing are the foundations of 

river function, and a key part of OC processing is leaf litter decomposition. The processing of 

OC involves both physical and biological processes, with the latter strongly linked to 

temperature (Vyšná et al. 2012, 2015). 

Once leaves enter a stream, the decomposition process begins. It progresses in three stages 

(Boling Jr. et al. 1975; Cummins 1974): (1) leaves are leached of soluble components; (2) 

microbial colonisation and degradation (conditioning) of the leaves occurs (Boling Jr. et al. 

1975); and (3) physical abrasion and invertebrate shredding (fragmentation) of the leaves 

takes place (Dobson and Frid 1998; Eggert and Wallace 2003; Graça 2001). The mechanisms 

involved in these phases of leaf litter decomposition can be affected by factors such as land 

use, pollution and climate change (Abelho 2001; Ferreira et al. 2016; Martinez et al. 2014; 

Torres and Ramírez 2014). The first stage of decomposition involves rapid leaching of 

soluble compounds such as carbonic and amino acids, reducing sugars, phenolics, potassium 

and phosphorus (Canhoto and Graça 1996; Casas and Gessner 1999; Maloney and Lamberti 

1995; Nykvist 1962; Suberkropp and Klug 1976; Taylor and Bärlocher 1996), after which the 

conditioning process begins. 

Conditioning involves microbial degradation, which is one of the primary processes 

determining leaf decomposition rates (Bird and Kaushik, 1992; Rader et al. 1994). The 

microbial assemblages that colonise leaves enhance decomposition either directly—by 

macerating them, metabolising their tissues and incorporating the leaves into secondary 

production—or indirectly, by increasing the palatability of detritus to invertebrate shredders. 
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During the conditioning stage, freshwater microbes release extracellular enzymes (ECEs) to 

decompose the leaf components and make them available to invertebrate shredders (Abdullah 

and Taj-Aldeen 1989). The colonisation of leaf litter by microorganisms such as bacteria and 

fungi is thought to start within the first day of immersion in a stream (Nykvist 1962; Petersen 

and Cummins 1974). The extent of microbial conditioning, and the time necessary for the 

colonisation of leaf litter, depends on both environmental and leaf-related factors, which may 

influence the development and activity of microorganisms. The water temperature, water 

chemistry (pH, alkalinity and nutrient concentration), leaf chemistry and even structural 

characteristics of leaves are considered important factors controlling microbial colonisation in 

streams. A significant proportion of leaf microbial colonisation is usually complete within the 

first 2 weeks of the process commencing (Baldy and Gessner 1997; Chauvet et al. 1997; 

Gessner et al. 1993; Suberkropp and Weyers 1996). Any effect of PhACs on bacteria or fungi 

in the stream will inevitably influence leaf litter conditioning, and consquently affect the next 

stage in the leaf decomposition process, which is fragmentation. 

The fragmentation of leaf litter into smaller particles occurs as a result of microbial 

breakdown, physical abrasion and shredding by invertebrates (Gessner et al. 1999; Graça 

2001). Shredding activity contributes significantly to the production of fine particulate 

organic matter and, hence, to the flow of energy in the stream (Benfield 1996; Covich et al. 

1999). Some studies have concluded that shredders have little effect on leaf decomposition 

(Rader et al. 1994; Rowe et al. 1996), whereas other studies found that the presence of 

shredders contributed significantly to the processing of leaves (Albariño and Balseiro 1998; 

Bird and Kaushik 1992; Gessner et al. 1991). In one study, invertebrate feeding during spring 

and summer was found to be an important mechanism of litter decomposition in low-order 

streams where shredders were abundant. In higher-order streams, shredders were less 

abundant and invertebrate feeding was relatively unimportant for leaf decomposition (Graça 

et al. 2001). The findings of that study supported one conducted earlier by Pozo et al. (1998), 

who found that shredders colonised alder leaves preferentially over eucalypt leaves in the 

headwaters of a northern Spanish stream, resulting in increased decomposition rates of alder 

leaves. These studies underpin the importance of shredders in the process of leaf litter 

decomposition, and show how their significance varies according to water condition, such as 

in those in low- or high-order waters. Therefore, any change in water quality or conditions 

may affect the shredders‘ activities and, consequently, the leaf litter decomposition process. 
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The growth and population of shredders has been reported to be affected by the presence of 

PhACs. The presence of antibiotics and antiepeliptics inhibited the growth of stream 

shredders, reduced their populations and changed their feeding preferences (Oetken et al. 

2005; Bundschuh et al. 2017; Konschak et al. 2020). The aforementioned literature suggests 

that these effects on stream shredders (a key element of the leaf litter fragmentation stage), 

are likely to influence the leaf decompostion process. However, the effects are not universal, 

with Hughes and team (2016) reporting no effects of anti-inflammatories on leaf litter 

decomposition in streams. The different responses in streams to the presence of PhACs make 

it essential to study the effects of a range of pharmaceutical theraputic classes on stream 

shredders and leaf decomposition. 

1.3 Multiple stressors in freshwater systems 

Freshwater ecosystems are impacted by multiple environmental and anthropogenic stressors; 

for example, increased temperature and drought caused by climate change, or land use that 

pollutes these ecosystems with nutrients and chemicals. Chemical mixtures were reported to 

affect freshwater species assemblages (see Posthuma et al. 2019), and PhACs are among 

those chemicals present in mixtures (Richmond et al. 2018). To date, most studies of PhACs 

have focussed on understanding biological responses to either single substances (e.g. Barbosa 

et al. 2012; Nunes et al. 2014; Vaclavik et al. 2020), or mixtures of substances from the same 

therapeutic class (e.g. Bundschuh et al. 2017; Richmond et al. 2016). Because PhACs enter 

freshwaters in a mixture (Vasquez et al. 2014), risk assessment strategies have acknowledged 

the importance of studying the effects of pharmaceutical mixtures (Backhaus and Karlsson 

2014) when examining the effects of PhACs in the environment, particularly those across 

different classes. In addition, the effects of PhACs may coincide with a range of other 

environmental stressors, and such combinations of stressors may have serious consequences 

for ecosystem function. 

Backhaus and Faust (2012) designed a risk assessment model to predict the threat that 

chemicals pose to the environment, derived from existing single substance data and 

evaluations. The model indicated that based on the literature, in most cases, the maximum 

effect of a mixture will not exceed the sum of the recorded effects for each of its separate 

components. Although this model was developed without consideration of the mechanisms of 

interactions between mixture components, it remains useful, particularly as a preliminary 
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method to predict a mixture effect. However, Backhaus and Faust (2012) acknowledged that 

their model may not be applicable in some instances, such as for binary mixtures of pesticides 

and fungicides. There are examples in the literature that show studying only single-stressor 

effects on freshwater ecosystems has led to false conclusions. For example, changes in the 

physical and biological characteristics of boreal lakes were initially blamed on acidification 

alone (Nero and Schindler 1983), but were later found to have resulted from a combination of 

stressors, including acidification which caused a decline in dissolved organic carbon (DOC) 

and climate warming, which increased exposure to ultraviolet (UV) light, particularly after 

acidification had led to the decline of DOC, cleared the water and enabled increased radiation 

penetration (Schindler et al. 1996). Another example demonstrated how the effect of copper 

alone on the Antarctic amphipod Paramoera walkeri differed from its effect when 

accompanied by other stressors (food shortage and UV rays). P. walkeri showed sensitivity 

when exposed to copper alone at the lowest observable effective concentration (LOEC) of 

more than 100 µg/L. When copper was combined with UV-B, its LOEC became 45 µg/L. 

Exposure of P. walkeri to a combination of copper, UV-B and food shortage reduced the 

copper LOEC to 3 µg/L (Liess et al. 2001). These results showed that considering the effect 

of copper alone would lead to the conclusion that a copper concentration of more than 100 

µg/L is required for P. walkeri to exhibit sensitivity, yet when combined with other stressors, 

copper concentrations considerably less than 100 µg/L will affect the species. 

For these reasons, studies of multiple stressors have gained increasing attention in the 

literature (e.g. Li et al. 2013; Ormerod et al. 2010; Vinebrooke et al. 2004). This is partly in 

response to a growing awareness of the cumulative impacts of a broad suite of environmental 

changes, and the implications of incorrectly addressing single drivers of change. Multiple-

stressor responses are generally classified as one of four types: additive (the combined effect 

of multiple stressors is equal to the sum of the effects of single stressors); synergistic (the 

combined effect of multiple stressors is more than the sum of their single effects); 

antagonistic (the combined effect of multiple stressors is less than the sum of the effects of 

each stressor alone); or reversed (the combined net effect of multiple stressors is in the 

opposite direction to the sum of their single effects) (see Folt et al. 1999; Jackson et al. 2016; 

Piggott et al. 2015a). 

Studies have demonstrated variation in the types of response within freshwaters. For 

example, Laetz et al. (2009) showed that organophosphate and carbamate pesticide mixtures 
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had a synergistic toxicity for salmon. Another study showed that climate warming combined 

with enriched nutrients antagonised the enhancement effect of temperature on bacterial taxa 

abundance (Piggott et al. 2015a). Elbrecht et al. (2016) demonstrated that reduced flow 

velocity and enriched nutrient stressors in combination had additive effects on the crustacean 

Gammarus sp. and ceratopogonid midges. These studies suggested that different 

combinations of stressors under varying conditions would display different effects from those 

of single stressors. Burns and her team (2017) attempted to evaluate the accuracy of a PhAC 

exposure model in two rivers. The model worked as expected in the small river, but not in the 

large river. This meant size and geographic factors played an important role in providing 

outcomes different from those anticipated. Prediction of the effect of multiple stressors based 

on a known single effect alone may not be accurate; therefore, ongoing investigation of 

unstudied combinations of stressors in freshwater ecosystems is necessary. 

When examining the effects of PhACs on freshwater ecosystems, the aforementioned studies 

suggest the need for considering the effect of a combination of multiple PhAC stressors on 

these ecosystems, and of the impact of PhAC mixtures in the presence of other environmental 

stressors. The effect of a PhAC mixture depends on the concentration of each compound in 

the mixture, and the mode of action of the mixture (Pomati et al. 2008). Positive effects can 

become negative once different PhACs are combined (Pomati et al. 2008); thus, 

investigations of the effect of multiple PhACs should include various combinations, given 

that real-life scenarios involving PhAC mixtures are unlimited in number. 

1.3.1 The changing climate as a stressor 

Environmental stressors currently gaining significant attention in the literature are those 

associated with climate change (e.g. Antiqueira et al. 2018; Piggott et al. 2015a; Piggott et al. 

2015b; Romero et al. 2019; Verberk et al. 2016; Woodward et al. 2010a). While climatic 

changes occur naturally over millennial time scales, the rates of warming observed in recent 

decades place additional stress on natural ecosystems, including freshwater ecosystems (Van 

Vliet et al. 2013). Woodward and his team (2010a) proposed that multiple stressors, such as 

elevated temperature levels and anthropogenic-derived contaminants, may interact and have a 

synergistic effect on ecosystem functions. In summer droughts that result in elevated 

temperatures, habitat fragmentation and increased pollutant concentrations can create a 

significant disturbance in ecosystem function because of the synergistic effects of multiple 
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stressors (Woodward et al. 2010a). 

Where biological processes come into play, many of the activities and reactions are 

temperature dependent (e.g. Canhoto et al. 2016; Freixa et al. 2017; Hogg and Williams 

1996). Hence, temperatures have increased potential to influence the effects of other 

stressors; and the likelihood of interactions when a stressor is paired with higher temperatures 

may be related to the stimulatory effect of warming. For example, streams affected by 

massive sediment loads will be more degraded under warming climatic conditions (Piggott et 

al. 2015c). Ilha et al. (2018) suggested that stream warming, deforestation and reduction in 

organic matter inputs may be the reason for the decreased body size of Amazonian fishes. 

These cases suggest that warming directly affects the way by which dominant stressors 

impact biological receptors. Further, interactions between warming and other stressors may 

produce complex ecological responses (Dossena et al. 2012; O‘Connor et al. 2009; Petchey et 

al. 1999; Stendera et al. 2012). The potential role of warming in generating various types of 

interaction with other stressors in aquatic ecosystems (Crain et al. 2008; Harvey et al. 2013; 

Jackson et al. 2016) may result in more unexpected ecological changes in freshwater 

ecosystems. Risks to freshwater ecosystems are expected to be exacerbated when elevated 

temperatures are combined with anthropogenic stressors (Malmqvist et al. 2008). This makes 

understanding the effects of temperature important when evaluating the risks associated with 

exposure to a mixture of PhACs. Thus, this thesis aims to explore the potential effects of 

multiple PhACs and temperature on the decomposition rates of leaf litter in freshwater 

ecosystems. 

1.4 Effects of four common pharmaceutical compounds on aquatic species 

Four common PhACs (amoxicillin, caffeine, paracetamol and sertraline) were selected for 

this project based on their high, and increasing, global consumption, persistent detection in 

water bodies worldwide and reported adverse ecologic effects (see Chapter 2 and Tables 1.1–

1.5). Further, they represent four therapeutic classes: antibiotics, stimulants, antipyretics and 

antidepressants, respectively (Andreozzi et al. 2004; Antunes et al. 2013; Metcalfe et al. 

2010; Ogunseitan 2002; Schultz and Furlong 2008). The following sections review studies 

that reported the effects of these four PhACs on freshwater species, including vertebrates, 

invertebrates and biofilms such as bacteria, fungi and algae. Based on reported responses, 

effects were measured by either lethal concentration 50% (LC50) the dose of a toxicant 
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required to kill half the members of a tested organism‘s population after a specified test 

time—or effect concentration 50% (EC50), the half-maximal effective concentration of a 

toxicant (see also Chapters 2 and 4). 

1.4.1 Amoxicillin 

Amoxicillin is an antibiotic medicine belonging to the β-lactam penicillin group. Amoxicillin 

has been found to be effective against a range of bacterial infections caused by gram-positive 

bacteria (those with cell walls containing a thick peptidoglycan layer with teichoic acids) and 

gram-negative bacteria (those with cell walls containing a thin peptidoglycan layer without 

teichoic acids) (Sutherland et al. 1972). It is used as a growth promoter in domestic food 

animals (Van et al. 2020) and to treat respiratory, gastrointestinal, skin and urinary tract 

bacterial infections, because of its pharmacokinetic and pharmacologic properties (Kaur et al. 

2011). The antimicrobial properties of amoxicillin make it a concern when it is present in 

streams as it may affect freshwater microorganisms. 

Antibiotic drugs are used successfully to treat some human diseases (Aminov 2010). They 

also have a variety of uses in agriculture, aquaculture and beekeeping, and as growth 

promoters in livestock farming. The annual consumption of antibiotics worldwide has been 

estimated as 100,000–200,000 tons (Shi et al. 2014), but the precise figure is unknown as 

only a few countries maintain accurate statistics regarding amounts and patterns of antibiotic 

use (Cabello 2006; Gothwal and Shashidhar 2015; Kümmerer 2003; Martinez 2009; Singer 

2003; Wise 2002). The continuous and extensive use of antibiotics in veterinary and human 

medicine has resulted in their detection in a range of environmental areas. Over recent years, 

antibiotic concentrations in the microgram-per-litre range have been detected in many parts 

of the world, including in sewage treatment plant effluent, municipal wastewater, hospital 

effluent, groundwater, surface water, drinking water and marine water (Birošová et al. 2014; 

Chen et al. 2014; Gibs et al. 2013; Johnson et al. 2015; Ma et al. 2015; Rodríguez-Mozaz et 

al. 2015). Excretion of incompletely degraded or metabolised antibiotics by humans and 

animals is the primary source of these drugs in the environment. Other sources include waste 

from the pharmaceutical manufacturing process, and from commercial and residential 

facilities, such as private residences, hotels, hospitals and care facilities. The main contributor 

of antibiotics to groundwater and surface water is effluent from industrial facilities and 
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WWTPs, and surface runoff from animal feeding processes (Brown et al. 2006; Hirsch et al. 

1999). 

Antibiotic pollutants are of concern because of their persistence in the environment and the 

possibility that their use may lead to the spread of antibiotic-resistant genes (Birošová et al. 

2014; Van Boeckel et al. 2017; Cabello 2006; Kümmerer 2009; Rodrigues et al. 2015; Wise 

2002; Zuccato et al. 2010). Their high toxicity to algae and bacteria at extremely low 

concentrations, disruptive effects on aquatic ecology and potential genotoxic effects are also 

alarming (Brown et al. 2006; Daughton and Ternes 1999; Watkinson et al. 2009). Hence, 

antibiotics are classified as pollutants of great concern because of their potential risk to the 

health system of the environment (Sanderson et al. 2004). In the United States, the official 

safe threshold for amoxicillin concentrations in raw cattle tissues and milk is 10 ng/g. No 

similar threshold is established for amoxicillin concentrations in the aquatic environment. 

Toxicity data for amoxicillin effects on various freshwater species are provided in Table 1.1. 

Some freshwater species have been shown to survive very high concentrations of amoxicillin. 

For example, one study investigated mortality of Vibrio fischeri, Moina macrocopa, Daphnia 

magna and Oryzias latipes, and found that more than 1,000 mg/L of amoxicillin was required 

to cause death in any of the four species (Park and Choi 2008). Amoxicillin has been shown 

to engender different responses in different freshwater species; for example, it inhibited the 

growth of the blue-green alga Synechococcus leopoliensis, but enhanced the growth of the 

cyanobacterium Microcystis aeruginosa (Andreozzi et al. 2004; Liu et al. 2012). Moreover, 

contrasting responses were observed regarding the effects of amoxicillin on the plant 

Spirodela polyrhiza: it increased the enzymatic activity of the enzymes superoxide dismutase 

and catalase (Table 1.1), but at the same concentration decreased the plant‘s growth rate 

(Singh et al. 2018). These differing responses across freshwater species indicate the necessity 

for further studies on a wider range of those species. 

Sub-lethal effects of amoxicillin have been reported for a suite of freshwater species (Table 

1.1). At low concentrations, amoxicillin caused DNA damage and cytotoxic changes in the 

common carp Cyprinus carpio and induced enzymatic activity by glutathione transferase 

(GST) in the zebrafish Danio rerio. In D. rerio, amoxicillin inhibited GST at high 

concentrations, and caused premature hatching, tail deformities and abnormal fish 

development in the embryos at medium concentrations (Oliveira et al. 2013; Orozco-
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Hernández et al. 2019). The reported effects of amoxicillin in fish appear to be related to its 

impact on their enzymatic activity, suggesting that a broad suite of species may be affected. 

The abovementioned results indicate that responses to amoxicillin differ based on 

concentration and freshwater species. Therefore, a range of amoxicillin concentrations should 

be considered when studying its effect on freshwater species, including an increased focus on 

its sub-lethal effects. The lack of information on how amoxicillin may affect aspects of 

freshwater ecosystems needs to be addressed. 
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Table 1.1: Published data illustrating the effects of acute (hours) and chronic (days) exposure to amoxicillin on a range of freshwater taxa. 

Taxonomic 

group 

Species and effect Acute toxicity 

endpoint (hours) 

Acute 

ecotoxicity 

data 

Chronic 

toxicity 

endpoint (days) 

Chronic 

toxicity data 

Reference 

Algae Synechococcus leopoliensis 

** Mortality 

  3 2.22 µg/L Andreozzi et al. 2004 

Bacteria Vibro fischeri 

** Mortality 

24 >1,000 mg/L - - Park and Choi, 2008 

Cyanobacteria Microcystis aeruginosa 

* Growth enhancement 

** Growth inhibition 

- 

- 

- 

- 

7 

7 

100 ng/L–1 

µg/L 

8.03 µg/L 

Liu et al. 2012 

Invertebrates Monia macrocopa 

** Mortality 

24 >1,000 mg/L - - Park and Choi, 2008 

Daphnia magna 

** Mortality 

15 >1,000 mg/L - - Park and Choi, 2008 

Plants Spirodela polyrhiza 

* Increase in enzyme 

activity 

* Decrease in growth rate 

- - 7 1.0 mg/L Singh, Pandey and Suthar, 

2018 

Vertebrates Oryzias latipes 

** Mortality 

24 >1,000 mg/L  3 - Park and Choi, 2008 

Danio rerio (embryos) 

* Premature hatching 

* Tail deformities 

48 132.4 mg/L - - Oliveira et al. 2013 

Danio rerio (adult) 

* Inhibited catalase 

* Induced glutathione-S-

transferases 

- 

- 

- 

- 

- 

3 

>1,000 mg/L 

1.0 mg/L 

Oliveira et al. 2013 

 Cyprinus carpio 

* DNA damage 

* Cytotoxic alteration 

- - 3 0.039–1.67 

µg/L 

Orozco-Hernández et al. 

2019 

Note: * denotes a sub-lethal effect and ** denotes a lethal effect 
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1.4.2 Caffeine 

Caffeine occurs naturally in plant species as an alkaloid (Ashihara and Suzuki 2004). It is a 

globally legal stimulant affecting the central nervous system of vertebrates (Nehlig et al. 

1992), and is present in numerous dietary substances including cacao, coffee, tea, soft drinks 

and energy drinks. Caffeine is also present in a range of pharmaceuticals including Vivarin, 

NoDoz and Cafcit, which are stimulants for alertness (Yancey and Dattoli 2013). The 

extensive use of caffeine in a range of industries has made it one of the most consumed drugs 

in the world (Ogunseitan 2002). 

Numerous studies have investigated the effects of caffeine on freshwater species, with 

responses including cellular damage, inhibition of catalase enzyme, growth changes, the 

feminisation and disruptive effect on the endocrine system, and an increase in hepatic 

lipoperoxidation and mortality (Blaise and Gagné 2006; Bruton et al. 2010; Z. Li et al. 2012; 

Godoi et al. 2020; Muñoz-Peñuela et al. 2021) (for details see Table 1.2). These responses of 

various freshwater species emphasise the need to extend the investigation of caffeine effects 

to include ecosystem functions associated with freshwater species. 

As far as could be established, no studies have investigated the effects of caffeine on 

freshwater species at different temperatures. However, Wondmikun et al. (2006) studied the 

potentiation effects of caffeine on modulating human muscle contractions and contractures in 

both the soleus and extensor digitorum longus muscles at different temperatures. The results 

showed that twitches and tetani of both muscles were potentiated and prolonged at caffeine 

concentrations ranging from 15 × 10
-6 

to 0.05 mg/L. The extent of twitch tension potentiation 

in the soleus muscle at 20°C was 10–15% greater than at 35°C. The longer potentiation at 

lower temperature indicated that the effect of caffeine was temperature dependent. In that 

study, the different responses of muscles to caffeine at various temperatures indicates the 

importance of taking temperature into account in studies related to freshwater species. It 

stands to reason that if caffeine-exposed vertebrate tissues are sensitive to changes in 

temperature, then vulnerable and lower classes of species such as freshwater microbial and 

invertebrate communities should also be more sensitive to such changes. This sensitivity is 

expected to affect microbes and invertebrate-dependent functions in freshwater ecosystems, 

particularly the leaf litter decomposition process. Therefore, temperature should be 
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considered an important factor in future studies of caffeine‘s effect on freshwater ecosystem 

functions, particularly in the context of global warming. 

Table 1.2: Some examples from the literature showing adverse effects on freshwater 

invertebrate and vertebrate species of exposure to various concentrations of caffeine 

Taxonomic 

group 

Taxon name and 

effect 

Time to endpoint Concentration  

(mg/L) 

Reference 

Algae Scenedesmus 

** Growth 

inhibition 

EC50 (72 h) 134.0 Henschel et al. 1997 

Bacteria Vibrio fischeri 

** Mortality 

EC50 (15 min) 567.5 Kim et al. 2007 

Luminescent 

* Luminescence 

inhibition 

EC50 (30 min) 650.0 Henschel et al. 1997 

Invertebrates Streptocephalus 

proboscideus 

** Mortality 

EC50 (24 h) 9.2 Calleja et al. 1994 

Brachionus 

calyciflorus 

** Mortality 

LC50 (24 h) 5,306 (Calleja et al. 1994) 

Thamnocephalus 

platyurus 

** Mortality 

LC50 (24 h) 63.8 Nałçcz-Jawecki and 

Persoone 2006 

Hydra vulgaris 

** Mortality 

LC50 (7 d) 9.0 Pascoe et al. 2003 

Daphnia magna 

** Mortality 

EC50 (96 h) 26.6 Kim et al. 2007 

EC50 (48 h) 50.0 Henschel et al. 1997 

EC50 (48 h) 9.2 Kühn et al. 1989 

EC50 (24 h) 13.0 Nunes et al. 2014 

EC50 (24 h) 55.5 Calleja et al. 1994 

EC50 (24 h) 293.0 Webb 2001 

Dreissena 

polymorpha 

* Increase in GST 

enzyme 

* Cyto-

genotoxicity 

** Mortality 

96 h 0.151–1.51 × 10
-3 

Parolini et al. 2010 

Note: * denotes a sub-lethal effect and ** denotes a lethal effect. 
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1.4.3 Paracetamol 

Paracetamol is an analgesic drug belonging to the antipyretic therapeutic class (Xu et al. 

2008), and is one of the most commonly used drugs worldwide (Antunes et al. 2013). The 

extensive production and use of paracetamol has caused it to be frequently detected in surface 

water, wastewater and drinking water (Kolpin et al. 2002). It has been found in 

concentrations of up to 0.006 mg/L in European sewage treatment plant effluent (Ternes, 

1998), up to 0.010 mg/L in natural waters in the United States (Kolpin et al. 2002), and more 

than 0.065 mg/L in the Tyne River in the United Kingdom (Roberts and Thomas 2006). High 

doses of paracetamol have been found to be hepatotoxic to both humans and animals (Brind 

2007; Jaeschke and Bajt 2006; Meisel et al. 2009; Xu et al. 2008). 

When administered at normal doses, paracetamol conjugates with the sulphate glucuronic 

acid and glutathione, forming non-toxic conjugated metabolites that are promptly excreted 

(Doull et al. 2008; Jaeschke and Bajt 2006; Patel et al. 1992; Xu et al. 2008). In the case of 

overdosage or the unavailability of intracellular glutathione, a highly reactive and 

electrophilic metabolite of paracetamol, N-acetyl-p-benzoquinone imine (NAPQI), can 

accumulate and exert multiple toxic effects, such as covalent modification of thiol groups on 

cellular proteins (Xu et al. 2008), DNA and RNA damage and oxidation of membrane lipids, 

resulting in necrosis and cellular death (Hinson et al. 2004; Jaeschke and Bajt 2006; Jaeschke 

et al. 2003; Prescott 1980). Humans mainly excrete paracetamol and its metabolites, which 

then make their way to the freshwater environment through septic systems and sewage 

treatment plant effluent (Ternes 1998). The frequent detection of paracetamol in freshwater 

environments (Kolpin et al. 2002) has encouraged some researchers to conduct studies in an 

attempt to understand its effect on freshwater ecosystems. Its well-known adverse effects on 

humans and animals (e.g. Ammar et al. 2019; Brind 2007; Jaeschke and Bajt 2006; Meisel et 

al. 2009; Xu et al. 2008) have raised concerns in the environmental science community about 

its possible effects on freshwater species and ecosystems (Brain et al. 2004; Nunes et al. 

2014; Parolini 2020). 

Numerous studies have demonstrated effects of paracetamol in freshwater ecosystems (Table 

1.3). Paracetamol increased GST activity at high concentrations in the zebra mussel 

Dreissena polymorpha and the bivalves Venerupis decussata and V. philippinarum (Antunes 

et al. 2013; Parolini et al. 2010). At low concentrations, paracetamol decreased the activity of 
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GST in V. decussata and V. philippinarum (Antunes et al. 2013). This dual response of the 

GST enzyme to differing strengths of paracetamol highlights the need to study its effects on a 

range of freshwater species at various concentrations. 

In a comprehensive series of standardised assays for assessment of the effects of paracetamol 

on freshwater organisms, Nunes and colleagues (2014) demonstrated the propensity of 

paracetamol to have toxic effects on all tested organisms (Table 1.4). They stated that 

paracetamol was more toxic to two crustacean species D. magna and D. longispina than to 

primary producers such as the algal species and the two selected macrophytes examined. 

Paracetamol also affected the anaerobic respiration of the European eel Anguilla anguilla by 

inducing oxidation stress in the respiratory system, and inhibited acetylcholinesterase 

activity, which is an indication of a neurotoxic effect (Nunes et al. 2015). The effect at 

different temperatures of paracetamol on the freshwater invertebrate D. magna was studied in 

an experiment that took place at temperatures of 15°C, 21°C and 25°C, with results indicating 

a synergistic effect due to an increase in water temperature enhancing the acute toxicity of 

paracetamol (Kim et al. 2010). 

These reports demonstrate the sensitivity of a wide range of freshwater species to 

paracetamol, reinforcing the need to gain a better understanding of the risks associated with 

its presence in freshwater ecosystems. While it appears that exposure to paracetamol at the 

concentrations currently detected in freshwaters is unlikely to result in mortality in the tested 

species, sub-lethal effects must also be considered. As these effects can compromise essential 

functions of the test organisms and thus the essential functions of freshwater ecosystems, 

future studies should go beyond examining growth impairment and mortality rates alone. 

Moreover, it is important to consider that as paracetamol usually presents with other PhACs 

in freshwater ecosystems, there is a need to consider its behaviour in combination with other 

PhACs. Last, the reported effect of temperature on acute paracetamol toxicity in D. magna 

illustrates it is crucial to include temperature as a factor in studies on the effects of 

paracetamol on species in and functions of freshwater ecosystems. 
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Table 1.3: Examples of studies investigating the effect of paracetamol on non-target 

freshwater species, showing the effective concentrations EC50 and the lethal concentrations 

LC50 of paracetamol required to cause an effect on the species 

Taxonomic group Taxon name and 

effect 

Time to 

endpoint 

Concentration  

(mg/L) 

Reference 

Algae Scenedesmus 

** Growth 

inhibition 

EC50 (72 h) 134.0 Henschel et al. 1997 

Bacteria Vibrio fischeri 

** Mortality 

EC50 (15 

min) 

567.5 Kim et al. 2007 

Luminescent 

* Luminescence 

inhibition 

EC50 (30 

min) 

650.0 Henschel et al. 1997 

Invertebrates Streptocephalus 

proboscideus 

** Mortality 

EC50 (24 h) 9.2 Calleja et al. 1994 

Brachionus 

calyciflorus 

** Mortality 

LC50 (24 h) 5,306 Calleja et al. 1994) 

Thamnocephalus 

platyurus 

** Mortality 

LC50 (24 h) 63.8 Nałçcz-Jawecki and 

Persoone 2006 

Hydra vulgaris 

** Mortality 

LC50 (7 d) 9.0 Pascoe et al. 2003 

Daphnia magna 

** Mortality 

EC50 (96 h) 26.6 Kim et al. 2007 

EC50 (48 h) 50 Henschel et al. 1997 

EC50 (48 h) 9.2 Kühn et al. 1989 

EC50 (24 h) 13 Nunes et al. 2014 

EC50 (24 h) 55.5 Calleja et al. 1994 

EC50 (24 h) 293 Webb 2001 

Daphnia magna 

*Altered 

reproduction 

21 d 6.48 J. Du et al. 2016 

Dreissena 

polymorpha 

* Increase in GST 

enzyme 

* Cyto-genotoxicity 

** Mortality 

96 h 0.151 x10
-3

–

1.51 x10
-3 

Parolini et al. 2010 
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Taxonomic group Taxon name and 

effect 

Time to 

endpoint 

Concentration  

(mg/L) 

Reference 

 Plationus patulus 

** Inhibition of 

population growth 

25 d 32.0 Sarma et al. 2014 

 Dugesia japonica 

** Mortality 

EC50 (12 d) 18.0 Zhang et al. 2019 

 Corbicula fluminea 

** Mortality 

EC50 (96 h) 532.78 Brandão et al. 2014 

 Venerupis decussata 

and  

Venerupis 

philippinarum 

* Increase in 

oxidative stress 

* Decrease in GST 

enzyme activity 

* Increase in GST 

enzyme activity 

48 h 0.05–5.0 Antunes et al. 2013 

Protozoa Tetrahymena 

pyriformis 

** Growth 

inhibition 

EC50 (48 h) 112.0 Henschel et al. 1997 

Vertebrates Anguilla 

* Induced oxidative 

stress 

* Inhibition of 

acetylcholinesterase 

activity 

96 h 0.625 Nunes et al. 2015 

 Oryzias latipes 

** Mortality 

LC50 (96 h) ˃ 160.0 Kim et al. 2007 

 Brachydanio rerio 

** Mortality 

LC50 (48 h) 378.0 Henschel et al. 1997 

 Pimephales 

promelas 

** Mortality 

LC50 (96 h) 814.0 Lewis et al. 1994 

Note: * denotes a sub-lethal effect and ** denotes a lethal effect. 
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Table 1.4: EC50 values obtained for different species exposed to paracetamol 

Taxonomic group Species name Paracetamol EC50 

mg/L 

Endpoint 

Algae Pseudokirchneriella subcapitata 317.4 Growth inhibition 

Bacteria Aliivibrio fischeri 92.2 Mortality 

Cyanobacteria Cylindrospermopsis 192.9 Mortality 

Invertebrates Daphnia longispina 65.9 Mortality 

 Daphnia magna 4.7 Mortality 

Plants Lemna minor 429.9 Mortality 

 Lemna gibba ˃ 1,000 No effect 

Reference: Nunes et al. 2014. 

1.4.4 Sertraline 

Selective serotonin-reuptake inhibitors (SSRIs) are commonly prescribed antidepressant 

pharmaceuticals (e.g. Oberlander et al. 2007; Charlton et al. 2015). The Organisation for 

Economic Co-operation and Development (OECD) reported that the consumption of 

antidepressants grew by 70% between 2000 and 2017 (Mars et al. 2017), resulting in an 

increase in the excretion of these compounds of around the same percentage. The 

physicochemical properties of SSRIs define their environmental behaviour. They are basic 

drugs in the form of salts, are lipophilic and have low octanol–water partition coefficients 

(Kow 1.21–1.39), meaning they are highly soluble in water. They present high-sorption 

coefficients with sediments and soil, making them persistent compounds in the environment. 

The occurrence of these widely used pharmaceuticals in different parts of the environment 

(wastewater; surface, ground, and drinking waters; and sediments) justifies the growing 

concern around these emerging PhACs (Silva et al. 2012). Sertraline and fluvoxamine are the 

most prescribed SSRIs, and sertraline is reported to be the most toxic to the freshwater 

environment (Henry and Black 2007). 

Sertraline accumulates in various freshwater fishes; for example, in the muscles of bluegills 

Lepomis macrochirus, channel catfish Ictalurus punctatus, black crappies Pomoxis 

nigromaculatus and bull sharks Carcharhinus leucas (Brooks et al. 2005; Gelsleichter and 

Szabo 2013). Sertraline has also been detected in fish species from rivers in five large 

metropolitan cities in the United States (Ramírez et al. 2009). These accumulation reports are 
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a strong indication of sertraline volumes in freshwater, and these could have dire 

consequences for ecosystem species and functioning. 

Sertraline has been reported to affect a number of freshwater organisms after a relatively 

short time of exposure or at concentrations higher than those reported in streams (see Table 

1.5). It reduced the reproductive rate of the water flea Ceriodaphnia dubia, inhibited the 

growth of the green alga Pseudokirchneriella subcapitata, reduced reproduction in D. magna, 

had a lethal effect on Oncorhynchus mykiss and changed the movement behaviour of the 

amphipod Echinogammarus marinus (Henry et al. 2004; Johnson et al. 2007; Minagh et al. 

2009; Bossus et al. 2014). Chronic exposure to low and environmentally relevant 

concentrations of sertraline have also had serious effects on a range of freshwater species. 

Chronic exposure caused developmental toxicity in tadpoles, decreased feeding behaviour in 

juvenile Eurasian perch Perca fluviatilis, and induced fecundity and growth inhibition in C. 

dubia, and mortality in fathead minnows Pimephales promelas (Conners et al. 2009; 

Hedgespeth et al. 2014; Lamichhane et al. 2014; Schultz et al. 2011). The effects presented 

clearly illustrate the varying responses and sensitivity levels of different freshwater species to 

sertraline, depending on concentration and duration of exposure. Therefore, further studies 

are necessary to develop a better understanding of these effects on the largest possible 

number of freshwater species. 

The effect of sertraline is not limited to the first exposed generation of the species, but may 

appear in the next generations. An increase in sensitivity to sertraline was observed in the 

third generation of the water flea C. dubia (Lamichhane et al. 2014). From this result, it can 

be understood that an impact may increase over multiple generations; hence, it is crucial to 

consider undertaking long-term studies, especially given that current toxicity tests do not 

examine effects on successive generations. Further, it has been observed that the same test 

species may give different results if collected from different geographic locations. Carcinus 

maenas crabs from two estuaries (Lima and Minho) in Portugal were both chronically 

exposed to sertraline (Rodrigues et al. 2015), yet crabs from the Lima estuary were more 

sensitive to sertraline than those from the Minho estuary. These different responses highlight 

the importance of considering sampling locations when conducting such studies. The 

inclusion of other factors in studies examining the effects of sertraline have been noted to be 

particularly important for obtaining more realistic results, as occurred with pH factor altering 

the effect of sertraline on P. promelas (Valenti et al. 2009). Adverse effects on growth, 
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survival and feeding rates were more noticeable when the minnows were exposed to lower 

concentrations of sertraline at a pH of 8.5, compared with a pH of either 7.5 or 6.5. 

Therefore, it is important for studies examining the effects of sertraline on freshwater 

ecosystems to also consider environmental factors such as temperature, especially with the 

acceleration of global warming. 
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Table 1.5: Example acute (in hours) and chronic (in days) ecotoxicity data from published exposure studies, indicating the effect of various 

sertraline concentrations on various freshwater species 

Taxonomic group Species and effect Acute  

ecotoxicity 

endpoint 

Acute 

ecotoxicity data 

Chronic 

ecotoxicity 

endpoint 

Chronic 

ecotoxicity data 

Reference 

Algae Pseudokirchneriella 

subcapitata 

** Growth inhibition 

LC10 (96 h) 4.6 mg/L
 

- - Johnson et al. 2007 

Bacteria Vibrio fischeri 

** Growth inhibition 

EC50 (30 min) 10.72 mg/L - - Minagh et al. 2009 

Invertebrates Ceriodaphnia dubia 

* Reduced reproduction 

LC50 (48 h) 0.12 mg L
-1

 NOEC (8 d) 0.009 mg/L Henry et al. 2004 

Ceriodaphnia dubia 

* Fecundity 

** Growth inhibition 

* Increased sensitivity to 

sertraline in 3rd generation 

- - LOEC (7 d) 53.4 × 10
-3

 mg/L Lamichhane et al. 

2014 

Carcinus maenas 

*Respiratory and movement 

dysfunction 

* Antioxidant enzyme 

inhibition 

- - 7 d 0.05–500 × 10
-

3 
mg/L 

Rodrigues et al. 

2015 

Daphnia magna 

* Reduced reproduction 

- - EC50 (21 d) 0.066 mg/L Minagh et al. 2009 

Oncorhynchus mykiss EC50 (96 h) 0.38 mg/L - - Minagh et al. 2009 
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Taxonomic group Species and effect Acute  

ecotoxicity 

endpoint 

Acute 

ecotoxicity data 

Chronic 

ecotoxicity 

endpoint 

Chronic 

ecotoxicity data 

Reference 

** Mortality 

Thamnocephalus platyurus 

** Mortality 

* LC50 (24 h) 0.6 mg/L - - Nałçcz-Jawecki and 

Persoone 2006 
* NOEC (24 h) 0.4 mg/L - - 

* LOEC (24 h) 0.6 mg/L - - 

Vertebrates Tadpole - - 70 d 0.1–1.0 × 10
-3

 

mg/L 

Conners et al. 2009 

Echinogammarus marinus 

** Mortality 1 h 

0.1–1.0 × 10
-5

 

mg/L - - Bossus et al. 2014 

Pimephales promelas 

** Mortality - 5.2 ng/L 21 d - Schultz et al. 2011 

Perca fluviatilis 

* Decrease in feeding rate - 

0.089–

0.300 mg/L 7 d - 

Hedgespeth et al. 

2014 

Carassius auratus 

* Increased activities in the 

enzymes glutathione 

peroxidise, catalase and 

glutathione-S-transferase 

* Decrease in shoaling 

tendency, feeding rate and food 

consumption - 5–125 µg/L 7 d - Xie et al. 2015 

Pimephales promelas 

* Reduction in feeding rate 

* Growth inhibition - - LC50 (7 d) 72 µg/L Valenti et al. 2009 

Note: * denotes a sub-lethal effect and ** denotes a lethal effect 
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1.4.5 Significance of studying stresses caused by pharmaceutical compounds 

Pharmaceuticals are currently among the fastest-growing pollutants in the environment. 

However, there are knowledge gaps that need to be filled to cultivate a comprehensive 

understanding of their impacts on, and interactions with, the freshwater environment. To 

contribute to obtaining that comprehensive understanding, this project focussed on examining 

the potential effects of the abovementioned four PhACs on leaf litter decomposition rates 

(LLDRs) in freshwater ecosystems. 

A small number of studies has investigated the effects of each of these four PhACs in 

combination with other pharmaceuticals on freshwater species; for example, amoxicillin and 

oxytetracycline (Oliveira et al. 2013), paracetamol and other anti-inflammatory drugs 

(Parolini 2020), and sertraline and other SSRIs (Henry and Black 2007). With the exception 

of a study reported by Hughes et al. (2016), most of these studies focussed on mixtures of 

PhACs belonging to the same therapeutic class, and possibly having the same mode of action. 

However, the current project considered the combination of PhACs belonging to different 

therapeutic classes. Moreover, most studies have focussed on the effects of PhACs on 

freshwater species; yet information concerning their impact on freshwater functions is scarce. 

Therefore, it is important to understand how each of the four PhACs affects freshwater 

ecosystem functions as, under certain conditions, one may be present at a concentration much 

higher than the others and could become the dominant pharmaceutical stressor in the system. 

The freshwater ecosystem function chosen for this study is the process of leaf litter 

decomposition, which is mediated by freshwater microbial communities and invertebrate 

shredders. Studies addressing the effects of PhACs on leaf litter decomposition are scarce 

(Hughes et al. 2016 is the only one found in a comprehensive search) and as far as can be 

ascertained, no study has reported the effects of a mixture of the four selected PhACs on 

LLDRs in streams or considered those effects in the context of a global warming scenario. 

Their wide usage means that it is important to investigate the effects of this PhAC mixture on 

freshwater ecosystem functions, particularly given the likelihood that these pharmaceuticals 

will present together in ecosystems. Further, the consequences of chronic exposure to low 

levels of a mixture of the four PhACs have not been studied in combination with an 

environmental stressor. Climate change and the specific scenario of global warming and 

associated increasing temperatures were chosen as the environmental stressor entities in this 

study. Studying the effects of increasing climate temperature in combination with 
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pharmaceutical stressors is of high importance to ecosystem managers and associated policy 

makers, especially in regions most affected by global warming. 

1.5 Conclusion 

The reviewed studies show that various freshwater species are affected by variable 

concentrations of four common pharmaceuticals. They demonstrate that a wide range of 

freshwater species, including algae, bacteria, invertebrates, and fishes are sensitive to these 

four pharmaceutical stressors. These sensitivities to PhACs may extend to ecological 

processes and ecosystem functions (Rosi-Marshall and Royer 2012). 

The four selected PhACs are detected in freshwater systems at very low concentrations, 

mostly ranging from a several nanograms to a few micrograms per litre. These low 

concentrations may not cause mortality in most cases, but the reported sub-lethal effects pose 

a threat to freshwater ecosystems in the medium and long term. The lack of knowledge of the 

influences of PhACs on freshwater ecosystem functions is a notable gap in understanding in 

this area. Moreover, concentrations of the four PhACs in freshwater ecosystems are expected 

to increase in the coming decades because of continued population growth (e.g. Australian 

Bureau of Statistics 2017; Vörösmarty et al. 2000), and the associated increase in medicine 

consumption. 

Exposure to a mixture of PhACs may alter the effects of an individual stressor. To explore 

that potential alteration, the effect of each compound of the four PhACs were studied 

separately. To obtain a deeper understanding of the effects of the PhAC mixture, it was then 

combined with an environmental stressor (temperature) that is associated with climate 

change. It is important to understand and anticipate the possible results of such combinations 

at this time of active debate around the global warming phenomenon. Novel combinations of 

stressors may have severe consequences for ecosystem functioning. Therefore, understanding 

the influence of multiple stressors on the leaf litter decomposition process in freshwater 

systems is essential to both develop and add to a comprehensive understanding of the likely 

implications of these stressors on freshwater ecosystem functions. 

1.6 Study aims and hypotheses 

The primary aim of this study arose from the SETAC workshop question, ‗How important are 

pharmaceutical and personal care products, relative to other chemicals and non-chemical 
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stressors, in terms of biological impacts in the natural environment?‘. The study assessed the 

effects of the selected PhACs on freshwater ecosystem processes alone, in combination and 

in combination with another stressor (temperature). The three phases of this study are 

presented in Figure 1.2. 

 

Figure 1.2: A conceptual model of the three phases of the study: Phase 1, the effect of a 

single PhAC; Phase 2, the effect of the PhAC mixture; and Phase 3, the effect of the PhAC 

mixture and temperature on the decomposition rates of leaf litter in freshwater ecosystems. 
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The research questions as well as null and alternative hypotheses were: 

Question 1: What are the potential effects of single PhACs on leaf litter decomposition rates? 

H0: The presence of a single PhAC in freshwater streams has no effect on the decomposition 

rates of leaf litter. 

H1: The presence of a single PhAC in freshwater streams affects the decomposition rates of 

leaf litter. 

Question 2: What are the potential effects of a mixture of PhACs on leaf litter decomposition 

rates? 

H0: A mixture of the four PhACs does not change the decomposition rates of leaf litter in 

freshwater streams. 

H1: A mixture of the four PhACs changes the decomposition rates of leaf litter in freshwater 

streams. 

Question 3: What are the potential combined effects of the PhAC mixture and temperature on 

leaf litter decomposition rates? 

H0: The combination of the PhAC mixture and temperature has no effect on the 

decomposition rates of leaf litter in freshwater streams. 

H1: The combination of the PhAC mixture and temperature synergistically affects the 

decomposition rates of leaf litter in freshwater streams. 

1.7 Thesis structure 

This thesis was written as a series of separate chapters intended for publication. The body of 

research for this thesis is formed by Chapters 2-6. These chapters are structured as separate 

papers prepared for publication and thus there is an unavoidable degree of repetition of some 

information between this introduction and the methods sections of the body chapters. 

Chapter 2 reviews and discusses the literature covering the occurrence, pathways and effects 

of pharmaceuticals in freshwater ecosystems. The chapter identifies a suite of future research 

directions and concludes with areas of focus in this thesis and future studies.  



29 

Chapter 3, ‗The potential for photolytic breakdown of caffeine and paracetamol residues in 

surface water‘, measures photodegradation rates of caffeine and paracetamol in stream water. 

The photodegradation experiment is reported in Chapter 3 because of the lack of data in the 

literature on the persistence of caffeine and paracetamol in freshwater systems, and hence the 

lack of information about biota exposure time to the two PhACs when their persistence in 

freshwater is mainly determined by photolysis. This information is of great importance 

because experiments in subsequent chapters (Chapters 4–6) were designed to mimic a natural 

event where a WWTP discharges a single ‗pulse‘ of pharmaceuticals; for example, following 

rainfall. The chapter was prepared for submission to the journal Aquatic Sciences. 

Chapter 4, ‗Effects of amoxicillin, caffeine, paracetamol, and sertraline on the decomposition 

rates of leaf litter in freshwater ecosystems‘, investigated the effects of four common PhACs 

on the decomposition rates of leaf litter, and the activity of ECEs released by freshwater 

microbes during the decomposition process. This investigation was in response to the 

question ‗What are the potential effects of single PhACs on leaf litter decomposition rates? 

The objectives of this chapter were to (1) detect any effects the four pharmaceuticals had 

individually on LLDRs in the presence or absence of an invertebrate shredder; and (2) assess 

the effects the presence of each pharmaceutical had on ECEs to determine any potential 

processes underpinning the results in (1). This chapter was prepared for submission to the 

journal Environmental Science and Pollution Research. 

Chapter 5 aimed to answer the question What are the potential combined effects of the PhAC 

mixture and temperature on leaf litter decomposition rates? The effects of multiple-

pharmaceutically active compounds on leaf litter decomposition rates in freshwater 

ecosystems‘, investigated the combined effects of various mixtures of the four PhACs on 

LLDRs in freshwater ecosystems. The PhAC combinations were (1) amoxicillin and 

sertraline, (2) paracetamol and sertraline, (3) caffeine and amoxicillin, (4) caffeine and 

paracetamol, (5) paracetamol and amoxicillin, and (6) all four PhACs together. The 

hypotheses for this study were (1) paracetamol-sertraline and paracetamol-amoxicillin 

mixtures additively or synergistically reduce LLDRs regardless of the presence of a shredder; 

(2) a caffeine–paracetamol mixture leads to antagonism when a shredder is present because 

the effect of caffeine is the opposite of that of paracetamol, and when no shredder is present, 

an additive or synergistic reduction effect occurs because each of these PhACs alone 

significantly reduces LLDRs; and (3) a mixture of the four PhACs creates an antagonism 
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effect when a shredder is present because caffeine increases LLDRs when it and a shredder 

are present during the decomposition process, whereas when each of the other three PhACs is 

present, LLDRs are reduced. With no shredder present, an additive or synergistic reduction is 

expected because each of the four PhACs alone reduces the LLDRs. This chapter was 

prepared for submission to the journal Ecosphere. 

Chapter 6, ‗Combined effects of temperature and pharmaceuticals on stream ecosystem 

processes‘, investigated the effects of the four-PhAC mixture combined with temperatures 

designed to simulate the projected scenario of global warming. The aim of this chapter was to 

address the question ―What are the potential combined effects of the PhAC mixture and 

temperature on leaf litter decomposition rates?‖ The study hypotheses were (1) an increase 

in temperature enhances the ability of a mixture of the four PhACs to change LLDRs; (2) 

ECE activities are altered; and (3) effects are observed in the presence or absence of 

invertebrate shredders. This chapter was prepared for submission to the journal Science of 

Total Environment. 

Chapter 7 is a synthesis discussing the outcomes of Chapters 3–6, in relation to the overall 

aim of the thesis. The chapter synthesises the empirical findings to contribute to the answer to 

the SETAC question, ‗How important are pharmaceutical and personal care products, relative 

to other chemicals and non-chemical stressors, in terms of biological impacts in the natural 

environment?‘ Finally, the significance of the research to freshwater ecosystem managers and 

policy makers, and how the research may assist them when they enact laws and regulations 

related to the management of freshwater resources is discussed.  
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Chapter 2: The fate of pharmaceutically active compounds in 

freshwater ecosystems—a review 

Abstract 

The detection of pharmaceutically active compounds (PhACs) in freshwater ecosystems is a 

matter of concern because of their potential ecological impacts. These compounds reach 

freshwaters through several pathways and in varying concentrations. They interact with a 

wide range of taxa and ecological processes, possibly affecting freshwater food webs. The 

presence of PhACs in streams and rivers poses a chronic risk to natural waters‘ species 

including invertebrates, biofilms (formed by complex combinations of algae, bacteria, and 

fungi), macrophytes and even vertebrates such as freshwater fishes. The adverse effects of 

PhACs depend partly on their chemical form, bioavailability, and toxicity. Their presence 

also threatens the endurance of agroecosystems as they hamper or modify the microbial 

communities in soil. The effect of PhACs on soil may extend to crop plants through water 

transport and passive absorption, which represents a source of risk to humans (as consumers 

of these plants). PhAC residues also reach freshwater ecosystems via manure, or leaching 

from agricultural lands or wastewater treatment plants, which increases concerns about 

ecological impacts. To highlight the most important of these challenges, this chapter reviews 

published studies on PhAC occurrence, pathways, fate and effects on freshwater ecosystems. 

The review identifies the need for a better understanding of the ecological effects of PhACs 

across freshwater ecosystems, along with a suite of future research opportunities. 
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2.1 Background 

There is growing international evidence for widespread contamination of surface waters by 

hundreds of common PhACs at concentrations from a several nanograms to a few milligrams 

per litre (Baker and Kasprzyk-Hordern 2013; Halling-Sørensen et al. 1998; Hughes et al. 

2013; Richmond et al. 2018). Numerous studies have shown that PhACs are now widely 

distributed in surface waters and may be impacting a wide range of taxa and ecological 

processes (Backhaus et al. 2008; Cleuvers 2004; Dai et al. 2016; Kümmerer 2009; Muir et al. 

2017; Richmond et al. 2018; Rosi-Marshall and Royer 2012; Silva et al. 2002). 

Pharmaceuticals enter freshwater ecosystems through several pathways depending on the 

source. This includes direct disposal of sewage into freshwaters (Ebele et al. 2020), partially 

treated effluent from municipal wastewater treatment plants (Nikolaou et al. 2007), sewer 

leaks (Kuroda et al. 2012; Wolf et al. 2012) and overflows (Buerge et al. 2006; Daneshvar et 

al. 2012). The potential environmental risks from the increasing occurrence of PhACs are of 

particular concern as they present in drinking water supplies (Aristizabal-Ciro et al. 2017; 

Sun et al. 2015) and may have adverse effects on the aquatic environment (Corcoran et al. 

2010). A suite of descriptive studies have suggested that a range of PhACs may enter 

freshwater food webs and be passed through trophic links (e.g. Lagesson et al. 2016; 

Richmond et al. 2018; Ruhí et al. 2016; Xie et al. 2017). Toxicity testing of some freshwater 

taxa has revealed effective concentrations (ECs) of some pharmaceuticals in the range of a 

few micrograms per litre (Hazelton et al. 2013; Parrella et al. 2014). The potential passage of 

PhACs via aquatic food webs is depicted in Figure 2.1.  

Given the emerging understanding of the potential risks of PhACs for ecological health, 

researchers at a SETAC workshop in 2012 developed a list of the top 20 questions to consider 

in future studies of pharmaceutical and personal care products in the environment. The most 

important question identified by workshop participants was, ‗How important are 

pharmaceutical and personal care products, relative to other chemicals and non-chemical 

stressors, in terms of biological impacts in the natural environment?‘ Answering this question 

requires an understanding of the biological impacts of pharmaceutical and personal care 

products. Since the SETAC workshop, there have been continued efforts to determine the 

possible biological effects of PhACs on ecosystems, including freshwater ecosystems. Table 

2.1 summarises the pharmaceuticals that are commonly used globally, and their occurrences 

in surface waters based on reported literature samples from the aqueous 
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phase. Comparatively little effort has been invested in understanding the effects of PhACs on 

ecosystem processes, leading to some authors calling for further investigations to address this 

knowledge gap (e.g. Hughes et al. 2016). The Chapter 1 review was designed in response to 

SETAC‘s main question, and to contribute to understanding the effects on freshwater 

ecosystem processes of PhACs—separately, in mixtures, and in combination with a warming 

climate. Having met that goal, this chapter aims to explore the effects of pharmaceuticals on 

the structure and functions of freshwater ecosystems, and the fate of pharmaceuticals in 

wastewater treatment plants (WWTPs) and surface water effluent. The interactions of these 

potentially toxic compounds with other chemicals after their discharge into freshwater 

environments, and a suite of future research directions, are identified. 

 

Figure 2.1: Diagram illustrating the potential pathways for PhACs once they reach any 

element of aquatic food webs  
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Table 2.1: Summary of reported pharmaceutical occurrences in surface waters, based on 

samples from the aqueous phase 

Pharmaceutical Known metabolites Maximum 

detected 

concentrations in 

surface water 

(µg/L) 

References 

Propranolol 4-Hydroxypropranolol 

and glucuronide conjugate 

(20%)  

3.5 × 10
-3

 (Kasprzyk-Hordern et al. 

2007; Ma et al. 2020) 

Naproxen 6-o-Desmethyl naproxen 7.0 × 10
-3

 (Kasprzyk-Hordern et al. 

2008a; Zhao et al. 2010) 

Metoprolol No active metabolites 0.190 (Al-Odaini et al. 2013; 

Kasprzyk-Hordern et al. 

2007) 

Salbutamol Sulphate conjugate 0.005 

(Drinking water) 

(Hai et al. 2018; 

Kasprzyk-Hordern et al. 

2008b; Kim et al. 2009; 

Petrović et al. 2014) Atenolol Hydroxylated metabolite (3%) 0.690 

Carbamazepine Hydroxylated 

(10,11-epoxide) 

(active), conjugated 

metabolites 

1.1 

Acetaminophen Sulphate conjugate (30%), 

paracetamol 

cysteinate, 

mercapturate (5%) 

10.0 (Campestrini et al. 2018; 

Kasprzyk-Hordern et al. 

2008b; Kolpin et al. 

2002) 

Ibuprofen (þ)-2-40-(2-Hydroxy-2- 

methylpropyl)- 

phenylpropionic 

acid (25%) and 

(þ)-2-40-(2-carboxypropyl)- 

phenylpropionic 

acid (37%), conjugated 

ibuprofen (14%) 

72.3 × 10
-2

 (Ashton et al. 2004; 

Kolpin et al. 2002; Paíga 

et al. 2012) 

Ketoprofen 2-(3-benzoylphenyl)- 

propanoic acid and 

glucuronides 

0.18 (Kasprzyk-Hordern et al. 

2008b; Tixier et al. 

2003) 
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2.2 Pathways for pharmaceuticals into surface water environments 

There are several ways in which pharmaceuticals reach surface water, and this depends on 

their source (Figure 1.1 in Chapter 1), which may be agricultural operations, households, 

hospitals and industrial sites, and especially pharmaceutical plants (Daughton and Ruhoy 

2009; Daughton and Ternes 1999; Nagarnaik et al. 2012). Adding to the data presented in 

Chapter 1, this review presents detailed information on how these pathways lead to 

transformation of these pharmaceuticals in freshwater ecosystems. In the following sections, I 

review the most important of these pathways. 

2.2.1 Direct wastewater discharges to surface water 

Direct discharge from WWTPs is the primary source of pharmaceuticals in freshwaters 

(Nikolaou et al. 2007). High levels of pharmaceuticals in wastewater are the result of two 

factors. First, a number of pharmaceuticals are poorly absorbed in the human gut and are 

ultimately excreted through the renal system; for example, at least 5% of paracetamol is 

excreted through the renal system in its original form (Siegers et al. 1984). Second, large 

amounts of unwanted pharmaceuticals are incorrectly disposed of to wastewater; for example, 

nearly 50% of antidepressants and 82% of antibiotics prescribed were found to be flushed 

down toilets in the United Kingdom (Bound and Voulvoulis 2005; Bound et al. 2006; Fenech 

et al. 2013). 

Once they have entered the wastewater stream (Figure 2.2), the ultimate fate of 

pharmaceuticals is highly variable (Schultz et al. 2010; Tamtam et al. 2008). After the 

discharge of treated wastewater into the aquatic ecosystem, unbound pharmaceuticals can be 

broken down by volatilisation, photodegradation or biodegradation. However, these processes 

are influenced by a wide range of other factors including oxygenation, temperature and 

availability of nutrients (Petrie et al. 2014a, 2014b). Microbial transformation within WWTPs 

is effective at breaking down some pharmaceuticals, but not all. For example, standard 

activated sludge treatment can remove up to 90% of aspirin, ibuprofen and thymol (Nakada et 

al. 2006), yet the same study reported less than 50% effectiveness at removal of amide-type 

pharmaceuticals such as ketoprofen and naproxen. A major review of the efficacy of 244 

conventional activated sludge systems and 20 membrane biological reactors in removing a 

suite of 118 pharmaceuticals reported high variability between compounds, between WWTPs 

and over time (Verlicchi et al. 2012). The review concluded that the presence of PhACs in 
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secondary effluent discharge from WWTPs into streams is a source of chronic risk to the 

species in natural waters. The greatest risk was considered to be posed by antibiotics, 

psychiatric medications, analgesics, anti-inflammatory drugs and lipid regulators. The review 

highlighted the need to improve the legislation protecting aquatic systems and provide 

directives that accommodate PhAC-related concerns. The authors also encouraged more 

researchers to evaluate the ecological risks of PhAC mixtures, and PhACs‘ chronic effects 

and toxicities. In addition, they recommend more studies to promote PhAC removal methods 

in WWTPs and better source control to reduce PhAC concentrations and variety in freshwater 

ecosystems.  

A significant factor in the efficacy of pharmaceutical removal and loads to the environment is 

temporal variability in pharmaceutical use. For example, there can be a 10-fold difference in 

antihistamine, 1S,2S(þ)-pseudoephedrine and ephedrine prescriptions issued to patients 

between seasons (Harman et al. 2011; Kasprzyk-Hordern and Baker 2012a). Similar seasonal 

variation in pharmaceutical concentrations in wastewater effluence was also observed in 

Switzerland, with heightened levels of the antibiotics norfloxacin and ciprofloxacin in spring 

and winter associated with secondary infections from influenza (Coutu et al. 2013). 

Pandemics can also lead to increased pharmaceutical prescriptions and high wastewater 

loads, as seen during an outbreak of influenza throughout Europe in 2009 (Slater et al. 2011). 

There is also substantive temporal variation in observed loads of illicit drugs, with peaks 

associated with music festivals (Lai, Thai, et al. 2013), public holidays (Lai, Bruno, et al. 

2013) and sporting events (Gerrity et al. 2011). 

Usually, pharmaceuticals are generated and distributed in the form of a mixture of 

enantiomers. Excretion and wastewater treatment can favour the persistence of one 

enantiomer over another; or for some compounds such as non-steroidal anti-inflammatory 

drugs (NSAIDs) single enantiomers may split into two enantiomer forms via chiral inversion 

(Hashim et al. 2011). These different forms of enantiomers are often not measured using 

traditional analytical methods (Evans and Kasprzyk-Hordern 2014) and there is a relative 

paucity of information about the presence of chiral compound enantiomers within the 

environment (Kasprzyk-Hordern and Baker 2012b; Khan et al. 2014; Wang et al. 2013). 

Pharmaceutical potency and toxicity can differ significantly between enantiomers (Table 

2.2): for example, the (S) enantiomer of ibuprofen is 100 times more potent than the (R) 

enantiomer (Kasprzyk-Hordern 2010). 
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Figure 2.2: Transformation pathways of common pharmaceuticals observed in freshwater systems. Solid black arrows depict their 

transformation pathways in the sediment (grey ellipses with white outlines), water column (grey shading) and when bound to particles (dark grey 

ellipses). White ellipses indicate secondary metabolites.
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Although most research to date has focussed on pharmaceuticals in their prescribed form, 

there are also substantive loads of the secondary metabolites of pharmaceuticals in 

wastewater discharges. For example, ibuprofen is present in wastewater both in its prescribed 

form (1%) and in the form of several metabolites, such as (+)-2-40-(2-carboxypropyl)-phenyl 

propionic acid (37%) and conjugated ibuprofen (Kasprzyk-Hordern et al. 2008b). Some 

studies have found regenerated steroid oestrogens such as carbamazepine, 17α-EE2-3-

glucuronide, estrone-3-glucuronide and oestriol 16α-glucuronide in raw sewage as well as 

activated sludge (Gomes et al. 2009; Vieno et al. 2007). Secondary metabolites can account 

for a substantial percentage of all pharmaceuticals observed in surface water (e.g. Gross et al. 

2004; Ternes 1998; Writer et al. 2013). Despite the occurrence of metabolites, data are scarce 

on their ecological effects on freshwater ecosystems (Celiz et al. 2009). Since metabolites can 

undergo biotransformation or de-conjugation from their original constituents after being 

released into streams, there is a need to evaluate their ecological effects. 

Table 2.2: Examples of toxicological responses to some chiral enantiomers in the surface 

water environment 

Pharmaceutical Enantiomer

s 

Toxicity to surface water 

organisms 

Reference 

Atenolol S(-); R(+) [S] ~4 times more toxic to 

Tetrahymena thermophila 

(Kasprzyk-Hordern and 

Baker 2012b) 

Propranolol S(-); R(+) [S] ~100 times higher chronic 

toxicity to Pimephales promelas 

(Bagnall et al. 2012, 2013) 

Fluoxetine S(+); R(-) [S] ~10 times more toxic to 

Pimephales promelas and 

Tetrahymena thermophila 

(De Andrés et al. 2009; 

López-Serna et al. 2013; 

Stanley et al. 2007) 

Ibuprofen S(+); R(-) [S] ~100 times more bioactive (Kasprzyk-Hordern, 2010) 

2.2.2 Indirect wastewater discharge to surface water 

During wastewater treatment, pharmaceuticals interact with a wide range of organic 

materials. Sorption of pharmaceuticals onto organic compounds appears to play a major role 

in attenuation and persistence in aquatic ecosystems, although data are currently limited to a 

relatively small number of compounds (Al-Khazrajy and Boxall 2016; Stein et al. 2008; 

Yamamoto et al. 2005). Pharmaceutical sorption commonly occurs when aliphatic and 

aromatic groups interact with lipids, with rates determined by the pharmaceutical‘s octanol-

water coefficient (log Kow) and acid dissociation constant (Pka), and the pH and other 

attributes of the wastewater sludge (Hörsing et al. 2011; Ternes et al. 2004). While 
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pharmaceuticals that are comparatively water soluble and hydrophilic tend to move through 

wastewater treatment in the liquid component, other pharmaceuticals interact with organic 

compounds and move into the biosolid component. 

Biosolids generated by anaerobic digestion during wastewater treatment are commonly used 

as fertilisers or disposed of to landfill (Table 2.3; Karnjanapiboonwong et al. 2011; Marguí et 

al. 2016). Despite prolonged storage outdoors and anaerobic digestion times of 20–30 days, 

biosolids can contain significant loads of pharmaceuticals (Cortés et al. 2013). For example, 

traces of ciprofloxacin, norfloxacin, ofloxacin, triclosan, triclocarban and bisphenol A at 

concentrations higher than 1,000.0 µg/kg/L have been reported from the particulate phase of 

biosolids (Gottschall et al. 2012; Guerra et al. 2014). The limited number of studies 

undertaken have shown that the particulate phase of wastewater may contain more than 20% 

of the pharmaceutical load, but this component is rarely monitored (Table 2.3; Petrie et al. 

2014a; Radjenović et al. 2009). When these biosolids are used on land, interactions with 

groundwater, irrigation and surface water may generate substantive loads of pharmaceuticals 

to the environment (e.g. Muñoz et al. 2009; Sabourin et al. 2009; Topp et al. 2008). 
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Table 2.3: Pharmaceutical water solubility and concentrations found in biosolids 

Drug Water 

solubility (µg/L) 

Mean biosolid conc. 

(µg/kg dry weight) 

Reference 

Estrone 30.0 × 10
3
 0.28–0.30 × 10

3
 (Langdon et al. 2011) 

Ibuprofen 21.0 × 10
3
 0.20–0.44 × 10

3
 (Albero et al. 2014) 

Naproxen 15.9 × 10
3
 20.0 (Albero et al. 2014) 

Diclofenac 2.37 × 10
3
 60.0 (Morais et al. 2013) 

Acetaminophen 1.4 × 10
7
 20.0 (Guerra et al. 2014) 

Gemfibrozil - 8.0 (Sabourin et al. 2012) 

Carbamazepine 17.7 × 10
3
 90.0 (Sabourin et al. 2012) 

Fluoxetine 5.0 × 10
7
 110.0 

Propranolol 61.7 × 10
3
 360.0 (Guerra et al. 2014)  

Ciprofloxacin 3.0 × 10
7
 6500.0 

Norfloxacin 1.78 × 10
8
 1.750.0 (Sabourin et al. 2012) 

Ofloxacin 2.83 × 10
7
 690.0 (Guerra et al. 2014) 

Tetracycline 5.0 × 10
7
 510.0 (Gottschall et al. 2012) 

Triclosan 10.0 × 10
3
 10900.0 

Triclocarban 0.11 × 10
3
 51000.0 (Heidler et al. 2006) 

Bisphenol A 120 × 10
3
 0.06–1.37 × 10

3
 (Langdon et al. 2011) 
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2.3 Physical processes affecting pharmaceuticals in surface water 

After pharmaceuticals have entered surface water, a range of physical processes may take 

place, which influences their chemical form, bioavailability and toxicity. An assessment of 

the comparatively limited literature within this domain reveals a wide variety of processes 

that have been described as acting on pharmaceutical groups. 

2.3.1 Volatilisation 

Volatilisation is the process whereby pharmaceuticals (or other compounds) move into the 

gaseous phase. There is potential for this to occur during wastewater treatment as a result of a 

combination of heat and aeration; it can also occur once wastewater has entered aerated 

aquatic environments. While there has been limited research on secondary metabolites and 

breakdown products of pharmaceuticals, prescribed forms generally have Henry‘s law 

constant (kH) of greater than 3 × 10
-3

 mol/(m
3
 Pa), and volatilisation is rare. Thus, as a 

process of pharmaceutical degradation, volatilisation is deemed negligible because the vast 

majority of pharmaceuticals are water soluble and tend to bind to organic compounds 

(Bundschuh et al. 2017; Kim et al. 2014;). Therefore, volatilisation will not remove PhACs or 

prevent their persistence in freshwaters. 

2.3.2 Photolysis 

Photolysis occurs when light energy disrupts chemical bonds in a compound, resulting in a 

chemical breakdown. There is considerable variability across pharmaceutical groups, but 

commonly used pharmaceuticals—including the anti-cholesterol drug gemfibrozil; the non-

steroidal anti-inflammatory drugs (NSAIDs) naproxen, ibuprofen and ketoprofen; female 

contraceptives containing ethinyl estradiol; and the blood pressure medication propranolol—

all undergo degradation via photolysis (Lin and Reinhard 2005). Chemical half-lives in well-

lit environments range from 4 min (i.e. ketoprofen) to 15 h (i.e. ibuprofen) (Lin and Reinhard 

2005). Vulnerability to photolysis is affected by a wide range of factors including light 

conditions at wastewater outfalls and light penetration into the receiving waters. The presence 

of dissolved organic materials (which are common in wastewater but also occur in receiving 

waters with inputs from wetlands or high organic matter inputs) reduces light penetration as 

well as pH (West and Rowland 2012). Depending on the pharmaceutical, organic matter may 

reduce photolysis or—where the pharmaceutical can interact with hydroxyl radicals and 

triplet excited-state organic matter—generate chemical reactions that increase rates of 
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photolysis (Ryan et al. 2011). The breakdown of PhACs‘ chemical bonds by photolysis can 

mitigate their effects on freshwater ecosystems, but photolysis alone is not enough to 

completely degrade PhACs unless it is combined with other degradation processes. 

2.3.3 Sorption to particles 

As outlined in Section 2.2, interaction with other compounds can be a key factor that affects 

the fate of pharmaceuticals within the freshwater environment (Al-Khazrajy and Boxall 

2016). Pharmaceuticals may attach to organic compounds in the environment and accumulate 

in sediment (Stein et al. 2008; Rico et al. 2014; Yamamoto et al. 2005). The propensity for 

this to occur is a product of the chemical nature of the pharmaceutical and the nature of the 

receiving environment (Hörsing et al. 2011; Ternes et al. 2004). Low-energy environments 

with suspended clay materials are particularly likely to settle pharmaceuticals out and 

potentially concentrate them in sediments, because of a combination of available surfaces for 

sorption, low rates of flushing out of sediments and reduced light penetration, reducing rates 

of photolysis. In this way, freshwater species will be chronically exposed to PhACs.  

2.4 Trophic transfer and bioaccumulation 

The importance of undertaking studies on the distribution of PhACs in the tissues of 

organisms is being increasingly recognised (Tanoue et al. 2015). In both freshwater and 

marine environments, pharmaceutical pollutants have been reported to be important sources 

of contamination in organisms living in those environments (W. Li et al. 2012; Xu et al. 

2014). For example, micro-invertebrates and benthic macroinvertebrates frequently ingest 

sediment particles that are contaminated with PhACs, and these organisms are the main 

elements in fish diets (Grabicová et al. 2015). However, there is a paucity of literature on 

their distribution in fish (Huang et al. 2013; Zhao et al. 2015).With emerging risks posed by 

PhACs in aquatic ecosystems, it is important to consider factors that may allow a better 

understanding of how PhACs in sediments affect benthic organisms. The level of 

biomagnification for specific PhACs in a food web can be measured using the trophic 

magnification factor (TMF) (Borgå et al. 2012). When compared with other bioaccumulation 

metrics such as biota–sediment accumulation factors and bioconcentration factors, the TMF 

offers greater protection against errors because it is not ambiguous in its measurement of 

pharmaceutical concentrations in abiotic media (McLeod et al. 2015). However, more 

research is necessary to thoroughly assess the TMFs of other PhACs (Xie et al. 2017). 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/contamination
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/invertebrate
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/bioconcentration-factor
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2.5 The risks posed by pharmaceutically active compounds in 

agroecosystems 

The wide use of medications, especially antimicrobials, for human and veterinary treatments 

has significantly increased the amounts of PhAC residues detected in the environment 

through biosolid disposal from WWTPs (Han et al. 2006; Li and Randak 2009; Patel et al. 

2019). They have been detected in both water (Chen et al. 2018; Ding et al. 2017; Dong et al. 

2016; Li et al. 2017; Zhang et al. 2018) and plant ecosystems (Bartrons and Peñuelas 2017; 

Boonsaner and Hawker 2015; Hussain et al. 2016), posing a risk to agro-ecosystems. The 

main risk to agro-ecosystems comes from veterinary antibiotics rather than human antibiotics 

because in comparison, the use of the veterinary drugs is more in agro-ecosystems. This 

higher consumption of veterinary antibiotics means that animal-specific PhACs are more 

commonly found in agricultural watersheds (Jaffrézic et al. 2017). Risks are exacerbated by 

the joint use of multiple antibiotics in animal feeding (Li et al. 2013): antibiotics administered 

to animals account for a majority of all antibiotics used by weight (Bager 2000). The 

increasing detection of veterinary antibiotics in the environment has been correlated with 

rapid developments in livestock farming (O‘Neill 2015). 

Because they depend on the pharmaceutical transformation process and pharmacokinetic 

process in animals, the majority of administered veterinary PhACs are poorly adsorbed in the 

animal gut; hence, they are excreted in faeces and urine as the parent compounds or as 

metabolites, and may stay active for days after administration (Kim et al. 2016, 2017; Sarmah 

et al. 2006). The excretion rates in animals vary depending on the type of pharmaceutical: for 

example, in one study, 65% of tetracyclines, 90% of sulphonamides and 50–100% of 

macrolides were excreted (Jjemba 2002). Moreover, excreted PhACs can persist multiple 

days after administration. Studies have found that even after 2 days of oral administration of 

tetracyclines, 72% of the drugs was excreted unaltered (Winckler and Grafe 2001), and more 

than 90% of fluoroquinolone was excreted as the parent compound by pigs (Sukul et al. 

2009). The excreted quantities of PhACs may vary with the dosage, and the type and age of 

the animal (Sarmah et al. 2006). In discharged waste, concentrations of excreted PhACs may 

increase if metabolites become retransformed back to their parent compounds (Heuer et al. 

2008; Lamshöft et al. 2010). 

The ecological risks of PhACs for the quality of agricultural ecosystems are becoming more 

evident, with more studies reporting these risks (Gros et al. 2019, Li and Randak 2009; Ma et 



44 

al. 2016). This is because of the long half-life of bioactive PhACs and their metabolites, as 

well as their accumulation in agro-ecosystems, which may lead to toxicity for soil microbial 

communities, plants and humans (Du and Liu 2012; Heuer et al. 2011; Jechalke et al. 2014; 

Sarmah et al. 2006). Antibiotic residues found in soil change the structure of the soil‘s 

microbial community by inhibiting the synthesis of DNA and affecting the cell walls and 

proteins in microbes. These changes alter the availability and abundance of microbial 

communities and thus may hamper or modify interactions among species in the soil (Ding 

and He, 2010). This effect was shown by a study reporting a reduction in the bacterial/fungal 

ratio after the application of sulfadiazine to the agricultural soils examined in the study 

(Hammesfahr et al. 2008). Soil respiration rates and soil biomass production were shown to 

be affected by several PhACs, including tylosin (Demoling and Baath 2008), sulfadiazine 

(Zielezny et al. 2006) and ciprofloxacin (Näslund et al. 2008). The PhACs that were found to 

affect soil enzymatic activities also inhibited alkaline phosphatase activity (Yang et al. 2009). 

The impact of these PhACs in soil may also reach crop plants, especially vegetables, through 

water transport and passive absorption (Hu et al. 2010). The PhAC accumulation in plants is 

a source of risk to humans as consumers of these plants, and they are likely to make their way 

into freshwater ecosystems through manure or leaching from agricultural lands or WWTPs 

(Brown et al. 2006; Lin et al. 2008 ; Managaki et al. 2007). This is considered a great risk to 

freshwater microbial communities, invertebrates, and related processes.  

2.6 Pharmaceutical effects on freshwater ecosystems 

Freshwater ecosystems are affected by multiple environmental stressors including 

pharmaceutical products. The fate of pharmaceutical products in freshwater ecosystems may 

affect their species and food webs in the long term. The resulting adverse effects may lead to 

toxicity in other communities, soil, plants and humans, thereby creating potential hazards to 

the health of freshwater ecosystems as a whole. 

2.6.1 Toxicity 

The effects of pharmaceuticals in the environment can range from relatively minor, to acute 

toxicity. The toxic effect of pharmaceuticals and individual chemicals on aquatic species is 

typically tested under controlled laboratory conditions and expressed as LC50 or EC50. LC50 

(lethal concentration, 50%) is the dose of a substance required to kill half the members of a 

tested population after a specified test duration. EC50 (half-maximal effective concentration) 
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refers to the concentration of a substance that induces a detectable response halfway between 

the baseline and maximum after a specified exposure time. EC50 is sometimes referred to as 

‗potency‘. 

The majority of acute toxicological assays in freshwater biota have been carried out on the 

crustacean Daphnia magna (Persoone et al. 2009), although other studies have used Hydra 

vulgaris and Ceriodaphnia silvestrii ( Damasceno de Oliveira et al. 2018; Pascoe et al. 2003). 

The measurement of EC50 is most often undertaken using standard techniques based on an 

individual‘s mobility (Organisation for Economic Co-operation and Development 2004). 

Generally, chemicals with EC50 ranges from 10 to 1.0 × 10
4 µg/L are deemed hazardous to 

aquatic species. Similarly, those whose EC50 ranges between 1.0 × 10
3 and 10.0 × 10

3 µg/L are 

marked as toxic, and chemicals whose EC50 is less than 1.0 × 10
3 µg/L are classified as very 

toxic (Cleuvers 2003). Among commonly used pharmaceuticals, lipid regulators, 

trimethoprim, carbamazepine and nonsteroidal anti-inflammatory drugs (diclofenac, 

naproxen, acetaminophen and ibuprofen) are deemed hazardous; and oxytetracycline, 

erythromycin, ofloxacin and sulfamethoxazole are considered toxic (see e.g. Cleuvers 2003; 

Dave and Herger 2012; De Liguoro et al. 2009; Eguchi et al. 2004; Ferrari et al. 2003; Han et 

al. 2010; Heckmann et al. 2007; Henschel et al. 1997; Holten Lützhøft et al. 1999; Isidori et 

al. 2005a; Pro et al. 2003; Rosal et al. 2010; van den Brandhof and Montforts 2010; 

Wollenberger et al. 2000). 

While toxicity testing is the standard approach used to assess the toxicity of pharmaceuticals, 

it has significant limitations because of the variety of toxic endpoints, test duration, wide 

range of test species used and different laboratory conditions. For example, acute toxicity test 

data for aquatic species reveal large differences in effect magnitude for the same species (see 

Baird et al. 1989; Verma et al. 2012). Also, lethal concentration does not consider the 

possible effects of sub-lethal concentration of a pollutant, which cause various changes in 

aquatic species (e.g. Chourpagar et al. 2016; Paruruckumani et al. 2015). Hence a 

standardised method to assess the toxicity of various pharmaceuticals individually and 

combined is vital for establishing the role of these agents in adverse events on freshwater 

ecosystems. 

2.6.2 Mixture effects 

While standard toxicological assays tend to measure the effects of a single compound, 

freshwater ecosystems are exposed to a combination of pharmaceuticals (e.g. Richmond et al. 
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2018). Several studies have explained that different combinations of stressors under varying 

conditions will display effects dissimilar to the effects of single stressors (Chapter 1; Elbrecht 

et al. 2016; Olin et al. 2017; Piggott et al. 2015d). Prediction of the effect of multiple 

stressors based solely on a known single effect may not be accurate; therefore, ongoing 

investigation of unstudied combinations of stressors in freshwater ecosystems is necessary. It 

is thus important to consider the effect of a combination of multiple PhAC stressors on these 

ecosystems in the presence of other environmental stressors. The relatively small numbers of 

studies on the effects of pharmaceutical mixtures have revealed evidence of interactions 

between compounds that influence impacts. For example, in immobilisation tests on D. 

magna a combination of the antilipemic clofibric acid and antiepileptic carbamazepine had a 

larger effect than the same amounts of the individual pharmaceuticals (Cleuvers 2003). In 

another study, a mixture of NSAIDs was toxic, yet the same pharmaceuticals had negligible 

or no effect at the same concentrations when administered separately (Cleuvers 2004). Galus 

et al. (2013) found embryological effects on Danio fish exposed to WWTP effluent 

containing a mixture of gemfibrozil, venlafaxine, acetaminophen, and carbamazepine. In 

contrast, a study on mixtures of pharmaceuticals at concentrations similar to those found in a 

German river suggested that there could be neutral, synergistic and antagonistic interactions 

between compounds (Dietrich et al. 2010), and other studies have reported variable effects 

after previous exposure had generated resistance (Cleuvers 2003, 2004). Nonetheless, there 

remains a need for further studies to determine the chronic effects of pharmaceutical mixtures 

at low concentrations, and to examine these mixtures‘ ecological effects on organisms. 

2.7 Effects of pharmaceuticals on freshwater ecosystems 

Recent years have seen an increasing number of studies assessing the effect of single PhACs 

and (more rarely) combinations of PhACs on natural or pseudo-natural freshwater 

ecosystems. Figure 2.1 illustrates the common pathways of pharmaceuticals via aquatic food 

webs and the fate of these pharmaceuticals into freshwater environments. This section 

reviews the findings for major functional and taxonomic groups in freshwater ecosystems.  

2.7.1 Effects on biofilms 

Biofilms are complex combinations of algae, bacteria and fungi and their exudates that form 

on surfaces in freshwaters. These layers provide critical resources for freshwater food webs 

and are hot spots for biochemical processes, including the processing of organic matter and 

the transformation of nutrients. 
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Relatively limited research has examined the effects of PhACs on biofilms in natural settings 

(e.g. Boxall 2004; Chonova et al. 2018; Guo et al. 2015; Santos et al. 2010). Lawrence et al. 

(2005) studied the effects of furosemide, caffeine, ibuprofen, and carbamazepine on riverine 

biofilms at moderate concentrations (10 µg/L) over an 8-week period. They found substantial 

differences in biofilm structures, with thicker biofilms developing in the presence of caffeine 

compared with the absence of caffeine. Compounds containing nitrogen (caffeine, 

furosemide, and carbamazepine) increased the algal biomass and suppressed cyanobacteria. 

All treatments led to a decline in gamma proteobacteria and an increase in beta 

proteobacteria. Effects on cell viability were highly variable, with live–dead cell ratios 

reduced over those of controls for furosemide and caffeine and increased for carbamazepine 

and ibuprofen. In a study by Wilson et al. (2003), a set of laboratory dilution bioassays 

consisting of an antimicrobial antibiotic (ciprofloxacin) and the agent triclosan was employed 

to examine two representative PhACs in a separate manner to determine their effects on algal 

groups in upstream and downstream sites of a Kansas, United States, WWTP. In the final 

biomass yields, differences were found to be significant (p < .001), although effects on the 

algal community‘s growth rates were insignificant. Triclosan and ciprofloxacin (p < .05) were 

found to substantially alter the attachment and suspension of the algal community systems. 

Additionally, a constant decline was observed in the final taxonomic ranking of the algae in 

the bioassays after both chemicals‘ concentrations were found to rise threefold compared 

with the initial amounts. Yang et al. (2008) reported inhibition of algal growth by a mixture 

of antibacterial PhACs. The authors inferred that both PhACs could affect the algal groups‘ 

functions and structures in freshwaters into which WWTP effluents were discharged.  

Biofilms have also been reported to be sensitive to various therapeutic classes of PhAC, 

including β-adrenergic receptor blockers, fluoroquinolone, selective serotonin reuptake 

inhibitors, oestrogens and sulphonamide (Crane et al. 2006). A recent study by Guo et al. 

(2020) found no immediate threat from macrolide antibiotics for the alga Raphidocelis 

subcapitata at current environmentally related concentrations, but reported 45% inhibition in 

growth at a concentration of 90 µg/L (Guo et al. 2020). This is alarming because antibiotic 

use and discharge into aquatic ecosystems are on the rise. 

Additional research has examined the effects of illicit drugs on microbes. These studies have 

suggested that plant-derived alkaloid PhACs such as marijuana differentially affect some 

microbial species and may act to reduce the fungal biomass (Radulović et al. 2013). There is 

also evidence that plant-derived monoamine amphetamine–type stimulants, amphetamines 
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and cannabinoids affect microbial diversity, spatial distribution and motility (Al-Hebshi et al. 

2010; Chet et al. 1973); all may have profound effects on the composition and functioning of 

microbial communities (Chet and Mitchell 1976). 

Antibiotics at concentrations found in the environment can block the initial adhesion of 

bacteria (the first step for biofilm formation). Amoxicillin strongly inhibited the adhesion of 

Escherichia coli and Aquabacterium commune (Schreiber and Szewzyk 2008). Polymyxins 

altered the external bacterial membrane by dissolving the fatty acids in the membrane‘s 

hydrophobic region; chloramphenicol exhibited bacteriostatic action by inhibiting the 

peptidyl transferase; and aureomycin inhibited bacterial protein synthesis by combining with 

the small (30S) subunit of ribosomes. All of these antibiotics have been shown to be toxic to 

luminescent bacteria (Ji et al. 2013), while tetracycline showed increased toxicity to bacteria 

when it was degraded as a result of photolysis (Jiao et al. 2008). Although these toxic 

observations were recorded at the experimental scale, similar damage is likely to occur to 

bacteria in freshwater ecosystems. Analgesics were found to have negatively affected and 

reduced the biofilm population in surface water (Dastidar et al. 2000; Grenni et al. 2014; Paje 

et al. 2002; Veach et al. 2012), and were reported to have antifungal properties (Chowdhury 

et al. 2003; Sanyal et al. 1993). They also inhibited bacterial cell activities, resulting in the 

inhibition of nitrogen removal in WWTPs, and reducing the fungal biomass (Alvarino et al. 

2014; Pimentão et al. 2020; Wang and Gunsch 2011). PhACs are strongly considered a major 

threat to biofilms in natural waters (Barra Caracciolo et al. 2015). 

A key freshwater ecosystem function that is supported by microbial and fungal activity is the 

breakdown of leaf litter (Gessner et al. 2010). Most studies have focussed on the effects of 

PhACs on freshwater species, but information concerning their impact on freshwater 

functions is scarce: Hughes et al. (2016) is one of the few revealed by a comprehensive 

literature search. Therefore, it is important to understand how each of the four PhACs affects 

freshwater ecosystem functions as, under certain conditions, one may be present at a 

concentration much higher than the others and could become the dominant pharmaceutical 

stressor in the system. The complex nature of PhAC interactions and the extent of their 

effects based on environmental impacts such as higher temperatures are assessed in Chapter 

6. Collectively, these results emphasise the potential for pharmaceutical contaminants to 

affect critical ecosystem functions in complex and interactive ways. 
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2.7.2 Effects on macrophytes 

The interplay between macrophytes and pharmaceutical contaminants and their ramifications 

for aquatic plants is not well understood (Coutris et al. 2011). There are instances where these 

pharmaceutical ecotoxicities may have long-term adverse effects on the aquatic organisms 

because of organisms‘ exposure to wastewater effluent (Fent et al. 2006b). 

In a study conducted by Alkimin et al. (2019), two duckweed species (Lemna gibba and L. 

minor) were found to respond differently to PhACs. The defence system of L. gibba was 

acted upon when antioxidant pigments became mobilised, and catalase hydrolytic activity 

commenced. However, this exposure was not found to compromise chlorophyll fluorescence 

or pigments (chlorophyll a, chlorophyll b and total chlorophyll levels). Conversely, there was 

a more significant effect on chlorophyll b than on chlorophyll a or total chlorophyll levels for 

L. minor pigments (Alkimin et al. 2019). According to Alkimin‘s study, various plant species 

studied during the ecotoxicological testing associated with PhACs may produce dissimilar 

results, and this conferred a competitive edge to L. gibba over L. minor. However, little is 

known about the effects of pharmaceutical combinations on aquatic plants (Llorca et al. 

2017). 

2.7.3 Effects on invertebrates 

The potential for impacts of the pharmaceuticals found in aquatic ecosystems has been 

gradually increasing but their effects on invertebrates are very much less regarded for 

investigation. Pharmaceuticals are often moderately lipophilic, which carries a potential risk, 

especially for sediment organisms and the benthic community (Oetken et al. 2005). Here, I 

present a review of the effects of various PhACs on invertebrates. The effects of a mixture of 

17α-ethinyl oestradiol, metoprolol, diclofenac and carbamazepine were investigated at 

moderate and high concentrations in the amphipod crustacean Gammarus fossarum (Dietrich 

et al. 2010). The gammarids‘ moulting behaviour was affected by a mixture of the four 

PhACs at moderate and high concentrations, resulting in a discontinuous rise in subsequent 

moults in comparison with the control group constant size increment. This would have 

negative ecological ramifications considering the strong contribution of gammarids in 

freshwater ecosystems throughout the northern hemisphere. Moreover, even at low 

concentrations, these PhACs are potentially hazardous to aquatic organisms (Dietrich et al. 

2010). Another study reported the potential effect of tramadol and citalopram on the 

behavioural traits of marbled crayfish. Exposure to median concentrations led to a significant 
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decline in the death rate of marbled crayfish compared with controls (Buřič et al. 2018). 

Rivetti et al. (2016) examined the effects of various PhACs on D. magna. The authors 

suggested that phenotypic traits such as reproduction and behavioural responses of D. magna 

could be affected through their exposure to neuroactive PhACs at modest concentrations. 

Each of propranolol, diazepam and carbamazepine was found to improve reproduction rates, 

at concentrations of 1.0 ng/L, 0.1 μg/L and 1.0 μg/L, respectively. Similarly, fluoxetine, 

carbamazepine and diazepam were found to lead to incremented levels of positive phototactic 

responses at concentrations of 1.0 ng/L, 10.0 ng/L and 100.0 ng/L, respectively (Rivetti et al. 

2016). Although the antidiabetic metformin and its metabolite guanylurea have been found to 

affect the big ramshorn snail Planorbarius corneus, this effect was reported at concentrations 

10,000 times higher than their environmentally related concentrations (Jacob et al. 2019). 

Few studies have assessed the toxicity of illicit PhACs for freshwater species (Emke et al. 

2014). Because of their natural effectiveness, illicit PhACs in freshwaters are likely to induce 

toxicity in aquatic species (Petrie et al. 2015). However, plant-generated alkaloids were found 

to safeguard them from insects. It was also observed that plants developed these natural 

compounds during an evolutionary ‗struggle‘ with invading insects (Nathanson et al. 1993). 

Thus, illicit PhACs that contain alkaloids may affect sensitive invertebrates. Various studies 

have demonstrated such sensitivity, one of which underpinned the negative effects of cocaine 

and its metabolites on the zebra mussel Dreissena polymorpha physiology at moderate 

concentrations (Binelli et al. 2013; Parolini et al. 2013). Exposing zebra mussels to cocaine 

and its metabolites was found to damage the mussels‘ DNA and lead to oxidation stress. 

Similarly, the exposure of the mussel Elliptio complanate to morphine at a concentration of 

0.07 µg/g led to physiological alterations such as decreased serotonin and enhanced 

dopamine in the mussels‘ tissues. Exposure to morphine also caused E. complanate to be in a 

comparatively relaxed state (Pei et al. 2018). Freshwater systems are known to be popular 

habitats for aquatic flies. While Drosophila melanogaster is not an aquatic fly, exposure to 

cocaine in one study caused it to exhibit responses that were also observed in humans and 

rats, besides exhibiting multiple reflexive motor reactions (McClung and Hirsh 1998). Some 

studies have examined how cocaine and its metabolites affect organisms (Parolini and Binelli 

2013; Parolini et al. 2013). For example, one study examined the effect of cocaine on 

Drosophila polymorpha at concentrations of both 10,000 and 40,220 ng/L (Binelli et al. 

2012). Exposing the species to a minimum cocaine concentration of 40 ng/L for 96 h was 

found to increase the number of micronucleated cells and apoptosis through primary DNA 

damage. 
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Direct cocaine injection has also been found to affect the mobility of crayfish (Huber et al. 

2011). After exposing Dreissena polymorpha zebra mussel to ecgonine methyl ester 

(cocaine‘s metabolite) at 500 ng/L for 14 days, it was observed that the species had elevated 

lipid peroxidation, DNA fragmentation, suppression of defence enzymes, and protein 

carbonylation (Parolini et al. 2013). Correspondingly, the exposure of D. polymorpha to d-9-

tetrahydrocannabinol (a cannabis compound) at 500 ng/L for 14 days was found to increase 

the organism‘s oxidative stress (Parolini et al. 2013); alterations in oxidative status could also 

cause DNA damage. Stimulants such as methamphetamines and amphetamines may also 

have a significant effect on invertebrates. For example, amphetamine was found to cause 

hallucinations in the mollusc Tritonia diomedea at concentrations of between 50 μg/L and 1.0 

× 103 µg/L. A sudden burst of neurophysiological energy in their S-cells caused T. diomedea 

to make various unusual swimming movements. This upsurge of energy was found to trigger 

the animal‘s swimming movements for escape by strengthening its awareness of its predators 

(Lee et al. 2018). Another study showed that methamphetamine could potentially affect the 

snail Lymnaea stagnalis over a protracted period (Kennedy et al. 2010). Because of the 

similarities between the neuronal pathways of vertebrates and snails, it can be inferred that 

responses to illicit PhACs will affect an ecosystem. Such studies have provided pertinent 

information related to the dangers caused by illicit PhACs for aquatic species. The actions 

and fate of these PhACs are thereby dependent greatly on other factors also (see section 2.3). 

However, there is a need to conduct more research to ascertain illegal PhACs‘ ecological 

effects on aquatic invertebrates. 

2.7.4 Effects on vertebrates 

Substantial testing of pharmaceuticals on vertebrates has occurred to establish data on 

sensitivity and toxicity of PhACs with varying therapeutic doses in mammal species. The 

presence and accumulation of PhACs have been globally recorded in freshwater fishes 

(Brooks et al. 2005; Christensen et al. 2009; Chu and Metcalfe 2007; Grabicová et al. 2020; 

Kolpin et al. 2002; Ramírez et al. 2007; Schultz et al. 2010). One study reported their effect 

on fish survival rates, albeit at concentrations much higher than those in the environment 

(David et al. 2020). The synthetic oestrogen 17α-ethinyl oestradiol was reported to cause a 

population decline in lake trout (Salvelinus namaycush) and white suckers (Catostomus 

commersonii) (Kidd et al. 2014). Also, it adversely affected the riverine roach fish Rutilus 

(Jobling et al. 1998, 2006; Tyler et al. 1998). Antibiotics were reported to cause 

developmental abnormalities in zebrafish embryos, and under some conditions even caused 
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death (Bielen et al. 2017). Valenti et al. (2012) suggested in their study that the antidepressant 

sertraline may alter shelter-seeking behaviour in fathead minnows. Fluoxetine is an 

antidepressant regularly detected in surface water and found to change the sexual behaviour 

of the rainbow fish Poecilia reticulata (Fursdon et al. 2019). Moreover, fluoxetine 

significantly increased the circulating plasma oestradiol levels in Japanese medaka (Oryzias 

latipes) (Foran et al. 2004). Mennigen et al. (2011) discussed a range of studies reporting the 

effects of fluoxetine on fish physiological processes (Mennigen et al. 2011). In a different 

study, fluoxetine was reported to reduce the tendency to exhibit aggression in male Siamese 

fighting fish Betta splendens (Forsatkar et al. 2014). A mixture of fluoxetine, triclosan and 

diazinon was reported to reduce the activity level of the eastern mosquitofish Gambusia 

holbrooki (Melvin et al. 2016). Another study reported a disturbance in the biochemical 

responses of the goldfish Carassius auratus after exposure to mixtures of fluoxetine, 

propranolol and roxithromycin (Ding et al. 2016). Exposure to the antianxiety agent 

benzodiazepine was found to increase the boldness and activity of R. rutilus (Brodin et al. 

2017), and exposure to citalopram affected the mobility of the three-spined stickleback 

Gasterosteus aculeatus (Kellner et al. 2016). Similarly, exposing Pimephales promelas 

fathead minnows to the antidepressant venlafaxine was found to enhance their prey-capturing 

time (Bisesi et al. 2014). According to Bidel et al. (2016), venlafaxine had a neurotoxic effect 

on the cuttlefish Sepia officinalis. After chronic exposure to norfloxacin, C. auratus was 

found to have substantial damage to its DNA (Liu et al. 2014). 

Although good evidence exists regarding the effects of these PhACs, elevated exposure to 

these compounds through bioaccumulation or bioconcentration in higher wildlife and other 

vertebrates has not been well characterised. This is of importance as pharmacological hazards 

in the agricultural ecosystem can also damage aquatic ecosystems (Shore et al. 2014). 

2.8 Opportunities for future research 

The literature raises various intriguing questions concerning the effects of PhACs on 

freshwater ecosystem functioning and the species in these ecosystems. These pharmaceutical 

compounds are present in potentially harmful concentrations in natural and pseudo-natural 

aquatic systems, which pose potential hazards at all levels of aquatic food webs. Given the 

increasing human populations and associated PhAC use in society, it is likely that these 

effects may become inflated; PhACs indeed pose a serious threat to freshwater ecology. This 

review has revealed that there is much that is not known about the potential effects of PhACs, 
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with knowledge gaps. The following list of questions might provide actionable insights 

regarding research areas that may focus the attention of freshwater ecologists while 

contributing to the existing body of literature on PhACs across freshwater ecosystems. 

1. Freshwater ecosystems are affected by multiple environmental stressors rather than a 

single stressor. The fate of pharmaceuticals products in the aquatic food web is 

thereby mediated by various combinations of PhACs along with other environmental 

stressors, as well in the long term. Hence, it is necessary to consider the question, 

‗How do PhACs alone and in combination with other stressors affect the populations, 

community structures, food web interactions, ecosystem functions, forms of 

secondary production, and mortality rates in freshwater ecosystems; also, how do they 

affect growth rates? 

2. The environmental fate, bioavailability and toxicity of various contaminants differ as 

most differ markedly in their composition of chiral compounds with enantiomers. 

However, information on enantiomer-specific differences and their ecotoxicological 

fate are lacking. It is thus desirable to address the following questions: ‗What are the 

possible effects of chiral compounds on freshwater ecosystem functions, both 

individually and in conjunction with other achiral and chiral compounds? How do 

their effects differ from those of racemic compounds?  

3. Can PhACs cause changes in the critical biogeochemical cycling pathways of 

elements such as nitrogen, carbon and phosphorous? 

4. Considerable success has been achieved in the measurement of critical ecosystem 

processes such as decomposition, carbon dynamics and metabolism. These 

measurements have been associated with heightened trophic levels across freshwater 

ecosystems (Marcarelli et al. 2011). However, it is yet to be determined whether 

PhACs can affect metabolic processes or carbon dynamics to the point that they 

influence the linkages between these processes and higher trophic levels. Against this 

backdrop, do PhACs affect ecosystem processes such as metabolism? 

5. What responses might freshwater ecosystems show if PhACs are withdrawn? Are 

there certain ecological characteristics that could impair PhACs interactions and 

effects across freshwater ecosystems? 
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2.9 Conclusion 

This review underpins the need to conduct more studies to better understand the potential 

ecological effects of PhACs on the processes and various species across freshwater 

ecosystems. Once these PhACs enter the water stream, their ultimate effect is highly variable, 

and depends on the hazards they present. Despite the availability of some data about the 

presence of PhACs in freshwater ecosystems, there is a scarcity of information about seasonal 

changes in concentrations of commonly found PhACs in these ecosystems. The 

bioaccumulation of PhACs in freshwater organisms such as biofilms, macrophytes, 

vertebrates and invertebrates need to be adequately studied. The literature reinforces the 

significance of this issue, and thus future studies are recommended to examine the 

bioaccumulation of PhACs in freshwater organisms, along with its ramifications for humans 

consuming contaminated aquatic food. Many studies have primarily examined the effect of 

different concentrations of PhACs in freshwater systems during short-term exposure (i.e., 

days or weeks). However, the fact remains that pharmaceutically polluted effluents from 

WWTPs are continuously discharged into freshwater over spans of months or years. The 

hazards from acute PhAC toxicity at minimal concentrations may not be obvious initially. 

However, the constant chronic effects of PhACs in the environment may cause immutable 

impairment to freshwater organisms. This inevitably strong effect of long-term 

concentrations of effluent means that it is necessary to conduct more studies to determine the 

way the long-term accumulation of PhACs can affect freshwater ecosystems. Because climate 

change and other environmental stressors can exacerbate these effects, more studies are 

needed to examine the underlying effects of PhACs on the processes of freshwater 

ecosystems amid other stressors such as increasing temperatures, agrochemical influences 

(insecticides and pesticides), water flow, drought and other stressors. These multiple stressors 

are associated on both spatial and temporal scales to add to the extreme sensitivity of 

freshwater ecosystems, along with the multifaceted interactions between ecology and 

socioeconomics that induce such consequences.  

All these outcomes contribute to a potentially rapid destruction rate for freshwater ecosystem 

species and processes. This reinforces the need to consider the impacts of PhACs alone and in 

combination with other stressors with regard to their accelerated increasing concentrations. 

Apart from the primary consequences of climate change on freshwater ecosystems, shifting 

redox conditions also determine the behaviour of various PhACs in biogeochemical cycling 

pathways, especially in relation to elements such as nitrogen, carbon and phosphorous. Other 
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factors such as decomposition rate, carbon dynamics and metabolism also tend to impact the 

pharmaceutical transformation process and pharmacokinetic process in animals. Hence, 

acknowledging the outcomes of these biogeochemical pathways for freshwater ecosystems is 

a requisite.  

In terms of environmental risk assessments, information related to the testing of racemic 

PhACs for ecotoxicity forms the basis upon which researchers can determine whether 

concentrations of PhACs are harmful or safe. The paucity of adequate information on the 

effects of chiral compounds and their enantiomeric distributions in freshwater systems might 

lead to misleading results in racemic PhAC tests. Thus, it is paramount for future studies to 

evaluate these compounds‘ effects on freshwater ecosystems based on different 

concentrations and the consequent behavioural responses of freshwater organisms. Similarly, 

standard ecotoxicity testing protocols must be used to support the findings of this review. In 

this way, various species that are accepted as indicators can be studied to rapidly prioritise 

any harmful ecological effects of chemicals on freshwater ecosystems. However, more 

research is needed on the potential effects of PhACs on freshwater ecosystem functions 

through interactions with multiple environmental stressors.  
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Chapter 3: The potential for photolytic breakdown of caffeine 

and paracetamol residues in surface water 

Abstract 

High concentrations of pharmaceuticals, personal care products and recreational drugs have 

been observed globally in wastewater treatment plant discharge. There is growing concern 

over their impact in the environment, but relatively little information is known on pathways 

for degradation at realistic concentrations in natural settings. Here I assess the potential for 

photodegradation of caffeine and paracetamol residues at concentrations similar to those 

observed in treated wastewater discharges to the environment. Laboratory assays were used 

to measure rates of photodegradation of these two compounds both in distilled water, and in 

natural river water with leaf litter leachate. When exposed to artificial light simulating natural 

sunlight, the half-life of caffeine ranged from 2.5 to 16 days, and that of paracetamol, from 

4.5 to 12 days, depending on their concentrations and the presence of organic matter. When 

incubated in the dark, the half-life for both compounds exceeded 4 weeks. At all 

concentrations, the presence of organic matter increased caffeine and paracetamol half-life by 

lessening the photolytic effect. This was likely caused by a reduction in light penetration 

because of reduced water clarity, and potential interactions between the compounds and 

organic matter. These results suggest that pharmaceutical degradation by hydrolysis alone is 

slow, and that photolysis is likely to be a substantial contributor to the degradation of caffeine 

and paracetamol. These findings contribute to our understanding of persistence of two of the 

most common compounds present in treated wastewater discharge and suggest that the 

installation of discharge structures that maximise sunlight exposure may be effective for 

reducing loads to the environment of caffeine and paracetamol. 
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3.1 Introduction 

Pharmaceutically active compounds (PhACs) are discharged to freshwater as effluent from 

wastewater treatment plants (WWTPs), or via leakage from landfills and septic tanks (see 

Chapter 2; Gros et al. 2010; Jelić et al. 2011; Schaider et al. 2016). As a consequence, these 

compounds are now regularly detected in surface water (Daughton and Ternes 1999; Kolpin 

et al. 2002; Monteiro and Boxall 2010) and in recent decades have come to be regarded as 

contaminants of concern (see Chapter 1). It is suspected that chronic exposure to small 

amounts of PhACs in freshwater ecosystems may be a contributing factor to the emergence of 

antimicrobial-resistant bacterial strains (Mondragón et al. 2011), genotoxicity (Ragugnetti et 

al. 2011) and endocrine disruption (Rodríguez et al. 2007). A complex range of processes 

including sorption, biodegradation, volatilisation and photolysis contribute to degradation of 

PhACs in the environment (see Chapter 2; Dong et al. 2015), but many pharmaceuticals 

persist and there is limited understanding of the role and magnitude of the different 

degradation processes. 

Photolysis is the process whereby chemical compounds are broken down when exposed to 

light. It is believed that this process is important in degrading PhACs into both active and 

inactive by-products (Boreen et al. 2003; Lin and Reinhard 2005). It occurs both directly and 

indirectly. In direct photolysis, PhACs that contain hetero-atoms, aromatic rings and other 

structural functional groups absorb light energy, which disrupts the molecular structure and 

leads to degradation. In indirect photolysis, light interacts with active radical molecules (e.g. 

•O2, •OH, ROO•), or free electrons in dissolved organic matter, which then interact with 

PhACs (Alapi and Dombi 2007; Andreozzi et al. 2003). This interaction can result in highly 

reactive species (Bahnemann 2004; Halliwell and Gutteridge 1985). Photon absorption by 

organic or PhAC molecules in streams induces electron transfer from a stable orbital state to 

an excited state, leading to the breakage of molecular bonds and, consequently, a change in 

the molecular structure: 

Substrate + hν → Product/s from degraded molecules + CO2 + H2O + Inorganic salts 

Of the four PhACs that are the subject of this thesis, published information about the 

photodegradation processes are only available for amoxicillin [76min] and sertraline 

[186min] (Jakimska et al. 2014; Palmisano et al. 2015). 
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In this study, I focussed on the photodegradation of two common PhACs: caffeine and 

paracetamol (Table 3.1). These compounds are among the most heavily consumed of any 

PhAC, and have been widely observed in freshwater ecosystems globally (see Chapter 1; 

Fang et al. 2019; Peteffi et al. 2019; Phong Vo et al. 2019). Caffeine is a psychoactive 

pharmaceutical that influences the cardiovascular system via positive inotropic (alteration of 

the heart‘s muscular contraction energy) and chronotropic (change in heart rate) effects 

(examined by Cappelletti et al. 2014). Caffeine stimulates the central nervous system (Ardais 

et al. 2014; Xu et al. 2015), and interacts with other psychoactive compounds, impacting 

behavioural parameters (e.g. Frau et al. 2013). Although it is primarily ingested as a 

beverage, caffeine is also used as a treatment for Type 2 diabetes and weight loss 

(Bhupathiraju et al. 2014; Icken et al. 2015), and is combined with aspirin, paracetamol and 

ergotamine in treatments for migraine headaches (Ong and De Felice 2017). Paracetamol 

(also known as acetaminophen, or APAP) is widely prescribed as an analgesic and antipyretic 

(Mischkowski et al. 2016), and, in combination with other non-steroidal analgesic drugs, 

forms a basic non-opioid drug used as a pain reliever (Dahl and Ræder 2000). 

Table 3.1: Physicochemical properties of caffeine and paracetamol 

Pharmaceutical  Formula Molecular 

weight g/mol 

Water 

solubility 

Melting 

point °C 

Density 

g/cm3 

Caffeine C8H10N4O2 194.19 15 mg/mL 234–236.5 1.23 

Paracetamol CH3CONHC6H4OH 151.16 12.7 mg/g 169–170 1.26 

To better understand their breakdown processes in the environment, this study measured the 

photodegradation rates for caffeine and paracetamol in pseudo-natural conditions, thus 

determining the likely exposure of biota to their prescribed forms in the environment. 

Breakdown rates were measured under light and dark conditions in milli-Q water (assessing 

rates of direct photolysis), and in natural river water containing organic matter (assessing 

rates of direct and indirect photolysis, and the potential role of organic matter in reducing 

light penetration). High-performance liquid chromatography (HPLC) was used to provide 

accurate measurements of the concentrations of the two PhACs through time. PhAC 

degradation rates were measured as the half-life (the length of time taken for the 

concentration of the compound to become half the initial concentration). The focus was on 

the persistence of the parent compounds and did not consider the fate of by-products. 
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3.2 Materials and methods 

3.2.1 Chemical analysis and instrumentation 

Analytical standards of caffeine and paracetamol were obtained from Sigma-Aldrich (USA) 

and used to generate separate stock solutions of caffeine and paracetamol in ultrapure water 

(PURELAB Classic), at a concentration of 1 mg/mL. Caffeine and paracetamol analyses were 

carried out in an isocratic elution system consisting of a model LC-20AD pump, DGU-20A3 

vacuum degasser and photodiode array detector. The injector was an auto-sampler SIL-20A 

with a 20-µL injection loop. The HPLC analyses were carried out using a Shimadzu HPLC 

system (Prominence UFLC). The separation and quantification of analytes were performed 

on an Atlantis column C18 (150 × 4.6 mm; 5 μm), maintained at a 30°C oven temperature 

under isocratic conditions. The mobile phase was ultrapure water (pH 7.0), with a 20% 

methanol (MeOH) and 20 mM potassium phosphate buffer (pH 4.5). To validate the method, 

a linearity test for both PhACs was performed by injecting the water-soluble standards in the 

HPLC system with concentrations of 1, 2, 3, 4, 5 and 6 μg/L for caffeine, and 10, 20, 30, 40, 

50 and 60 μg/L for paracetamol. Calibration curves for UV/Vis absorbance versus the 

concentration of the standards were plotted for both PhACs (Figure 3.1). For the total 

analysis, a maximum absorption wavelength (λ max) of 272 nm for 15 min was determined. 

3.2.2 Experimental setup and treatments 

Experiments were carried out in 200-mL glass vials placed in an environmental chamber 

(PQX-450HPL-2) for 4 weeks, in either a) a simulated light/dark 12:12 h treatment or b) 24 h 

of darkness. Light was provided using T5 fluorescent lamps, which emit blue and violet light 

at wavelength 400–500 nm (Diego 2013) to imitate natural sunlight (e.g. Kwon and Armbrust 

2005, 2006). Light intensity was not measured but was estimated to be 2700 lumens based on 

the equation: 

𝐼 = 𝑛ℎ(𝜈/𝜆)/𝐴𝑡   (1) 

Where (I) is light intensity, n is the number of photons, h is Plank‘s constant, A is the 

incident area, t is the time, f is the frequency, ν is the velocity, and λ is the wavelength.  

The distance between the fluorescent lamps and test vials was 50 cm. Water temperature was 

held at 18–20°C for both the light and dark treatments. 
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For both PhACs, three concentrations were used based on environmentally recorded 

concentrations (ERCs) found downstream from WWTPs in previous studies. Concentrations 

used were the ERC and two further treatments intended to mimic increased concentrations in 

discharges (2× ERC and 3× ERC). For caffeine, this meant treatment concentrations of 1.3 

μg/mL (ERC) (Seiler et al. 1999), 2.6 μg/mL (2× ERC) and 3.9 μg/mL (3× ERC). For 

paracetamol, the concentrations used were based on 1×, 2× and 3× the ERC of 10 μg/mL 

(Kolpin et al. 2002). The experimental set up contained three replicates for each 

concentration per compound.  
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Figure 3.1: Calibration curves for the validation of the HPLC/UV method. Standard curves 

at 272 nm for (A) caffeine and (B) paracetamol covered concentration ranges of  

1–6 and 10–60 µg/L, respectively. 
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To assess the interactions of the two PhACs with organic matter likely to be present under 

natural conditions, the concentrations of each compound through time were measured in three 

water types: milli-Q water (positive control, denoted MW), river water (RW) and river water 

plus 0.5 g of conditioned leaf (RWL), with three replicates per combination, for a total of 27 

replicates per compound. River water was collected from the Cotter River catchment near 

Canberra, Australia, then aerated and returned to the laboratory for immediate use. To test for 

interactions with organic matter, leaf material was added. Undamaged leaves from a common 

riparian tree, Eucalyptus viminalis, were collected from the Cotter River catchment following 

the methods described in Tiegs et al. (2008). Leaves were rinsed in river water and placed in 

0.5-mm-mesh bags in the river for 4 weeks to allow colonisation by biofilms in a process 

known as conditioning (Bärlocher and Kendrick 1975). At the end of the 4 weeks, the bags 

were collected and the leaves emptied into continuously aerated 10-L buckets of river water 

for transfer to the laboratory. Only MW was autoclaved, but the RW was not, because it was 

intended in the experiment to use the RW as it is and with whatever it contains, including 

microorganisms, to simulate the conditions in the river. As negative controls, three replicates 

of MW, RW and RWL with no PhACs present were prepared. Daily measurements were 

taken by extracting 1.5 mL of water (without replacing water), then undertaking the 

analytical procedures outlined above. 

3.2.3 Measurement of nutrients 

To test for any confounding effects of nutrient concentrations, total phosphorus (TP) and total 

nitrogen (TN) concentrations were measured using a protocol based on those published in the 

standard methods for the examination of water and wastewater published by the American 

Public Health Association, as used by the Australian Environmental Protection Authority 

(Environment 1999). Those methods are described here. 

3.2.3.1 Sample preparation for total nutrient analysis 

The reagent used to digest samples was prepared by dissolving 18.245 g potassium persulfate 

and 2.4 g sodium hydroxide in 250 mL ultrapure water. Nutrient samples were thoroughly 

mixed prior to obtaining sub-samples for nutrient analysis. To digest nutrients, 10 mL of each 

sample was pipetted into a 50-mL Nunc centrifuge tube, and then 2 mL of dissolved digestion 

reagent (at a ratio of 5 mL sample to 1 mL reagent) was added in a tightly capped tube. 

Nutrient analyses were conducted on a Lachat QuikChem 8500 Series 2 flow injection 

analyser with three channels installed (NH3, PO4 and NOx), with a Lachat RP-150 Series 
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reagent pump and a Lachat ASX-560 Series auto-sampler. Omnion 4.0 software was used for 

analysis. Samples were analysed using current Lachat analytical methods (Detection et al. 

2008; Wendt 2000). 

TP and TN content were measured in the three aqueous media (MW, RW and RWL) in 

separate trials (Table 3.2). Twelve glass vials (200 mL each) were placed in the 

environmental chamber (PQX-450HPL-2) for 28 days in a simulated day and night period 

(T5 fluorescent lamps; light/dark 12:12 h, lamp–vial distance of 50 cm, and temperature 

20:18°C). Each aqueous medium had four replicates. After 28 days, a 10-mL water sample 

was extracted from each replicate and analysed by the Lachat QuikChem 8500 Series 2 flow 

injection analysis system. At the start of the experiment, TP/TN concentrations were below 

the level of detection. 

3.3 Data analysis 

To identify differences between PhACs degradation rates at the three concentrations, under 

the different light conditions, and in the different water treatments, a four-factor analysis of 

covariance (ANCOVA) was performed using the R Markdown package (R Foundation 2020). 

The factors were: light v. dark, ERC concentrations (1×, 2× and 3×), water type (MW, RW 

and RWL), and time. The data were fitted to a linear and non-linear functions using the R (R 

Core Team 2020) to produce degradation curves for each experiment. For the degradation 

curves in the light, the mean squared error (MSE) was used to remove the negative residuals 

and to find the line of best fit. In the dark, most of the curves showed linear degradation, and 

hence, the linear model was used. The half-life values were measured directly from the lines 

on the graphs (Table 3.2). directly from the graphs.. 

3.4 Results and discussion 

The nutrient values were below the limits of detection in the river, which emphasizes the 

point that the river is uncontaminated. There was no significant difference in pH value across 

the three water types, with replicates‘ values ranging from 6.81-7.01 for MW, 6.72-7.11 for 

RW and 6.63-7.03 for RWL. The half-life for degradation of caffeine ranged from 3.0–14.0 

days in the light and from 16.0 days to >4 weeks in dark conditions (Table 3.2; Figure 3.2). 

Half-life was shortest in Milli-Q water and longest in river water with leaf material added. 

For paracetamol, half-lives ranged from 5.0–10.0 days in the light and from 23.0 days to >4 

weeks in the dark (Table 3.2; Figure 3.3). As for caffeine, the half-lives were 1.5-2x higher in 
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river water and with leaf litter added. For paracetamol, the half-lives were about 1.5 higher in 

river water and with leaf litter added. Non-linear degradations of both caffeine and 

paracetamol were noted in the light, and linear degradation noted in most cases in the dark. 

Table 3.2: Mean half-life values of caffeine and paracetamol under light and dark conditions 

at three concentrations in different water sources 

 Concentration 

(µg/L) 

Half-life (days) 

In light In dark 

Caffeine 

Milli-Q water 1.3 3.0 16.0 

2.6 5.5 20.0 

3.9 6.8 Beyond experiment time 

River water 1.3 5.0 Beyond experiment time 

2.6 6.0 Beyond experiment time 

3.9 10.0 Beyond experiment time 

River water + leaf 1.3 6.5 Beyond experiment time 

2.6 12.0 Beyond experiment time 

3.9 14.0 Beyond experiment time 

Paracetamol 

Milli-Q water 10.0 5.0 23.0 

20.0 6.0 Beyond experiment time 

30.0 7.0 Beyond experiment time 

River water 10.0 6.0 Beyond experiment time 

20.0 7.0 Beyond experiment time 

30.0 9.0 Beyond experiment time 

River water + leaf 10.0 6.8 Beyond experiment time 

20.0 8.0 Beyond experiment time 

30.0 10.0 Beyond experiment time 

Note: For degradation curves, see Figures 3.2 and 3.3 
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Figure 3.2: Degradation curves for caffeine in Light (denoted L and closed circles), and in 

Dark (denoted D and open circles) treatments at three starting concentrations and in three 

water types. Symbols indicate means of three replicates with standard errors. Error bars 

cannot be seen when the standard errors were smaller than the symbol size. Half-life values 

(bold squares for L, and hollow squares for D) measured directly from the curves on the 

graphs. 
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Figure 3.3: Degradation curves for paracetamol in Light (denoted L and closed circles) and 

in Dark (denoted D and open circles) treatments at three starting concentrations and in three 

water types. Symbols indicate means of three replicates with standard errors. Error bars 

cannot be seen when the standard errors were smaller than the symbol size. Half-life values 

(bold squares for L, and hollow squares for D) measured directly from the curves on the 

graphs.  
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For both caffeine and paracetamol, degradation rates were on average three times higher in 

the light than in the dark at all concentrations (Figures 3.2 and 3.3; Table 3.3). In the dark, the 

treatment half-life exceeded the 4-week length of the experiment for most treatments (Figures 

3.2 and 3.3). These differences indicate that rates of degradation by hydrolysis alone are 

much slower than the effect of hydrolysis and photolysis in combination. Degradation rates 

were slower at 3x the concentrations, suggesting that there was a rate-limiting step that was 

affected by PhAC concentration. The limiting step might be attributed to the fact that the 

higher the concentration of the PhAC, the higher the reaction rate will be between the PhAC 

and other molecules in the water. This reaction may result in the form of new compound that 

increases water turbidity and thus reduces the PhAC photolytic degradation. Water type 

significantly affected the degradation rates of both caffeine and paracetamol (Figures 3.2 and 

3.3, and Table 3.3). For both PHACs, degradation rates were fastest in the Milli-Q water, 

intermediate in the river water, and slowest in the river water with leaf litter treatment. The 

fact that the Milli-Q water treatment was associated with the fastest degradation rate despite 

the absence of nutrients suggests that the photolysis process is not affected by low 

concentrations of nutrients. 

Table 3.3: Three-way ANCOVA test model for light and dark experiments combined 

Factor F value d.f. p value 

Caffeine    

Light v. dark 794.74 1,485 < .001 

Light v. dark * concentration 78.78 2,485 < .001 

Light v. dark * water type 15.03 2,485 < .001 

Light v. dark * concentration * water type 17.23 4,485 < .001 

Paracetamol    

Light v. dark 1821.23 1,485 < .001 

Light v. dark * concentration 226.98 2,485 < .001 

Light v. dark * water type 3.46 2,485 < .030 

Light v. dark * concentration * water type 3.53 4,485 < .050 

The differences in half-life for both caffeine and paracetamol across the three water types are 

like to be due to either organic material staining the water, or the compounds interacting with 

dissolved organic materials to resist photolysis. Leachate from eucalypt leaves can be high in 

tannins (see, e.g., Fox and Macauley 1977; Marsh et al. 2003, 2017), reducing light 
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penetration through the water and allowing fewer photons to react with the caffeine and 

paracetamol molecules. Under such conditions it will take longer for the two PhACs to 

degrade in such water, and this may explain why degradation of caffeine and paracetamol 

was slower in the natural river water with leaf litter. It is also possible that tannins directly 

interact with PhACs and stabilise their molecular structure, especially given that caffeine was 

found to interact and bind to the hydrolysable tannin derivative, methyl gallate (Baxter et al. 

1996). This binding may explain why caffeine persisted longer in the presence of leaf litter. 

While little is known about interactions between paracetamol and tannins, Subramanya et al. 

(2018) and Lin et al. (2001) described inhibition of paracetamol-induced liver damage in 

patients treated with tannin derivatives. Further investigations are required to better 

understand interactions between PhACs and organic matter in streams and rivers. 

3.4.1 Limitations 

This study focussed on the photodegradation of two PhACs, but a huge diversity of 

compounds is represented within this group, and it is unlikely that the results for caffeine and 

paracetamol are readily generalised to other groups. In addition, the focus here was only on 

the degradation of the parent compounds, not on the production and fate of any secondary 

metabolites. These compounds may represent significant environmental risks, and further 

interactions between metabolites and the environment is poorly understood. The non-linearity 

observed in the caffeine and paracetamol degradation may result from metabolite formation 

or the interaction of PhACs and their metabolites with microorganisms. Therefore, it is 

recommended that future studies measure metabolite concentrations (Celiz et al. 2009), or 

sterilize the water to reduce the potential interactions with microorganisms. This will 

facilitate a better understanding of the mechanisms behind and consequences of 

photodegradation of PhACs. The TN and TP were below the detection limit, and hence, they 

are not of substantial value in this study. Finally, the light source used to assess rates of 

photolysis in this study was artificial and will not represent the full wavelengths or intensity 

of sunlight. It is likely that our measure of photolysis of these compounds is relatively 

conservative, and rates measured in the field may be higher. 

3.5 Conclusion 

Caffeine and paracetamol are contaminants of concern because of their adverse effects on 

freshwater ecosystems, making it important to understand their degradation processes in 

natural waters. This work has highlighted that photolysis is the dominant degradation process 
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for caffeine and paracetamol in streams, and that the degradation of caffeine and paracetamol 

is faster when exposed to light. I have also shown that different water sources will influence 

the photodegradation rates of these two PhACs. Finally, I demonstrated that the presence of 

organic matter in natural waters is a significant inhibitor of the photodegradation of caffeine 

and paracetamol. Therefore, it is recommended that treatment chains seeking to remove 

caffeine and paracetamol from wastewater discharge ensure that effluent is exposed to natural 

sunlight during the treatment process, either through mixing in wastewater ponds or by 

discharging into well-lit water.  
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Chapter 4: Effects of amoxicillin, caffeine, paracetamol, and 

sertraline on the decomposition rates of leaf litter in freshwater 

ecosystems 

Abstract 

Pharmaceutical residues are an issue of emerging environmental concern. Despite strong 

evidence for the widespread presence of these compounds in the environment, empirical 

evidence for their effect on ecosystem processes remains scarce. The decomposition of leaf 

litter is an important process in freshwater ecosystems, as it provides energy and nutrients to 

support aquatic food webs. Using laboratory bioassays, this study examined the separate 

effects of common pharmaceutical pollutants on the decomposition rates of leaf litter in 

streams. Four pharmaceuticals—amoxicillin (antibiotic), caffeine (stimulant), paracetamol 

(analgesic) and sertraline (antidepressant)—were used at a range of concentrations, and 

experiments were carried out with and without the shredding Leptophlebiid mayfly 

Atalophlebia sp., to assess any invertebrate-mediated effects on leaf litter processing. With 

Atalophlebia absent, all four pharmaceuticals resulted in reduced leaf decomposition rates, 

particularly at high concentrations. In the presence of Atalophlebia, leaf decomposition rates 

were lower relative to controls for all pharmaceutical treatments except caffeine. Activity 

assays for the extracellular enzymes β-glucosidase and leucine-AP showed reduced activity 

in the presence of all four pharmaceuticals at high concentrations, while phosphatase showed 

increased activity in the presence of amoxicillin. This study demonstrates the potential for 

pharmaceutical pollution to have significant, and difficult to predict, effects on key ecosystem 

processes.  
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4.1 Introduction 

There is growing evidence that residues of pharmaceutically active compounds (PhACs) are a 

serious and internationally significant stressor in the environment (Ebele et al. 2017). This is 

of critical importance, given global pressure on access to potable water (Green et al. 2015) 

and the critical ecosystem services provided by freshwater ecosystems, including irrigation, 

nutrient processing, flood attenuation and recharging of groundwater (e.g. Acreman and 

Holden 2013; Maranger et al. 2018; Tank et al. 2010; Visser et al. 2018). Aquatic ecosystems 

are exposed to a wide range of well-described anthropogenic stressors, including altered land 

use, climate change, effects of invasive species, over-harvesting and pollution (Benslimane et 

al. 2019; Ferreira et al. 2016; Taniwaki et al. 2017). Increasing urbanisation and 

intensification of farming, coupled with the widespread and increasing use of human and 

animal medicines, means that PhACs are emerging as an environmental stressor of global 

concern in freshwater systems (e.g. Adesokan et al. 2015; Ebele et al. 2017; Fent et al. 2006; 

United Nations 2015). 

Leaves in surface waters are a major energy source for food webs and play an important role 

in nutrient processes (e.g. Dudgeon and Wu 1999; Leberfinger and Bohman 2010). 

Breakdown of leaves in streams occurs via a set of well-described biological, physical and 

chemical processes to provide food resources for biota (e.g. Vanni 2002; Young et al. 2008). 

Initial stages of leaf decomposition involve conditioning and fragmentation (Boling Jr et al. 

1975; Cummins 1974; Kaushik and Hynes 1971; Maloney and Lamberti 1995; Petersen and 

Cummins 1974). During the conditioning stage, leaves are colonised by microorganisms such 

as bacteria and fungi (Bärlocher and Kendrick 1975), which enhance leaf litter decomposition 

rates (LLDRs) by metabolising tissues to fuel secondary production, and releasing 

extracellular enzymes (ECEs) that increase the palatability of leaf detritus to invertebrate 

shredders (Bastian et al. 2007; Graça and Cressa 2010). In the fragmentation stage, leaves are 

broken down into smaller particles through microbial maceration, physical abrasion and 

shredding by invertebrates (Cummins and Klug 1979; Gessner et al. 1999; Graça 2001). A 

range of anthropogenic stressors have been shown to be important determinants of LLDRs. 

For example, agricultural runoff that results in nutrient pollution (Woodward et al. 2012); 

urbanisation of catchments, which alters nutrient levels and invertebrate populations in 

streams (e.g. Aristi et al. 2016; Imberger et al. 2008); and effects of climate change (e.g. 

Leberfinger et al. 2010) all influence rates of decomposition. 



72 

Many studies have reported measurable concentrations of pharmaceutical residues in aquatic 

environments worldwide (e.g. Daughton and Ternes 1999; González-Alonso et al. 2017; 

Halling-Sørensen et al. 1998; Heberer 2002; Kümmerer 2009), and detection of these PhACs 

has been attributed to their partial treatment in wastewater treatment plants (WWTPs) prior to 

being discharged into freshwaters (e.g. Nikolaou et al. 2007). Pharmaceuticals are active 

compounds that are designed to target specific biological sites and receptors; their residues 

can inhibit bacterial cell synthesis and suppress bacterial enzyme activity (Ferrari et al. 2003; 

Rosi-Marshall et al. 2013). There is evidence for effects of certain pharmaceuticals on stream 

ecosystems, including on algal growth (e.g. Lawrence et al. 2005; Rosi-Marshall et al. 2013), 

microbial community composition and respiration (e.g. Schallenberg and Armstrong 2004; 

Thiele-Bruhn 2005), invertebrate life histories (Richmond et al. 2016) and leaf litter 

processing (e.g. Maul et al. 2006). 

The aim of this study was to determine the effect of four common PhACs on the 

decomposition rates of leaf litter, and the activity of ECEs released by freshwater microbes 

during the decomposition process. The pharmaceuticals examined were amoxicillin 

(antibiotic), caffeine (stimulant), paracetamol (analgesic) and sertraline (antidepressant), 

which were selected to represent a wide range of chemical groups and medical use categories. 

Studies have shown that many freshwater taxa are sensitive to these four PhACs (Table 4.1), 

with consequences ranging from reduced growth and reproduction to lethal effects. In some 

taxa, these effects have been observed at very low concentrations of these PhACs. For 

example, sertraline caused death in the rainbow trout Oncorhynchus mykiss at a concentration 

of 0.005 μg/L (Table 4.1; Schultz et al. 2011); however, reported effects appear to be highly 

variable across both pharmaceuticals and taxa. 



 

Table 4.1: Reported effects of the four chosen pharmaceuticals on a range of freshwater species and enzyme groups 

Pharmaceutical Affected group Described effect H Concentration mg/L Reference 

 

Amoxicillin 

 

Cyanobacterium 

Microcystis sp. 

 

Lethal 

 

72 

 

8.03 × 10
-3

 

 

Liu et al. 2012  

Cyanobacterium  

Synechococcus sp. 

Lethal 96 2.22 × 10
-3

 Andreozzi et al. 2004 

Invertebrate 

Monia macrocopa 

Lethal 24 >1,000 Park and Choi, 2008  

Zebra fish 

Danio rerio 

Deformation of embryos 48 132.4 Oliveira et al. 2013 

Rice fish 

Oryzias latipes 

Lethal 72 >1,000 Park and Choi, 2008  

Zebra fish 

D. rerio 

Enhanced glutathione S-transferase 

activity 

96 100 Oliveira et al. 2013 

Plant 

Spirodela polyrhiza 

 168 1.0 Singh, Pandey and Suthar, 2018  

 

Caffeine 

 

Invertebrate 

Artemia 

 

Lethal 

 

24 

 

3.05 

 

Bruton et al. 2010  

Polyp 

Hydra attenuata 

– Cellular damage  

– Induced oxidative stress 

48 20 Blaise et al. 2006  

Vertebrate 

Astyanax altiparanae 

– Increase in hepatic lipoperoxidation 

– Inhibition of enzyme catalase activity 

in liver 

96 9.59 Muñoz-Peñuela et al. 2021  

Goldfish 

Carassius auratus 

– Inhibition of acetylcholinesterase 

– Feminisation effect by inducing the 

serum vitellogenin 

 

168 0.4–2.0 Z. Li et al. 2012  



 

Pharmaceutical Affected group Described effect H Concentration mg/L Reference 

Paracetamol Alga 

Scenedesmus sp. 

Lethal 72 134 Henschel et al. 1997 

 Bacterium 

Vibrio fischeri 

Lethal 15 567.5 Kim et al. 2007 

 Invertebrate 

Daphnia magna 

Lethal 96 26.6 Kim et al. 2007 

 Bivalve mollusc  

Venerupis spp. 

– Impaired glutathione S-transferase 

activity at low concentration 

– Enhanced glutathione S-transferase 

activity at high concentration 

96 0.05–5.0 Antunes et al. 2013 

 Protozoan 

Tetrahymena sp. 

Lethal 48 567.5 Calleja, Persoone and Geladi, 

1994 

 Vertebrate 

Pimephales promelas 

Lethal 96 814 United States Environmental 

Protection Agency, 1994 

Sertraline  Alga  

Pseudokirchneriella sp. 

Reduced growth 96 4.6 Johnson et al. 2007 

 Zooplankton  

Ceriodaphnia dubia 

Reduced growth 48 0.12 Henry et al. 2004 

 Zooplankton  

Ceriodaphnia dubia 

Ceased reproduction 504 0.032 Minagh et al. 2009 

 Fairy shrimp 

Thamnocephalus sp. 

Lethal 24 0.12 Henry et al. 2004 

 Crab 

Carcinus maenas 

Lethal 168 500 Schultz et al. 2011 

 Rainbow trout  

Oncorhynchus mykiss 

Lethal 96 0.005×10
-6

  

 Fathead minnow 

Pimephales promelas 

Lethal 504 0.1  
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Relatively few studies have described the effects of pharmaceuticals on ecosystem function, 

and fewer still have based experimental treatment concentrations on real values from the 

environment (e.g. Hughes et al. 2016). Therefore, the experimental treatments in the current 

study were based on current reported concentration in treated wastewater discharges (Kolpin 

et al. 2002; Seiler et al. 1999; Silva et al. 2012; Watkinson et al. 2009). As the concentration 

of pharmaceuticals in freshwater ecosystems is expected to increase as a consequence of both 

population growth and the escalating consumption of pharmaceutical compounds (Adesokan 

et al. 2015; Gerland et al. 2014), the effects of the four selected PhACs at two (2×) and three 

(3×) times the current reported concentrations for wastewater effluent were studied. It was 

hypothesised that some effects from the PhACs would be observed on the LLDRs. To 

respond to the question ―What are the potential effects of single PhACs on leaf litter 

decomposition rates?” the study had two specific objectives: 

1. To detect the effects of the four pharmaceuticals individually on LLDRs in the 

presence and absence of an invertebrate shredder. 

2. To assess the effects of the presence of each pharmaceutical on ECEs to determine 

any potential processes underpinning the results in (1). 

4.2 Methods 

Leaf litter, shredding invertebrates and water were obtained from the upper Cotter River, a 

water catchment near Canberra, Australian Capital Territory (–35° 18' 60.00" S, 148° 56' 

59.99" E). The area upstream of the sampling site is closed to public access so was 

considered to have no potential pharmaceutical contaminant inputs even from agriculture. 

Thus, the biota had no prior exposure to the contaminants and the experimental results would 

represent a worst-case scenario for exposure, with no opportunity for habituation or 

adaptation to these compounds. 

4.2.1 Leaf litter sampling and conditioning 

River water was collected in two clean 10-L plastic buckets. Mature leaves with no obvious 

grazing damage or discolouration were picked from the common riparian tree Eucalyptus 

viminalis rinsed with river water and then divided into five groups of 500 g each and placed 

separately into 0.5-mm-mesh bags (Tiegs et al. 2008). The bags were then placed 

approximately 10 m apart in the Cotter River, and left for 5 weeks to allow colonisation by 
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biofilm ‗conditioning‘ (Bärlocher and Kendrick 1975). After this period, all bags were 

collected, emptied into continuously aerated 100L buckets of water from the Cotter River and 

transferred to the laboratory. In the laboratory, the conditioned leaves were placed on paper 

towel for 15 min to semidry, and the weight of each leaf was recorded. Each whole leaf was 

then placed in a 200-mL glass vial for treatment exposure (explained below). At the end of 

the 28-day experiment, all leaves were again semidried on paper towel for 15 min, and the 

weight of each leaf was recorded. Based on the differences in leaf weight between the two 

measurement times, the decomposition rate constant (k) was calculated for each treatment 

using the negative exponential decay model developed by Olson (1963) and refined by 

Webster and Benfield (1986), where Mo is the initial mass of the leaf, Mt is the mass 

remaining at the end of the exposure period in the laboratory, and t is the number of chronic 

exposure days to calculate loss per 28 days according to the following equation: 

   ln [Mt] = ln [Mo] -kt (2) 

Although rapid mass loss occurred while the leaves incubated for a month in the stream, the 

negative exponential decay model was used because the decomposition process of leaf 

constituents such as lignin and cellulose surrounded by lignin continued for a long time after 

the leaf was taken out of the stream. 

A common mayfly known to shred leaf material (Leptophlebiidae; Atalophlebia sp.; Eaton 

1881) was collected and included in experiments to assess invertebrate-mediated effects. 

Animals were sampled from the upper Cotter River by collecting small- to medium-sized 

stones located in the middle or at the edges of the river, from just below the water surface. 

The stones were gently shaken into a 10-L bucket half-filled with stream water, and 

Atalophlebia sp. that fell into the water were harvested using a plastic pipette. A total of 300 

individuals ranging in size from 10 to 12 mm were collected and placed in a 5-L continuously 

aerated bucket of river water for transfer to the laboratory. 

4.2.2 Treatments and experimental design 

Experiments were carried out in 200-mL glass vials and involved exposing the leaf litter to 

each of the four PhACs (amoxicillin, caffeine, paracetamol, and sertraline) separately, with 

and without the shredding mayfly (see Tables 4.2 and 4.3 for the physicochemical properties 

of the PhACs and their concentrations in the experimental treatments, respectively). Figure 

4.1 summarises the overall experiment design. 
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Table 4.2: Physicochemical properties of the four selected pharmaceuticals 

Pharmaceutical  Formula Molecular 

weight 

(g/mol) 

Water 

solubility 

Melting 

point (°C) 

Density 

(g/cm
3
) 

Amoxicillin C16H19N3O5S 365.40 4.0 mg/mL 194.0 1.60 

Caffeine C8H10N4O2 194.19 15.0 mg/mL 234.0–236.5 1.23 

Paracetamol CH3CONHC6H4OH 151.16 12.7 mg/g 169.0–170.0 1.26 

Sertraline C17H18Cl3N 342.70 0.145 µg/mL 243.0–249.0 1.30 

Table 4.3: Experimental concentrations of the four selected pharmaceuticals, with reference 

to the literature used to select the concentrations 

Treatment Pharmaceutical concentration (µg/L) Reference 

Amoxicillin 0.2 (1×) Watkinson et al. 2009 

 0.4 (2×)  

0.6 (3×) 

Caffeine 1.3 (1×) Seiler et al. 1999 

 2.6 (2×)  

3.9 (3×) 

Paracetamol 10.0 (1×) Kolpin et al. 2002 

 20.0 (2×)  

30.0 (3×) 

Sertraline 0.03 (1×) Schultz and Furlong 2008 

 0.06 (2×)  

0.09 (3×) 

Stream water 

(control) 

0.0  

Notes: The concentration (1×) of each pharmaceutical is the reported value found in treated wastewater effluent. 

Experiments were conducted in the presence or absence of invertebrate shredders. 
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 Figure 4.1: Experimental design showing the arrangement of pharmaceutical treatments at four categories of concentration 

(1×, 2×, 3× and control) relative to ERC, and with and without shredders. There were 12 replicates for each treatment. 

 

Amoxicillin Caffeine Paracetamol Sertraline 

Shredder Shredder Shredder Shredder Shredder Shredder Shredder Shredder 
Absent Present Absent Present Absent Present Absent Present 

Control Shredder Absent 

--------•---- I ------•~------~ 
Control Shredder Present 

lx lx lx lx lx lx lx lx 

2x 2x 2x 2x 2x 2x 2x 2x 
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The control was stream water from the Cotter River without any of the four PhACs added. 

For each pharmaceutical, a concentration was identified that represented the environmentally 

recorded concentration (ERC) found in treated wastewater effluent; this was defined as 1× 

(Table 4.3). Each pharmaceutical‘s ERC was selected from a single study. The ERC did not 

represent the mean concentration of concentrations taken from several studies because up to 

the experiment date, not many studies reported the single concentration of each of the target 

PhACs in streams (see section 4.5 Limitations). Additional treatments of 2× and 3× these 

concentrations were also used. A stock solution of the pharmaceutical compound was made 

up in river water at 3× the reported concentration, and then diluted for the two lower 

concentration treatments. Treatments including control were set up in 24 replicates each. Half 

of the vials (12 per treatment) then had a single mayfly 10–12 mm in length added (hereafter 

‗with shredder‘). 

All vials were placed in an environmental chamber (day:night period of light/dark 12:12 h, 

and temperature 20:18°C), and continuously aerated by Hailea ACO-9602 air pumps for 4 

weeks. On Day 28, all leaves were collected and weighed as described above. As reported 

concentrations in WWTP discharge tend to be flow dependent, and prolonged exposure at the 

reported level was not realistic for real-world conditions, our treatment was designed to 

mimic a natural event where a WWTP discharges a single ‗pulse‘ of pharmaceuticals (e.g. as 

a consequence of a rainfall event). Consequently, I did not measure or seek to maintain 

pharmaceutical concentrations throughout the duration of the experiment. Based on the 

results obtained from the experiment on caffeine and paracetamol photolysis (Chapter 3), and 

amoxicillin and sertraline photodegradation (Jakimska et al. 2014; Palmisano et al. 2015), it 

was assumed that the concentrations would be maintained for at least 4 and 6 days for 

caffeine and paracetamol, respectively, and for 76 and 186 min for sertraline and amoxicillin 

respectively. Because the experiment was carried out in a compact system and incubated 

inside closed chambers, there was no significant water loss from the vials and hence, no 

water was added to the vials.  

4.2.3 Extracellular enzymes 

Extracellular enzymes (ECEs) are responsible for initiating the biodegradation process of leaf 

litter in streams, and they are linked to the activity of microorganisms on the leaf surface 

Francoeur et al. 2006; Rier et al. 2011. Therefore, measuring ECEs provides information on 

the microorganisms' activities and their availability on the leaf throughout the experiment. 
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The standard approach to measuring ECEs by grinding leaves was not appropriate for this 

experiment, because that would destroy part of the leaf to perform the measurement. Instead, 

the ECE in the water were measured. 

Three ECEs (β-glucosidase, leucine-AP and phosphatase) were chosen as response variables 

as they are known to be important indicators of carbon processing (Table 4.4) (Sinsabaugh et 

al. 2008). Stock solutions of 200 μM methylumbelliferyl (MUB)-linked enzyme substrates 

(4-MUB-β-glucopyranoside, 4-MUB-phosphate and L-leucine-AMC) were prepared by 

dissolving the appropriate substrates in deionised water in sterile 50-mL centrifuge tubes. The 

tubes were then wrapped in aluminium foil to exclude light and stored in a refrigerator to 

maintain stability for at least 1 week. The MUB standard was prepared by making a stock 

solution of 100 μM 4-methylumbelliferone (MUF) in sterile distilled water. Prior to use, the 

100-μM stock solution was diluted 1:10 with sterile water to make a working solution of 10 

μM, and a stock solution of 100 mM bicarbonate buffer was made by dissolving 8.4 g of 

NaHCO3 in 1 L of water. The stock was then diluted 1:20 with sterile water to make a 

working solution of 5 mM. A buffer was used to stabilise the pH of the testing solution 

during the fluorometric measurement (Jackson et al. 2013). The quench controls consisted of 

standard MUB and sample water. Sample controls contained sample water and bicarbonate 

buffer, while standard controls were made up of standard fluorescent tag and bicarbonate 

buffer. Standard, quench and sample controls were not used in the activity calculations but 

used to monitor the diffraction of fluorescence in sample water, and to demonstrate reading 

consistency throughout the experiment. The test procedure assayed the activity of a single 

enzyme in a 96-well black microplate, with a separate microplate for each enzyme (Jackson 

et al. 2013). 

Table 4.4: Name, biogeochemical function and substrate analogues used to determine 

potential activity of the analysed ECEs 

Enzyme Function Substrate analogue 

Carbon-acquiring enzyme 

(β-glucosidase) 

Cellulose degradation 4-MUB-beta-D-

glucopyranoside 

Nitrogen-acquiring enzyme 

(Leucine-AP) 

Peptide degradation L-leucine-AMC 

Phosphorus-acquiring enzyme 

(phosphatase) 

Phosphomonoester 

degradation 

4-MUB-phosphate 

Note: Information as per Sinsabaugh et al. (2008) 
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Enzyme activity was measured flourometrically for all treatments and controls, using 

substrate analogues linked to fluorescent markers (4-MUF). Enzyme assays were performed 

separately for the treatments contaminated with one of the four PhACs targeted as follows: 

one 96-well microplate was prepared for each enzyme, using a black plate to prevent light 

affecting the contents. The controls replicates included: two quenched standards contain 

sample and standard, two containing sample water and bicarbonate buffer, and six containing 

the three substrates with two replicate each. At days 1, 7, 14 and 28, a sample of 200 μL of 

water was taken from each treatment vial and pipetted into a designated well in the 

microplate. Each well had 50 μL (5 mM) of bicarbonate buffer added to it, and then 50 μL 

(10 μM) of MUF standard. To obtain an initial reading, 50 μL of the enzyme analogue 

(activator) was added to each well, and the fluorescence measured at emission wavelengths 

445 and 450 nm, and at excitation wavelength 365 nm. The microplate was then incubated 

for 1 h at 18ºC to allow the enzyme to cleave the MUF. The fluorescence was then measured 

again at 445, 450 and 365 nm to obtain a final activity reading. These values were used to 

calculate enzyme activity (Jackson et al. 2013), where 0.2 mL refers to the sample volume 

and time was 28 days (672 h): 

Enzyme activity = 
mean  sample  fluorescence  − mean  initial  sample  fluorescence

(0.2 ml ) x (time  in  hrs ) 
 (2) 

4.2.4 Data analysis 

Analysis of variance (ANOVA) was conducted to test the effects of PhACs on LLDRs and 

microbial enzymatic activity. For each of the four pharmaceuticals, a separate three-way 

ANOVA was conducted with four concentration levels (1×, 2×, 3× or control), time with 28 

levels (28 days), and two shredder levels (present or absent). All data analyses were 

conducted using R (R Core Team 2018), and the R packages gdata (Warnes et al. 2017), 

rcompanion (Salvatore 2018), WRS2 (Mair and Wilcox 2017) and effects (Fox and Hong 

2009). Initially, the ANOVA assumption that residuals should be normally distributed was 

not met, so the outcome variables (decomposition rate or enzyme activity) were log 

transformed before the ANOVA was performed. 

Where there was a significant main or interaction effect, Tukey‘s honestly significant 

difference test was used to assess which pairwise comparisons were significantly different. 

As several ANOVAs were conducted, the observed p values were adjusted using the Holm 

procedure to keep the probability of a Type I error below 0.05 for the duration of the study. 
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Only the adjusted p values of interest are reported here. For the enzyme activity analysis, a 

four-way ANOVA was used. The factors were concentration with four levels (1×, 2×, 3× or 

control); shredder with two levels (present or absent); time with four levels (day 1, day 7, day 

14 and day 28); and enzyme activity response with three levels (β-glucosidase, leucine-AP or 

phosphatase). The enzymes were dealt with as factors because the study included various 

enzymes with different activities, and hence, different levels of activities were expected.  

4.3 Results 

4.3.1 Decomposition rates of leaf litter 

In the absence of shredders and at the lowest treatment concentration there was no significant 

difference in rates of decomposition between any of the treatments and the controls. 

However, there was evidence of significant alteration in decomposition rates in the 2× and 3× 

treatments (Figure 4.2). Amoxicillin, caffeine, and paracetamol were associated with 30% 

decrease in rates of decomposition at 2× and 3× the ERC concentration, relative to control 

(Table 4.5; Figure 4.2, A, B and C). Sertraline reduced the LLDRs by 40% at 2× and 3× the 

ERC concentration, relative to control (Table 4.5; Figure 4.2, D). 

In the presence of shredders, and in all cases, LLDRs decreased significantly at 2× and 3× the 

concentrations for amoxicillin by 80%, paracetamol by 70% and sertraline by 65%. Caffeine 

increased the LLDRs at 3× the concentrations by 60% compared to the control (Table 4.5; 

Figure 4.2, B).  
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Table 4.5: Results of three-factor ANOVA for the effect of pharmaceutical concentration and 

shredder presence or absence on rates of leaf decomposition 

Pharmaceutical Concentration 

(F3,33) 

Shredder 

(F1,33) 

Concentration*Shredder*Time 

(F3,88) 

Effect size (r
2
) 

Shredder 

Presence Absence 

Amoxicillin 61.57 

d.f: 3 

63.90 

d.f: 1 

61.66 

d.f: 3 

 0.93  0.42 

Caffeine 29.18 

d.f: 3 

27.57 

d.f: 1 

23.20 

d.f: 3 

 0.41  0.21 

Paracetamol 62.19 

d.f: 3 

67.35 

d.f: 1 

23.28 

d.f: 3 

   0.87 0.32 

Sertraline 55.94 

d.f: 3 

2.25 

d.f: 1 

16.70 

d.f: 3 

   0.83 0.20 
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Categories of concentration relative to ERC 
 

Figure 4.2: Effects of three categories of concentration of A) amoxicillin, B) caffeine, C) paracetamol and D) 

sertraline on LLDRs relative to a control. Raw values of 12 replicates are shown. Circles indicate treatments with a 

shredding invertebrate present, and triangles indicate treatments with no shredding invertebrate.  
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4.3.2 Effects on extracellular enzyme activity 

No significant difference (p = 0.8) in enzymatic activity was found between the absence and 

presence of shredders for any treatment (Table 4.6) although there was a trend towards 

enzyme activity being slightly lower in the presence of shredders in both the controls and the 

pharmaceutical treatments, with this being most marked for β-glucosidase (Figure 4.3). There 

was a significant effect (p < .05) of pharmaceutical concentration for all enzymes (Table 4.6). 

The presence of amoxicillin (Figure 4.3, A) significantly reduced enzymatic activity of β-

glucosidase at the 2× and 3× concentrations (p = 0.02), and of leucine-AP at 1×, 2× and 3× 

concentrations (p = 0.014), but increased phosphatase activity at the 3× concentration (p = 

0.018). Caffeine (Figure 4.3, B) significantly reduced (p = 0.037) the activity of the three 

enzymes at the 3× concentration, both in the presence and absence of the shredder. The 

presence of paracetamol significantly reduced (p = 0.01) the activity of β-glucosidase at the 

2× and 3× concentrations, and leucine-AP at the 3× concentration, but had no significant 

effect (p = 0.1) on the activity of phosphatase. In the absence of shredders, sertraline had no 

significant effect (p = 0.53) on the enzymatic activity of β-glucosidase or phosphatase, but 

significantly reduced (p = 0.024) the activity of leucine-AP at 3× concentration. A summary 

of all effects is shown in Figure 4.4. 
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Table 4.6: Results of four-factor ANOVA for an effect of pharmaceutical concentration, shredder presence and enzyme 

type on enzyme recovery rates 

Pharmaceutical Concentration 

(F3,6) 

Shredder 

(F1,6) 

Enzyme 

(F2,6) 

Concentration*Shredder*Enzyme*Time 

(F6,88) 

Amoxicillin 8.28 

d.f: 3 

0.13 

d.f: 1 

2.77 

d.f: 2 

0.03 

d.f: 6 

Caffeine 5.82 

d.f: 3 

0.23 

d.f: 1 

13.93 

d.f: 2 

0.67 

d.f: 6 

Paracetamol 9.43 

d.f: 3 

0.35 

d.f: 1 

8.74 

d.f: 2 

0.59 

d.f: 6 

Sertraline 7.9 

d.f: 3 

0.32 

d.f: 1 

12.81 

d.f: 2 

0.58 

d.f: 6 
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Figure 4.3: Effects of A) amoxicillin, B) caffeine, C) paracetamol and D) sertraline at three 

categories of concentration (1×, 2× and 3×, see the text) on the activities of three ECEs (β-

glucosidase, leucine-AP and phosphatase) released during the leaf decomposition process, relative to 

a control (‗0‘). Raw values are shown. Circles indicate treatments with a shredding invertebrate, and 

triangles indicate treatments with no shredding invertebrate. 
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Figure 4.4: Summary of the effects of A) amoxicillin, B) caffeine, C) paracetamol and D) sertraline on LLDRs. Arrow directions 

represent the type of effect (a reduction pointing down and an increase pointing up), and the number of arrows represents the size 

of the effect (with more arrows indicating a greater effect). Where there was no statistically significant difference, boxes are empty. 
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4.4 Discussion 

There was clear evidence for amoxicillin suppressing leaf decomposition rates, and evidence 

for activity reduction in two of the enzymes studied, particularly at 2× and 3× doses. The 

ECEs' activities in general are affected by several factors, including change in biomass and 

changes in resource allocation to C, N, and P. In this study the changes in their activities were 

used as indicator of a change in the biofilm population. Comparing the treatments to control, 

results indicated that amoxicillin presence was likely the reason for the observed decrease in 

ECEs‘ activity. The decrease in activities could also be the result of multiple stresses from 

amoxicillin presence as well as nutrients scarcity. At levels typically seen in treated 

wastewater effluent, the effect size was relatively small, but at 2× and 3× these levels there 

were dramatic reductions in rates of leaf litter decomposition. Amoxicillin binds to the 

bacterial cell wall protein (PBP-1A) and introduces an acyl group that opens the lactam ring, 

inactivating the enzyme transpeptidase and preventing cell wall synthesis (Uzzaman 

Chouduri and Wadud 2014). It is assumed that because of the dissociation of bacterial cells, 

there was a reduction in the release of enzymes and, consequently, reduced rates of leaf litter 

decomposition. The effects of amoxicillin were evident in both the presence and absence of 

shredding invertebrates, but results suggest the effect was larger in the presence of 

invertebrate shredders. It is possible that amoxicillin disrupted the microbial and fungal 

communities on leaves and affected the palatability of the leaves to Atalophlebia. This is 

inconsistent with a study that showed that antibiotics increased fungal biomass on leaves, 

which were then consumed at four times the rate by the crustacean shredder Gammarus 

(Bundschuh et al. 2009). In this study, it was assumed that Atalophlebia was less attracted to 

the leaf in the presence of amoxicillin; however, it is also possible that there was a direct 

effect on the shredder. Amoxicillin is known to alter haemolymph pH in invertebrates 

(Matozzo et al. 2016), although at twenty times the concentrations used in the current study, 

and this may have altered the behaviour or feeding rate of the mayfly Atalophlebia. It is also 

possible that pharmaceutical effects on the gut flora of the mayfly may affect its feeding 

efficacy. At concentrations likely to occur in the environment, the potential exists for 

amoxicillin residues to inhibit rates of leaf litter decomposition. 

In the absence of shredders, there was clear evidence that caffeine suppressed rates of leaf 

decomposition and reduced enzymatic activity at 3× the typical levels found in treated 

wastewater effluent. Caffeine is an effective antimicrobial against some types of bacteria 
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(Gaul et al. 2015), and it is likely the bacterial species present in our experiments were 

directly affected, with consequent reduced ECE activity. Caffeine has also been shown to 

inhibit fungal growth (Raut et al. 2013). In the presence of shredders, caffeine increased 

LLDRs. At levels typically seen in treated wastewater effluent, the effect size was small, but 

at 2× and 3× these levels there was a substantive increase in breakdown rates. As the effects 

on ECEs were the same as those observed in the absence of shredders it seems likely that the 

result is a consequence of increased shredding activity by the invertebrate. Invertebrates that 

have consumed caffeine are likely to be more active, potentially because of inhibition of the 

enzyme cAMP phosphodiesterase, resulting in the promotion of wakefulness (Wu et al. 

2009). This effect might also have occurred in the invertebrate Atalophlebia, as the nervous 

system features of invertebrates are relatively conserved (Arbas et al. 2011). 

Paracetamol reduced leaf decomposition rates in the absence of the shredder at 3× the levels 

typically found in treated wastewater effluent, and with shredders at 2× and 3× those levels. 

Paracetamol also reduced the activity of the enzymes β-glucosidase and leucine-AP in the 

presence and absence of shredders. Because the reduction in LLDRs was greater than the 

effect on enzyme activity, it is possible that paracetamol affects other enzymes not measured 

in this study. The reduction in LLDRs noted at 2x and 3x the concentrations of paracetamol 

and in the absence of the shredder might be the result of an antifungal effect (Pina-Vaz et al. 

2000). The significant reduction of LLDRs due to paracetamol in the presence of shredders 

could be the result of moderate genotoxicity and possible DNA damage in the invertebrates‘ 

cells. Paracetamol increases oxidative stress in living cells (Parolini et al. 2010), which 

depletes the antioxidant cellular enzyme glutathione and other proteins, including 

mitochondrial proteins. This depletion induces mitochondrial dysfunction, and results in 

nuclear DNA fragmentation and cell death (K. Du et al. 2016). 

In the absence of shredders, sertraline had no significant effect on LLDRs at low 

concentrations but reduced it at 2x and 3x the concentrations. Sertraline may have adversely 

affected freshwater fungi, as it is known to have antifungal effects on other fungal groups 

(Lass-Flörl et al. 2001; Trevinõ-Rangel et al. 2016). With shredders present, sertraline 

reduced LLDRs in the 2× and 3× concentration treatments. The mechanism of action of 

sertraline in the human nervous system is via blocking the serotonin 5-hydroxytryptamine (5-

HT) transporter, and inhibition of the reuptake of 5-HT into the presynaptic cell (Aberg-

Wistedt 1989). Because all invertebrates have the same 5-HT transporter (Ford and Fong 
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2016), this mechanism of action of sertraline could also apply in the mayfly Atalophlebia. 

This may have led to a change in feeding behaviour, resulting in reduced consumption of leaf 

litter in sertraline treatments compared with the control. 

4.5 Limitations 

Although the study was able to show clear evidence of the effects of amoxicillin, caffeine, 

paracetamol, and sertraline on leaf decomposition rates in this study, there are limitations. It 

was important in this study to use realistic concentrations of PhACs, and hence, the 

concentrations were chosen from reported values in streams from different locations around 

the globe, but each from a single study. These values are expected to change and most likely 

increase due to increased human and livestock consumption. Therefore, future studies need to 

consider the change in the environmentally reported concentrations of PhACs and use the 

most recent reported values. Future studies may also consider gathering the reported 

concentrations of one PhAC from various studies and use the average of the reported 

concentrations as the environmentally related concentration. Further, in the future, a 

mesocosm system may be more suitable to use to maintain the water level throughout the 

experiment. Moreover, a change in microbial biomass might be responsible for the change in 

the overall enzyme activity. Therefore, it is recommended in future studies to consider 

measuring respiration on the leaves to obtain more robust data on the biomass and hence 

microbial activity. I assessed only one invertebrate and one leaf species, chosen as they were 

numerically the most abundant in the study site. However, other taxa may show different 

responses. The invertebrates and biofilms used were naive to the contaminants in that they 

originated from a catchment without any potential sources of PhACs. I was also unable to 

incorporate processes of acclimation, adaptation, or selection in our study. Microbes can 

evolve very quickly in response to stressors, and the use of colonists from a site without prior 

exposure to pharmaceuticals may have increased the size of the effects on the biofilms. 

Similarly, I do not know whether the included shredder species, or other shredder species, 

might acclimate to these stressors over time, either through physiological plasticity or 

selection for tolerant individuals. The enzymes were analysed on aliquots of water from the 

vials. The results from these analyses were logical, especially when comparing the samples 

with the control. While the control readings remain similar throughout the control replicates, 

the change in readings is evident in the treatments where PhACs are present. This ability to 

detect the change in enzymatic activities indicate the method capability to show the effects of 
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PhACs on ECEs. However, in future studies, the enzymes activity occurring on the leaf 

should be measured. 

This study was also unable to explore all potential combinations of the pharmaceuticals or 

their interactions with other stressors. For example, I did not examine the effects of any of the 

pharmaceuticals in combination. The next generation of studies should investigate responses 

to mixed pharmaceutical stressors, as these are common in settings affected by wastewater 

inputs (Roberts et al. 2016). The variety of responses to the single stressors suggests the 

potential for complex interactions between stressors that may be antagonistic or synergistic. 

4.6 Conclusion 

These results illustrate the potential effects of relatively low doses of pharmaceuticals on 

critical ecological processes. The current study shows that a key stream ecosystem process 

can be affected by each four pharmaceuticals at concentrations realistically likely to occur in 

the environment. Equally as important, the results show a diversity of responses mediated 

through both consumer and microbial pathways, and strongly non-linear dose responses. 

Even at relatively low concentrations, there were detectable effects of some pharmaceuticals, 

and clear evidence of interactions with invertebrate shredders in determining the nature of the 

effect on LLDRs and ECEs activities. These effects occur via several pathways, including 

direct effects on microbial biofilms and invertebrates. At 2x and 3x the concentrations, there 

is clear potential for amoxicillin, caffeine, and paracetamol to reduce leaf litter 

decomposition, and thus reduce energy flow to primary and secondary consumers through 

direct effects on the microbial community. The shredding invertebrate studied showed 

reduced leaf breakdown activity when exposed to amoxicillin, paracetamol and sertraline, 

and increased activity when exposed to caffeine. Therefore, hypothesis was proven true. This 

suggests there is a need for future studies that seek to develop an understanding of the nature 

of pharmaceutical effects, including the development of classes of pharmaceuticals that act in 

similar ways.  
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Chapter 5: The effects of multiple-pharmaceutical compounds on 

leaf litter decomposition rates in freshwater ecosystems 

Abstract 

Leaf litter decomposition is an important process in freshwater ecosystems as it provides 

nutrients and energy that support freshwater food webs. Freshwater ecosystems are affected 

by many anthropogenic stressors, including pharmaceutical pollution. This study used 

laboratory bioassays to determine the potential effects of various mixtures of amoxicillin, 

caffeine, paracetamol, and sertraline on leaf litter decomposition rates (LLDRs). The 

concentrations used were the reported values for the four pharmaceuticals detected in treated 

effluent downstream from wastewater treatment plants. The experiment was undertaken in 

both the presence and absence of an invertebrate shredder mayfly of the family 

Leptophlebiidae (Atalophlebia sp.). The LLDRs and enzymatic activities of three 

extracellular enzymes—β-glucosidase, leucine-AP and phosphatase were assessed over 42 

days of incubation. In the presence of Atalophlebia, no significant effect observed on LLDRs 

except after exposure to the caffeine–paracetamol when LLDRs significantly increased at 3x 

the concentration of the mixture. In the absence of the shredder, significant reduction in 

LLDRs was observed after exposure to the paracetamol-amoxicillin mixtures only. None of 

the mixtures had significant effects on the activities of β-glucosidase, leucine-AP or 

phosphatase, suggesting that these mixtures may affect enzymes other than the ones included 

in this study. The results showed that when the pharmaceuticals were combined in a mixture, 

the effect of each single pharmaceutical alone was, in most cases, antagonised; that means, 

the combination of the tested pharmaceuticals reduced their individual effects. 
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5.1 Introduction 

Freshwater ecosystems can be affected by several anthropogenic stressors at once, including 

invasive species, substances that cause habitat modification or eutrophication, and materials 

produced by urbanisation and pollution (Chiu et al. 2018; Dias et al. 2017; Ebele et al. 2017). 

Although more than one anthropogenic stressor may be simultaneously present, researchers 

have tended to focus on the effects of individual stressors on species and ecosystems (e.g. 

Andrieu et al. 2015; Brandão et al. 2014; Gust et al. 2009). Numerous studies have reported 

effects of multiple stressors on freshwater ecosystems (Beermann et al. 2018; Chiu et al. 

2018; Hecky et al. 2010; Ormerod et al. 2010; Schinegger et al. 2016), but more research 

attention is required on the effects of multiple stressors on different aspects of aquatic 

ecosystems. 

Multiple stressors can interact and therefore change the way in which they affect organism 

and community functions (Corcoll et al. 2015; Hecky et al. 2010; Peters et al. 2013; Piggott 

et al. 2015b). The interactions between stressors and their overall effects may also depend on 

other factors, such as the surrounding environmental conditions. For example, temperatures 

can increase the toxicity of benthic microalgal blooms, amplifying the effects of salinity and 

insecticides (Camp and Buchwalter 2016; Faimali et al. 2012; Jackson and Funk 2019). The 

response of a species to a single stressor may be context dependent and modified by the 

addition of other stressors. Aquatic species may respond similarly or differently to sets of 

stressors as a result of tolerances acquired through evolutionary or ecological processes, 

making the interaction strength in an ecosystem dependent on which species are present and 

measured (Vinebrooke et al. 2004). 

The overall effect of multiple stressors on freshwater systems depends on the interactions 

between individual stressors, and the sensitivities of the species and ecosystems affected 

(Bray et al. 2019; Thompson et al. 2018). Multiple stressors can have a negative effect on 

systems when acting in concert, as might occur when one stressor greatly increases the 

negative effects of another (Pelletier et al. 2006). This sort of interaction may result in 

synergistic effects (e.g. Ferreira and Chauvet 2011; Galbraith et al. 2010), although 

synergisim generally is not a dominant effect (Jackson et al. 2016). It has also been shown by 

some studies that the combined effect of multiple stressors may be less than the sum of the 

effects of each stressor alone, as the combination reduces the effects of individual stressors, 
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resulting in an overall antagonistic effect (Calapez et al. 2019; Teichert et al. 2016). This idea 

is supported by studies showing a lesser neuroendocrine response in the euryhaline 

anadromous fish Salmo trutta after exposure to the pesticide chlorpyrifos in salinated water, 

suggesting that the salinity reduced the effects of the chlorpyrifos (Amiri et al. 2018). 

Stressors such as nutrients, fine sediments, flow velocity and salinity were found to exhibit an 

additive effect (Beermann et al. 2018; Elbrecht et al. 2016), whereas the reverse effect was 

clear when the interactions between different stressors reversed their single effects on 

invertebrate richness and zooplankton communities (Chará-Serna et al. 2019). Given the 

variety of stressor combinations that can form simultaneously across an ecosystem, it 

becomes difficult to predict the types of interactions that may occur, or the cumulative effects 

of multiple stressors in freshwater ecosystems. Predicting a community or ecosystem 

response to multiple stressors is complicated, especially when one considers factors such as 

species diversity (and associated issues of resilience and redundancy), and the openness of an 

ecosystem, which can influence the dynamics of disturbance recovery (Breitburg et al. 1998). 

These complications make it important to study the effect of a single stressor alone to 

determine cause–effect relationships, and then follow up with an investigation of the potential 

effects of multiple stressors. Although many studies have reported the effects of acidification, 

alkalinisation, eutrophication and chemical pollution on freshwater ecosystems (Bouwman et 

al. 2002; Cook et al. 2018; Kaushal et al. 2018), the literature still contains little information 

on the combined effects of multiple pharmaceutical contaminants on freshwater ecosystem 

processes. 

Pharmaceuticals have emerged as a possible risk to freshwater ecosystems given their their 

detection in surface waters at concentrations in the range of several nanograms to micrograms 

per litre in Australia, North America and Europe (Halling-Sørensen et al. 1998; Hirsch et al. 

1999; Kolpin et al. 2002; Ternes 1998). The increasing human and animal consumption of 

pharmaceuticals (Zenker et al. 2014) means that partially treated wastewater containing a 

‗cocktail‘ of pharmaceutically active compounds (PhACs) and metabolites is released into 

freshwater ecosystems (Richmond et al. 2018) via sewage effluent and agricultural runoff 

from animal farming operations (Daughton and Ternes 1999; Halling-Sørensen et al. 1998). 

These PhACs disrupt ecological communities and functions (Lee et al. 2016; Richmond et al. 

2016, 2017; Chapter 3). Pharmacological studies have shown that care must be exercised 

when patients take multiple drugs because of potential interactions and unintended 

consequences (e.g. Jacobson 2004; Pirmohamed et al. 2004), and similar consequences are 
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possible for freshwater species. Therefore, combinations of PhACs with either 

pharmacologically similar or differing modes of action may affect freshwater ecosystem 

processes differently than would a single pharmaceutical alone. 

Recently, the effects of four pharmaceuticals on a fundamental freshwater ecosystem 

process—the decomposition of leaf litter—were investigated. These pharmaceuticals were 

amoxicillin, caffeine, paracetamol and sertraline (Chapter 4). The results showed a significant 

effect of each PhAC alone on leaf litter decomposition rates (LLDRs). During the leaf litter 

decomposition process, microbial decomposers condition leaves, which are then processed by 

invertebrate shredders (Reis et al. 2018). As microorganisms release leaf-degrading 

extracellular enzymes (ECEs) that play an essential role in nutrient cycles (Chróst 1990; 

Sinsabaugh et al. 1991), the changes observed in LLDRs were explained by alterations in the 

microbial and invertebrate shredder populations or functions, and by the reduction or 

enhancement of microbial enzyme activities. Although there was variation in the effect 

mechanisms, all four PhACs significantly affected both the decomposition rates and enzyme 

activities (Chapter 4). As several pharmaceuticals are frequently present in freshwater 

ecosystems at the same time (Richmond et al. 2017), the effects of a combination of various 

PhACs must be directly assessed, as the combination may result in complex, unexpected 

interactions. 

In this study, the combined effects of the four PhACs on LLDRs in freshwater ecosystems 

were investigated. These combinations were (1) paracetamol and sertraline, (2) caffeine and 

paracetamol, (3) paracetamol and amoxicillin, and (4) all four PhACs (amoxicillin plus 

caffeine plus paracetamol plus sertraline). These combinations were considered in the context 

of their interacting effects with each other and how they may have been shown to affect 

LLDRs in freshwater ecosystems. The combinations were chosen because (1) caffeine and 

paracetamol are used worldwide and are likely to coexist in freshwater systems; (2) the 

previous study showed that amoxicillin and sertraline each significantly reduced LLDRs, 

both with and without a shredder present; and (3) unlike the other three PhACs, caffeine 

significantly increased decomposition rates when a shredder was present. 

Based on the outcomes of the previous study (Chapter 4), the following hypotheses were 

generated for the current study: 
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1. The paracetamol–sertraline and paracetamol–amoxicillin mixtures will additively or 

synergistically reduce LLDRs.  

2. The LLDRs: a) in the presence of a shredder, will show antagonistic response to the 

presence of caffeine-paracetamol mixture as the effect of caffeine was the opposite of 

the effect of paracetamol, b) in shredder absence, will show an additive or synergistic 

reduction because each of these compounds alone significantly reduced LLDRs.  

3. The LLDRs: a) in shredder presence, will show an antagonistic response to the 

mixture of the four PhACs because opposit to the others caffeine increased LLDRs 

(Chapter 4), b) in shredder absence, will show an additive or synergistic reduction 

because each of the four PhACs alone reduced LLDRs.  

4. Hypotheses in 1, 2 and 3 were similarly hypothesised for the expected effects on 

ECEs. 

To address question 2 in chapter 1 ―What are the potential effects of a mixture of PhACs on 

leaf litter decomposition rates?”the following were undertaken: 

 assessment of the effects of each pharmaceutical mixture on LLDRs in both the 

presence and absence of an invertebrate shredder 

 measurement of the activities of three ECEs in both the presence and absence of an 

invertebrate shredder 

 comparison of the effects of each mixture on LLDRs with the effects of a single 

PhAC alone from the previous study. 

5.2 Methods 

The experimental design and method were a modification of those described in Chapter 4. 

This experiment was conducted using leaf litter, mayflies and water collected in midsummer 

from the upper Cotter River, which flows through a near-pristine water catchment near 

Canberra, Australian Capital Territory (–35° 18' 60.00" S, 148° 56' 59.99" E). The catchment 

is inaccessible to the public and there are no upstream inputs of pharmaceutical contaminants 

to the sampling site. Consequently, the biota was expected to have no prior exposure to the 

tested PhACs and the results can be considered a worst-case scenario for exposure without 

any familiarisation or adaptation to these pharmaceuticals. 
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A stock solution of each PhAC was made up in river water at the 3× reported concentration, 

and then diluted for the two lower concentration treatments (1× and 2×). The PhAC 

concentrations reported downstream from waste water treatment plants (WWTPs) were 0.2 

µg/L (1×) for amoxicillin (Watkinson et al. 2009), 1.3 µg/L (1×) for caffeine (Seiler et al. 

1999), 10 µg/L (1×) for paracetamol (Kolpin et al. 2002) and 0.03 µg/L (1×) for sertraline 

(Schultz and Furlong 2008). Twenty-four replicates of each treatment and the control were 

set up. Half the replicate vials had a single mayfly added (hereafter ‗with shredder‘), and the 

other half were left without shredders (Figure 5.1). 

5.2.1 Sample collection and leaf litter conditioning 

Water from the Cotter River was collected in five clean 10-L plastic buckets. Mature leaves 

with no defects or spoilage were picked from the common riparian tree Eucalyptus viminalis. 

In a manner like the method described in Tiegs et al. (2008), the leaves were rinsed using 

river water, then divided into five groups of 500 g each and placed separately into 0.5-mm-

mesh bags. The bags were then placed approximately 10 m apart in the Cotter River and left 

for 5 weeks to allow colonisation by river microbial biofilms (‗conditioning‘) (Bärlocher and 

Kendrick 1975). After this period, all bags were collected, emptied into continuously aerated 

10-L buckets of water from the same river and transferred to the laboratory. In the laboratory, 

conditioned leaves were semidried on paper towel for 15 min, and the weight of each leaf 

was recorded (Mo). Each whole leaf was then placed in a 200-mL glass vial for exposure (see 

section 5.2.2). The chronic exposure time was increased in this study to 42 days to see if the 

extension in exposure time would lead to the emergence of more significant effects compared 

to those that appeared in the 28 days of exposure in the previous experiment (Chapter 4). On 

Day 42 of the experiment, all leaves were again placed on paper towel for 15 min to semidry, 

and the weight of each leaf was recorded (Mt). To determine the mass loss of leaves between 

treatments, the decomposition rate constant (k) was calculated for each leaf using (equation 1) 

the negative exponential decay model (Olson 1963; Webster and Benfield 1986), where Mo is 

the initial mass of the leaf, Mt is the mass remaining at the end of the exposure period in the 

laboratory, and t is the exposure days: 

ln [Mt ] = ln[Mo] –kt       (1)
                                                               

 

The temperature was kept constant throughout the exposure period, removing the need to 

correct for temperature variation. 
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Invertebrate shredder mayflies (Leptophlebiidae; Atalophlebia sp., Eaton 1881) were 

obtained from the same site. They were sampled by collecting medium-sized stones located 

in the middle and sides of the river, from just below the water surface. The stones were gently 

shaken into a 10-L bucket half-filled with river water, and Atalophlebia individuals that fell 

into the water were harvested using a plastic pipette. A total of 300 Atalophlebia individuals 

ranging in size from 10 to 12 mm were collected and placed in a 5-L continuously aerated 

bucket of river water for transfer to the laboratory. 

5.2.2 Experimental setup 

The experiment was carried out in 200-mL glass vials and involved exposing the E. viminalis 

leaves to each of the PhAC mixtures with and without an invertebrate shredder. The 

experimental control was the river water without any PhAC added. Each PhAC was added at 

the designated concentration, and the conditioned leaves and shredders exposed to PhACs as 

follows: to amoxicillin for approximately 3.1 h (Palmisano et al. 2015); to caffeine for >4.5 

days (Chapter 3); to paracetamol for >4.9 days (Chapter 3); and to sertraline for >168 h 

(Jakimska et al. 2014). All vials were placed in an environmental chamber (day:night period 

of light/dark 12:12 h, and temperature 20:18°C) and aerated continuously by Hailea ACO-

9602 air pumps (Guangdong Hailea Group Co. Ltd., Guangdong, China) for 6 weeks. The 

concentrations of TN and TP found to be below the detection limit (Chapter 3). Therefore, it 

was concluded that these nutrients would have no effect on the interactions within the 

experiment treatments. On Day 42, all leaves were collected, dabbed dry and weighed again 

to enable calculation of the total mass change for each leaf. 
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Figure 5.1: Experimental design showing the arrangements of pharmaceutical treatments at four categories of concentration 

(1×, 2×, 3× and control) relative to ERC, and with and without shredders. There were 12 replicates for each treatment. 

 

Mixture of 
paracetamol and 

sertraline 

Shredder Shredder 
Absent Present 

lx lx 

2x 2x 

Mixture of 
caffeine and 
paracetamol 

Shredder Shredder 
Absent Present 

Mixture of 
paracetamol and 

amoxicillin 

Shredder Shredder 
Absent Present 

Mixture of four PhACs 
(amoxicillin, caffeine, 

paracetamol and 
sertraline) 

Shredder Shredder 
Absent Present 

Control Shredder Absent 
I ----•--------~ 

Control Shredder Present 

lx lx lx lx lx lx 

2x 2x 2x 2x 2x 2x 



 

101 

5.2.3 Response variables 

Three ECEs (β-glucosidase, phosphatase and leucine-AP) were chosen as response variables 

based on their metabolic functions and use in previous studies (Sinsabaugh et al. 2008). Stock 

solutions of 200 μM methylumbelliferyl (MUB)-linked enzyme substrates (4-MUB-β-

glucopyranoside, 4-MUB-phosphate and L-leucine-AMC) were prepared by dissolving the 

appropriate substrates in de-ionised water in sterile 50-mL centrifuge tubes. The tubes were 

then wrapped in aluminium foil to exclude light and stored in a refrigerator to keep them 

stable for at least 1 week. The MUB standard was prepared by making a stock solution of 100 

μM 4-methylumbelliferone (MU) in sterile distilled water. Before use, the 100 μM stock 

solution was diluted 1:10 with sterile water to make a working solution of 10 μM, and a stock 

solution of 100 mM bicarbonate buffer was made by dissolving 8.4 g of NaHCO3 in 1 L of 

water. The stock was then diluted 1:20 with sterile water to make a working solution of 

5 mM. A buffer was used to prevent a change in the pH of the testing solution during 

fluorometric measurements (Jackson et al. 2013). The test procedure assayed the activity of a 

single enzyme in a separate 96-well black microplate for each enzyme assay (Jackson et al. 

2013). Enzyme activity was measured fluorometrically for all treatments and controls. 

5.2.4 Fluorometric measurement 

The activity of the three ECEs was measured with substrate analogues linked to fluorescent 

molecules 4-methylumbelliferone (4-MU). Enzyme assays were performed as follows: two 

replicates of quench control consisted of standard MUB and sample water, two replicates of 

sample controls contained sample water and bicarbonate buffer, and two standard controls 

were made up of standard fluorescent tag and bicarbonate buffer. Standard, quench, and 

sample controls were not used in the activity calculations but used to measure the diffraction 

of fluorescence in sample water, and to demonstrate reading consistency during the 

experiment. One 96-well microplate was prepared for each enzyme, using a black plate to 

prevent light affecting the contents. At days 1, 7, 14 and 28, a sample of 200 μL was taken 

from each treatment vial and pipetted into a designated well in the microplate. A volume of 

50 μL (5 mM) bicarbonate buffer was added to all samples in the microplate wells, followed 

by 50 μL (10 μM) of MU standard. To obtain an initial reading, 50 μL of the first enzyme 

analogue (activator) was added to each well, and the fluorescence measured at emission 

wavelengths 445 and 450 nm, and an excitation wavelength 365 nm. The microplate was then 

incubated for 1 h at 18ºC to allow the substrate analogue to cleave the MU, resulting in a 
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fluorescence emission. The fluorescence reading was recorded again after the 1-h incubation 

to give the final activity readings. These readings were used to calculate enzyme activity 

percentage after modifying Jackson‘s equation (Jackson et al. 2013), where 0.2 ml refers to 

the sample volume, and time was 42 days (1,008 h): 

Enzyme activity =  
mean  sample  fluorescence  − mean  initial  sample  fluorescence

(0.2 ml ) x (time  in  hrs ) 
       (2) 

5.3 Data analyses 

A three-way ANOVA was conducted using R (R Core Team 2018) to examine the effects of 

pharmaceutical compounds on the decomposition rates. The factors were: concentration with 

four levels (1×, 2×, 3× and control), time with six levels (selected days while the experiment 

running), and two shredder levels (present or absent). A four-way ANOVA was used to 

examine the effects of pharmaceutical compounds on microbial enzymatic activity. The 

factors were: concentration with four levels (1×, 2×, 3× and control), two shredder levels 

(present or absent), time with six levels (day 1, day 7, day 14, day 28, day 35 and day 42); 

and three enzyme levels (β-glucosidase, phosphatase, and leucine-AP). The enzymes were 

dealt with as factors because the study included various enzymes with different activities, and 

hence, different levels of activities were expected. 

The assumption of normality should be satisfied to conduct ANOVA. In this study, the 

skewness and kurtosis for all dependent variables were within the values range of −2 through 

+2, except for ‗mixture of caffeine and paracetamol—decomposition rate‘. This non-normal 

variable was transformed into a normal variable using a power function the Holm procedure 

was then performed, and following a significant effect or interaction, Tukey‘s honestly 

significant difference test was used to examine which pairwise comparisons were 

significantly different. 

5.4 Results 

The nitrogen and phosphorus concentrations were not significantly different across treatments 

and were therefore considered to have no effect on the results. Only two shredders were 

found dead during the experiment, and the data from these samples were removed from the 

data analysis. 
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5.4.1 Leaf litter decomposition rates 

The paracetamol–sertraline mixture produced no significant effects (p = 0.1 and 0.3 

respectively) on LLDRs in the presence or absence of a shredder (Figure 5.2, P–S). In the 

presence of a mayfly shredder, the caffeine–paracetamol mixture increased LLDRs to one 

and half compared to the control at 3× the concentration, but showed no significant effect (p 

= 0.08) in the absence of the shredder (Figure 5.2, C–P). The mixture of paracetamol and 

amoxicillin had no significant effect (p = 0.09) on LLDRs with the shredder, but without a 

shredder, LLDRs were reduced to half compared to the control at 3× the concentration 

(Figure 5.2, P–A). The mixture of all four PhACs showed no significant influence (p = 0.6 

and 0.4) on LLDRs at all concentrations, either with or without the shredder (Figure 5.2, 

ACPS). Four-factor ANOVA data are presented in Table 5.2. 
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Figure 5.2: Effects of various PhACs mixtures: paracetamol–sertraline (P–S), caffeine–paracetamol 

(C–P), paracetamol–amoxicillin (P–A) and the four PhACs (ACPS), at all concentration categories 

(1×, 2× and 3×, details in the text) on leaf litter decomposition rates relative to a control (‗0‘). 

Circles indicate treatments with shredder present and triangles indicate treatments with shredder 

absent. Shown are raw values. 
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Table 5.2: Results of three-factor ANOVA for an effect of pharmaceutical concentration and 

shredder presence/absence on LLDRs 

Pharmaceutical Concentration 

(F3,33) 

Shredder 

(F1,33) 

Concentration*Shredder*Time 

(F3,33) 

Effect size r
2
 

Shredder 

Presence Absence 

Mixture of 

paracetamol and 

sertraline 

5.0 

d.f: 3 

1106.7 

d.f: 1 

1.1 

d.f: 3 

  0.09  0.01 

Mixture of 

caffeine and 

paracetamol 

0.2 

d.f: 3 

546.9 

d.f: 1 

31.1 

d.f: 3 

 0.2  0.08 

Mixture of 

paracetamol and 

amoxicillin 

1.1 

d.f: 3 

236.6 

d.f: 1 

2.4 

d.f: 3 

   0.005 0.25 

Mixture of the 

four PhACs 

5.3 

d.f: 3 

1093.6 

d.f: 1 

1.1 

d.f: 3 

   0.004 0.005 

 

5.4.2 Effects on extracellular enzyme activities 

None of the mixtures had a significant effect (p > .05) on the enzymatic activities of β-

glucosidase, leucine-AP or phosphatase (Figure 5.3). There was no indication a shredder had 

a mediation effect as the patterns of activity were the same in the presence or absence of a 

shredder. Four-factor ANOVA is presented in Table 5.3. 
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Figure 5.3: Effects of various PhACs mixtures paracetamol–sertraline (P–S), caffeine–

paracetamol (C–P), paracetamol–amoxicillin (P–A) and the four PhACs (ACPS), at all categories 

of concentration (1×, 2× and 3×, details in the text) relative to control (‗0‘) on the activities of 

three ECEs (β-glucosidase, leucine-AP and phosphatase) released during the leaf decomposition 

process. Red circles indicate treatments with shredder present and blue triangles indicate 

treatments with shredder absent. Shown are raw values. 
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Table 5.3: Results of four-factor ANOVA for an effect of pharmaceutical concentration, shredder presence/absence, and enzyme type on 

enzyme activities 

Pharmaceutical Concentration 

(F3,1704) 

Shredder 

(F1,1704) 

Enzyme 

(F2,1704) 

Concentration*Shredder*Enzyme*Time 

(F6,1704) 

Mixture of paracetamol and 

sertraline 

0.95 

d.f: 3 

148.3 

d.f: 1 

131.5 

d.f: 2 

0.26 

d.f: 3 

Mixture of caffeine and 

paracetamol 

2.23 

d.f: 3 

147.3 

d.f: 1 

123.5 

d.f: 2 

0.1 

d.f: 3 

Mixture of paracetamol and 

amoxicillin 

0.96 

d.f: 3 

148.4 

d.f: 1 

131.6 

d.f: 2 

0.2 

d.f: 3 

Mixture of the four PhACs 0.9 

d.f: 3 

148.3 

d.f: 1 

131.5 

d.f: 2 

0.26 

d.f: 3 
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5.4.3 Comparison of a single PhAC effect and the effect of PhACs mixtures on LLDRs 

 The fact that each experiment contained its own control made the comparison between the two 

experiments possible. However, in future studies, it is better to conduct such experiments and 

comparisons with a smaller number of mixtures at one time and one control to avoid having 

different (k). Whether a shredder was present or absent, paracetamol and sertraline individually 

significantly reduced LLDRs (Chapter 4), but when paracetamol was combined with sertraline, 

with and without the shredder, the mixture had no effect on LLDRs, indicating antagonism. 

With a shredder present, caffeine alone significantly enhanced LLDRs, and paracetamol alone 

significantly reduced them (Chapter 4). A mixture of the two PhACs showed dominance of the 

caffeine effect at 3x the concentrations used, although the effect was less than that observed for 

caffeine alone. At the 2× concentration, caffeine slightly enhanced LLDRs (Chapter 4), but in the 

mixture with paracetamol, the combination of PhACs had no significant effect on LLDRs at this 

concentration. The mixture showed an antagonism in the paracetamol effect because 

individually, paracetamol reduced LLDRs, but in the mixture with caffeine, LLDRs increased at 

3x the concentration. When no shredder was present, caffeine alone and paracetamol alone both 

reduced LLDRs at the 2× and the 3× concentrations, but when combined, the mixture had no 

significant effect on LLDRs, indicating an antagonism. 

With a shredder present, paracetamol significantly reduced LLDRs at the concentrations 2× and 

3×, and amoxicillin alone significantly suppressed LLDRs at the 1×, 2× and 3× concentration 

(Chapter 4). The mixture of paracetamol and amoxicillin had no significant effect on LLDRs, 

showing an antagonism in the individual effect of each compound. In the absence of a shredder, 

paracetamol and amoxicillin reduced LLDRs at the concentrations 2× and 3×, but when they 

were mixed, they slightly reduced the rates at the concentration 3× only. This also indicates an 

antagonism in their single effects. 

Although each of the four compounds alone showed an effect on LLDRs, the mixture of the four 

of them had no significant effect on LLDRs whether a shredder was or was not present; this 

indicated an antagonism in the single effect of each of the four PhACs. The same antagonism 

was observed when ECE activities were measured. Therefore, antagonism was dominant when 

the single effect of each PhAC was compared with its effects in mixtures with the other PhACs 

(see Figure 5.4.). 
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Figure 5.4: Illustration of the differences in effects between single PhAC and various 

mixtures of the same PhACs (r
2
= effect size); paracetamol and sertraline (P–S), caffeine and 

paracetamol (C–P), paracetamol and amoxicillin (P–A), and all four PhACs (ACPS) at three 

concentrations (1×, 2× and 3×) on LLDRs. PhACs mixtures exhibited fewer effects on 

LLDRs than did each PhAC alone. The differences were determined based on the calculated 

decomposition rates, and then represented in term of colours. Green and red colours indicate 

increases and decreases in decomposition rates, respectively. Light colours represent a weak 

effect. Dark colours represent strong effects. Boxes with the dash sign represent no effect. 

At low concentration (1×), no significant differences were observed between the single and 

mixture effects of PhACs. At higher concentrations (2× and 3×), the effects of all PhAC 

mixtures weakened and antagonism dominated. 

 

 

 

Pharmaceutical Shredder Amoxicillin Caffeine Paracetamol Sertraline P-S C-P P-A ACPS 
Concentration (A) (C) (P) (S) 

Effect on decomposition rates 

Present 1,, .• ,, I 1,~z• I 
l x 

Absent IF023 1 k·•"I 

Present r2=0.25 r2=0.24 

2x 

Absent 

Present r-, 00l lr••~I 
3x 

Absent r2=0.20 I- OIi l;coosl r'=0.25 1••00051 
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5.5 Discussion 

The results of this study suggest that the effects of some pharmaceuticals on LLDRs are 

reduced when the pharmaceuticals are present in mixtures, rather than as single substances. 

This non-additive effect of most mixtures is consistent with what has been expected or 

highlighted in other studies (e.g. Darling and Côté 2008; Jackson 2015). Despite the 

insignificant effects of all mixtures on the enzymatic activities of the three ECEs (β-

glucosidase, phosphatase, and leucine-AP), it is thought the mixtures may have affected other 

ECEs involved in the decomposition process that were not included in this study. The observed 

changes in LLDRs in C-P mixture for example might be an indicator of those effects. 

On its own, amoxicillin reduced LLDRs, irrespective of the presence or absence of a shredder. 

When amoxicillin was present in the mixture of four PhACs, this effect disappeared, but when it 

was combined with paracetamol in the absence of a shredder, the effect remained. According to 

Palmisano et al. (2015), amoxicillin stays in water for approximately 3 h, long enough for it to 

interact with paracetamol, particularly when they are both at very low concentrations. This 

allows the formation of a compound that has a little adverse effect on LLDRs in the absence of a 

shredder at the highest concentration. 

The change in amoxicillin‘s effect on LLDRs when in a mixture may be caused by the changes 

that occur in its chemical structure because of interactions with other PhACs in the mixture. In 

his study of the incompatibility of paracetamol with antibiotics given to children, Maswadeh 

(2017) found that the differential scanning calorimetry (DSC) curve of paracetamol and 

amoxicillin mixture differs from the curves of pure paracetamol or pure amoxicillin. In his 

explanation Maswadeh (2017) concluded that the presence of some DSC curves in the case of 

pure amoxicillin, and then their disappearance in the case of amoxicillin and paracetamol 

mixture, indicates that an interaction took place between amoxicillin and paracetamol. This 

could provide a plausible explanation as to why the mixture of amoxicillin and paracetamol 

influenced LLDRs differently than amoxicillin alone. This was also the case for paracetamol, as 

its peak was reduced and its position changed slightly, indicating a structural alteration. 

A study by Nematollahi et al. (2015) reported the presence of paracetamol in a mixture with 

sertraline and other antidepressants reduced the ECs of the antidepressants, which may explain 

why no significant effect on LLDRs was observed in this study for the paracetamol-sertraline 

mixture, compared with the effects of each pharmaceutical alone. Sertraline was also found to 
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interact with other PhACs, an interaction confirmed by the increased genotoxicity reported by 

Tohamy (2006), when she carried out an evaluation of the potential for the genotoxicity of 

sertraline given concurrently with the antibiotic erythromycin stearate. Tohamy found that 

mixing sertraline and erythromycin stearate have led the two drugs to compete for the same 

enzymes‘ sites which resulted in displacement of the two drugs, and prolonged medicines 

storage in an animal‘s body. Likewise, in this study, sertraline may compete with amoxicillin, 

paracetamol, or caffeine in the mixture/s and in some cases that resulted in the displacement of 

the drugs, and consequently the different effects seen compared to the single drug effect. 

The property of a mixture would explain why no effect of the caffeine-paracetamol mixture on 

decomposition rates was observed; in other words, an antagonistic effect of the mixture was 

observed, compared with the individual effect of each PhAC when no shredder was present. In 

contrast, a significant increase in decomposition rates was noted with the presence of a shredder 

in the caffeine-paracetamol mixture. This could be attributed to the effect of free unreacted 

caffeine molecules after they had reached the shredder‘s receptor sites. A question may arise as 

to why the free caffeine molecules did not affect microbes when there was no shredder present. It 

is possible that this is because there would be a small number of free caffeine molecules 

available to fit into and cover the numerous microbes‘ receptors. Therefore, more caffeine 

molecules were needed to produce an observable significant effect. As only one shredder was 

present in the mixture, few free caffeine molecules were received by its receptors, which affected 

the shredder and, consequently, LLDRs. Further, as the caffeine molecules are dissolved in the 

water or adsorbed by the leaf surface, they are consumed more rapidly, and therefore absorbed in 

higher quantities, by the shredder than by the microbes. 

Hughes et al. (2016) studied the effect of pharmaceutical mixtures from three different 

therapeutic classes on leaf litter breakdown, concluding the mixture had no significant influence 

on the breakdown process. This is consistent with the conclusion reached in this study when the 

effect of most pair and all four PhACs on the rates of leaf decomposition was investigated, 

despite the differences between Hughes et al and this study in experimental setup, invertebrate 

shredder used, test pharmaceuticals and exposure duration. However, the conclusion by Hughes 

and team regarding mixtures of pair PhACs was inconsistent with the results obtained in the case 

of caffeine-paracetamol pair mixture. The consistency with mixtures of large PhACs contents, 

and the inconsistency with some mixtures of small PhACs contents, indicate that the more 

PhACs in a mixture, the less effect that mixture will have on the decomposition process. This 
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could be due to increasing internal interactions between the pharmaceuticals that suppress their 

individual effects. To confirm such a theory, there is need to conduct further studies on the effect 

on leaf litter decomposition that exposed to mixtures containing larger numbers of PhACs. 

To further explain the differences between the various mixtures of PhACs used in this study and 

their single effects (Chapter 4), another assumption can be introduced. A class of nanoparticles 

known as nanocrystals gained the attention of researchers due to their size (10 to 1,000 nm), 

which gave them properties different from those of very small particles (molecules) or large 

substances (bulk matter) (Rao et al. 2002). It was suggested in this study that this could also be 

the case with PhACs mixtures. Despite all the constituents of the mixtures studied being at 

concentrations like those used for individual substances, the resultant interactions in the mixtures 

changed the concentrations of the constituents. This created a change in the pure constituent size 

because of the formation of a new substance, and, thus, each constituent in the mixture might 

exhibit a new property. It is possible that the new property might be responsible for the 

differences in the effects observed in this study, compared with the effects noted in the previous 

study (Chapter 4). 

5.6 Limitations 

Despite the important results showed, this study had some limitations. Firstly, the concentrations 

in this study were chosen from reported values in streams from different locations around the 

world, but each from a single study. These values are most likely expected to increase because of 

increased human and livestock consumption. Therefore, future studies need to consider the 

change in the environmentally reported concentrations of PhACs and use the most recent 

reported values. Future studies may also consider gathering the reported concentrations of one 

PhAC from various studies and use the average of the reported concentrations as the 

environmentally related concentration. Further, in the future, a mesocosm system may be more 

suitable to use to maintain the water level throughout the experiment. Secondly, a change in 

microbial biomass might be responsible for the change in the overall enzyme activity. Therefore, 

it is recommended in future studies to consider measuring respiration on the leaves to obtain 

more robust data on the biomass and hence microbial activity. Thirdly, I assessed only one 

invertebrate and one leaf species, chosen as they were numerically the most abundant in the 

study site. However, other taxa may show different responses. Therefore, it is vital in the future 

to study the effect of this study's PhACs mixtures on various species in freshwater ecosystems. 

The invertebrates and biofilms used were naive to the pollutants in that they originated from a 
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catchment without any potential sources of PhACs. I was also unable to incorporate processes of 

acclimation, adaptation or selection in our study. Microbes can evolve very quickly in response 

to stressors, and the use of colonists from a site without prior exposure to pharmaceuticals may 

have increased the size of the effects on the biofilms. Similarly, I do not know whether the 

included shredder species, or other shredder species, might acclimate to these stressors over 

time, either through physiological plasticity or selection for tolerant individuals. Fourthly, the 

enzymes were analysed on aliquots of water from the vials. Although, the results from these 

analyses were logical when comparing the samples with the control, future studies should 

perform the analysis by measuring the enzymes activity directly from the leaf. 

Finally, this study was unable to explore all potential combinations of the pharmaceuticals or 

their interactions with other stressors. For example, it did not examine the effects of any of the 

pharmaceutical‘s mixtures in combination with environmental stressors. The next generation of 

studies should investigate responses to such combinations.  

5.7 Conclusion 

The study of the effects of multiple-pharmaceutical stressors on LLDRs in freshwater 

ecosystems was important to understand how this fundamental ecosystem process may be 

affected and changed, particularly as it showed results inconsistent with those in the single 

pharmaceutical effect study. The various combinations yielded some different results, with the 

majority having insignificant effects on leaf decomposition rates or enzyme activities. Shredder 

availability played a significant role in determining the direction of an effect on the rate of 

decomposition when caffeine-paracetamol was studied in the presence of a shredder. A 

comparison of the results of this study with those of the results of the single PhACs study 

indicated that, in most cases, the PhACs mixtures weakened the effects of each of the single 

PhACs, particularly, at high concentrations, and, even if one effect of the mixture constituents 

dominated, that effect would still be weaker than the effect of that PhAC alone. As hypothesised, 

antagonism was dominant and there was no evidence for additive or synergistic effects. 

The outcomes obtained from the diverse mixture scenarios introduce further research 

opportunities, including studies identifying the potential implications of using scenarios that 

were not incorporated into this study. Although in most cases it was clear that a mixture of 

PhACs had reduced effects on LLDRs and enzyme activities, compared with the effect of each 

PhAC alone, it is not yet understood what could happen if higher concentrations of these 
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compounds were used. This knowledge gap requires further studies that incorporate monitoring 

the global consumption rates of these compounds, and their continuous detection and analysis in 

freshwater ecosystems. Moreover, the different results obtained in this study when a factor was 

changed (e.g., PhAC concentrations) reveals that further research would help to establish 

whether other factors might change the effects of PhACs mixtures. For example, a future study 

may investigate the potential effects of PhACs mixture in combination with other environmental 

stressors, such as climate change and its various aspects, including increasing temperatures, 

drought conditions or storms. 

  



 

115 

Chapter 6: Combined effects of temperature and pharmaceuticals 

on stream ecosystem processes 

Abstract 

Freshwater ecosystems are subject to many anthropogenic and natural stressors, many of which 

can be expected to interact with one another. The impact of multiple stressors on ecosystem 

processes such as carbon dynamics is an emerging area of research interest but remains relatively 

poorly understood. Studies investigated leaf litter decomposition response to multiple 

pharmaceutically active compounds (PhACs) has suggested that combinations of PhACs may 

have different impacts than single pharmaceuticals. Here, laboratory assays have been used to 

assess the effects on leaf litter decomposition as a result of exposure to various temperatures in 

combination with a) amoxicillin alone, and b) a mixture of four common PhACs; amoxicillin, 

caffeine, paracetamol and sertraline. To assess the decomposition rates of leaf litter, the leaf litter 

weight loss through time was determined, and the activities of extracellular enzymes were 

measured. Experiments were carried out with and without the ‗leaf shredding‘ mayfly 

Atalophlebia sp. to investigate any invertebrate-mediated effects. In both the presence and 

absence of Atalophlebia there was strong evidence for reductions in leaf decomposition rates and 

the activities of the enzymes combined warm temperatures 22.5 and 25°C and high 

concentrations of amoxicillin. Phosphatase activity increased at temperatures 20 and 22.5°C as 

well as high amoxicillin concentration. Similar results were observed when temperature 

treatments were combined with the mixed PhACs in the absence of Atalophlebia. With 

Atalophlebia, the reduction in LLDRs was only observed at temperature 25°C combined with 3x 

the concentration of PhACs mix. However, extracellular enzymes have shown complex 

responses. Without Atalophlebia present β-glucosidase and leucine-AP activities were reduced at 

high temperature and PhACs treatments. Phosphatase activity didn‘t show significant change. 

When Atalophlebia was present, β-glucosidase activity significantly increased at medium and 

high temperature treatments, while the other enzymes had no significant change from controls. 

These results suggest the potential for unexpected ecosystem-wide effects of combined 

pharmaceuticals and temperature stressors in freshwater ecosystems. 
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6.1 Introduction 

Global warming is a significant ecological stressor and there is an urgent need to understand its 

effects on natural ecosystems alone and in combination with other stressors (Antiqueira et al. 

2018; Bozinovic and Pörtner 2015; Garzke et al. 2016). The unparalleled rates of the warming 

observed in recent years threaten to impact essential ecosystem processes, particularly when 

combined with the many anthropogenic stressors which natural ecosystems are already subject to 

(Malmqvist et al. 2008). Effects of global warming on freshwater biota include the alteration of 

hydrologic cycles, changes in disturbance regimes as a consequence of extreme precipitation 

events, altered geomorphological processes and changes in water quality (e.g. Fenoglio et al. 

2010; Woodward et al. 2010a). Freshwaters ecosystems are already heavily impacted by various 

human activities (Dudgeon et al. 2006; Olson 2018; Woodward et al. 2010b). Many organisms in 

freshwater habitats are poikilothermic, and thus warming can be expected to profoundly affect 

physiological processes (Fenoglio et al. 2010). 

An essential process in freshwater ecosystems is leaf litter decomposition, which provides 

energy and nutrients to freshwater ecosystems (e.g. Palmer 1997; Piggott et al. 2015c). The 

decomposition process involves a sophisticated suite of animal, chemical, physical, and 

microbial interactions (Webster and Benfield 1986). Typically, these operate in four phases: 

chemical leaching of soluble compounds (e.g. sugars, amino acids, fatty acids), physical abrasion 

as a consequence of sediment, microbial colonisation, conditioning and decomposition, and 

mechanical fragmentation by invertebrate shredders (Benfield 2007; Imberger et al. 2008; 

Webster and Benfield 1986). As these processes are mediated by organisms that alter 

physiological rates in response to temperature, it may be expected that warmer conditions would 

change decomposition rates. This is supported by multiple empirical studies (e.g. Allan and 

Castillo 2007; Dossena et al. 2012; Sardiña et al. 2017; Song et al. 2014). 

There is empirical evidence implicating the effect of increasing or decreasing the temperature on 

LLDRs. For example, Fernandes et al. (2012) investigated the effect of temperature on 

microbially mediated leaf decomposition in a freshwater riparian environment. They found that 

the percentage of leaf mass loss was significantly higher at 24°C than at 16°C. Their study 

demonstrated that increasing temperature in freshwater streams may enhance leaf litter 

decomposition. Fernandes et al. (2012) observations were consistent with Friberg et al. (2009) 

findings who discovered that LLDRs were positively correlated with temperature in a 

statistically significant manner. The LLDRs were higher in the hot streams than in colder streams 
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(Friberg et al. 2009). Further, they found that LLDRs were particularly enhanced because 

elevated temperature increased the populational growth of filter-feeders like Simulium vittatum. 

Therefore, studies have shown that temperature increase is associated with better LLDRs, but the 

question remains about whether the presence of other stressors accompanying the increase in 

temperature will lead to a different effect.  

Studies of the impacts of multiple stressors have shown complex interactions between stressors 

that affect the magnitude and nature of impacts on the environment (Ormerod et al. 2010; Piggott 

et al. 2015a). Studies of the effects of climate change in concert with other stressors, including 

agricultural development (Piggott et al. 2015c), invasive species (Schweiger et al. 2010) and 

nutrient addition (Russell et al. 2009) have illustrated the potential for interactions between 

warming and other stressors in determining impacts on freshwater ecosystem processes. Several 

authors have highlighted understanding and predicting freshwater ecological responses to global 

warming in combination with other stressors as an immediate research challenge (Dirzo et al. 

2014; Grimm et al. 2013; Sala et al. 2000; Woodward et al. 2016). Global warming simulation 

studies have shown that future global warming may increase LLDRs, resulting in food depletion 

and ecosystem imbalance (Ferreira and Canhoto 2015). The findings are congruent with an 

earlier study by Martínez et al. (2014) who observed a positive correlation between temperature 

and leaf litter decomposition. Hence, their work emphasized that global warming is likely to 

increase LLDRs in freshwater ecosystems. 

 

Contamination of freshwaters by pharmaceutically active compounds (PhACs) has emerged as a 

significant environmental issue in recent decades (e.g. Benfield 1996; Crane et al. 2006; Ebele et 

al. 2017; Chapter 4 and 5). Pharmaceuticals are of particular concern because they are designed 

to produce biological effects even at low concentrations (Mutiyar and Mittal 2013). Freshwater 

ecosystems are contaminated with PhACs via agricultural drains, untreated sewerage systems 

and effluent from wastewater treatment plants (WWTPs) (Chapter 2; Chopra et al. 2018; Herath 

and Satoh 2015; Mutiyar and Mittal 2013). In Chapters 4 and 5 the effects on leaf litter 

decomposition rates (LLDRs) of four PhACs; amoxicillin, caffeine, paracetamol, and sertraline 

were assessed at a single temperature (18–20°C). This showed that when provided separately, the 

PhACs significantly altered LLDRs (but in diverse ways) (Chapter 4), but when provided in 

combination they had no significant effect (Chapter 5). 
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Research has shown that in normal room temperatures, various pharmaceuticals comprised of 

antibiotics, beta-blockers, and anti-inflammatories have a non-significant impact on LLDRs 

(Hughes et al. 2016). However, another study showed that an increase in river water temperature 

increased the acute toxicity of acetaminophen, enrofloxacin, and chlortetracycline on Daphnia 

magna, potentially because of alteration in the toxicokinetic of the substances and the physiology 

of the target invertebrate (Kim et al. 2009). However, out of the seven pharmaceuticals 

investigated in their study, Kim et al. (2009) found that only three were responsive to 

temperature increase. It implies not all pharmaceuticals respond to temperature changes in 

freshwater ecosystems. Therefore, it can be concluded that increasing stream or river water 

temperature in the presence of pharmaceuticals may reduce LLDRs below normal levels, leading 

to the overaccumulation of leaf litter. A study by (Keiblinger et al. 2012) on microorganism has 

shown that increasing or freezing water temperature had an impact on the activity of 

extracellular enzymes (ECEs). The increased temperature reduced the activity of phosphatase 

protease, peroxidase and phenoloxidase. Since these ECEs play a crucial role in the metabolism 

of pharmaceuticals, and despite that the study was on terrestrial enzymes, it can be hypothesised 

that alterations in freshwater temperature may have likewise impact on the microbial-induced 

LLDRs.   

 

In response to question 3 in Chapter 1, this study investigated the effects on leaf litter 

decomposition after exposure to a range of temperatures combined with various concentrations 

of a) a single PhAC, amoxicillin, and b) a mixture of PhACs. Amoxicillin was chosen alone 

because it showed the most substantial effect size compared to the other three PhACs in the 

experiment that studied the effect of a single pharmaceutical compound on LLDRs (Chapter 4). 

To ascertain whether this strong effect would appear again in this experiment, which enhances 

the credibility of the previous results and the validity of the laboratory method used. The reason 

for choosing the mixture of the four PhACs in this experiment is that the mixture has been shown 

in Chapter Five to have the most negligible effect size on LLDRs compared to other PhACs 

mixtures (see figure 5.4). Therefore, any change in this negligible effect will mean that a 

temperature change may change the interactions between the four PhACs, consequently 

changing their effects on LLDRs. The levels of the treatments were designed to be reflective of 

realistic values in the environment. The concentrations of PhACs were based on levels currently 

found in WWTPs effluent. However as concentrations are expected to increase due to population 
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growth and increasing consumption of pharmaceutical compounds (Rzymski et al. 2017), 

treatments of 2× and 3× the current levels of PhACs in treated wastewater effluent were also 

used. Water temperature treatments were designed to simulate the effects of climate change with 

levels reflecting current average summer conditions and +2.5
o
C and +5

o
C higher than the current 

average. Experiments were carried out with and without an invertebrate shredder species to 

determine whether effects occurred directly on microbial activity or were mediated via 

invertebrate feeding activity. Few studies have described the effects of mixed PhACs on 

ecosystem function, and I am not aware of any study that has combined this with an investigation 

of the effects of temperature. This study hypothesized that: 1) the increase in temperatures will 

enhance the mixture of the four PhACs to change LLDRs; 2) and ECEs activities will be altered 

too; 3) the effects will be mediated by invertebrate shredders. 

 

6.2 Methods 

Leaves, invertebrate shredders and water were obtained from the upper Cotter River catchment, a 

perennial tributary of the Murrumbidgee River in the Australian Capital Territory (Location: 

352233.7S, 1485235.0E). There is no public access to the catchment above the sampling site, 

and, hence, the site is considered free of PhACs. Therefore, bacteria, fungi and invertebrates are 

likely naive to pharmaceutical contaminants and our results can be considered a worst-case 

scenario for exposure without previous opportunity to adapt to PhACs. 

6.2.1 Leaf litter conditioning 

Water from the Cotter River was collected in two pre-cleaned 15-L plastic buckets. In the 

sampling site, fully grown, undamaged leaves were picked from Eucalyptus viminalis, a 

common riparian tree. The leaves were rinsed in river water, divided into five groups of 500 g 

each, and placed separately into 0.5-mm mesh bags (Tiegs et al. 2008). The bags were placed in 

the river about 10 m apart and left for 5 weeks to allow for microbial colonisation (or 

conditioning; Bärlocher and Kendrick 1975). At the end of week 5, all the bags were collected, 

placed into continuously aerated 10-L buckets full of water from the Cotter River, and sent to the 

Centre for Applied Water Science laboratory at the University of Canberra. In the laboratory, 

conditioned leaves were placed on a paper towel (to avoid damaging the microbial colonies) for 

15 min until they were semidry. The weight of each leaf was recorded (semidry unit). Each 0.2 g 
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leaf was placed in a 200-mL glass vial for treatment exposure. At 42 days of the experiment, all 

the leaves were placed on a paper towel for 15 min and the weight of each leaf was recorded. To 

determine whether leaf mass had been lost between treatments, the decomposition rate constant 

(k) was calculated for each treatment using the negative exponential decay model (Equation 2) 

developed by Webster and Benfield (1986): 

ln [Mt] = ln [Mo] -kt 

Where M˳ is the leaf initial mass, Mt is the mass remaining at the end of the exposure period in 

the laboratory, and t is the number of exposure days used to calculate the loss per 42 days. 

The invertebrate shredder used was a common mayfly known to feed on leaf material 

(Leptophlebiidae; Atalophlebia sp. Eaton 1881). It was collected and included in experiments to 

assess invertebrate-mediated effects. Atalophlebia sp. were sampled from the same site at which 

leaves were collected. The invertebrates were taken from small to medium-sized stones located 

just below the river water surface. The stones were gently shaken in a 10-L bucket about half full 

of the stream water, and animals that fell off into the water were harvested using a pipette. A 

total of 200 individuals ranging in size from 8 to 10 mm were collected, placed in a continuously 

aerated 5-L bucket of River water, and taken to the laboratory. 

6.2.2 Treatment concentrations and temperatures 

Experiments were carried out in 200-mL glass vials and involved exposing the leaf litter to 

amoxicillin alone and a mixture of four PhACs (amoxicillin, caffeine, paracetamol, and 

sertraline; hereafter mixed PhACs) with and without the mayfly shredder. The control was river 

water with no PhACs. Pharmaceutical concentrations used were based on the published values 

measured in treated wastewater effluent; amoxicillin 0.2 µg/L (Watkinson et al. 2009), caffeine 

1.3 µg/L (Seiler et al. 1999), paracetamol 10 µg/L (Kolpin et al. 2002) and sertraline 0.004 µg/L 

(Silva et al. 2012). For each pharmaceutical treatment, solutions were made up in stream water at 

the published concentration in the effluent (hereafter 1×), 2× and 3× those values. The four 

solutions were combined to make 1×, 2× and 3× mixed PhAC treatments. Treatments were 

delivered as a single dose to mimic a natural event in which a WWTPs discharges a single 

―pulse‖ of effluent (e.g. as a result of a rainfall event) (Roberts and Thomas 2006; Roberts et al. 

2016). 
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The experiments were performed in different environmental incubators, each set at a different 

temperature and inside each incubator and the vials were randomly distributed. Temperature 

treatments were based on the NARCLiM Australia climate change projection for the ACT region 

(Gothe-Snape 2018; NSW Government 2014). The temperatures used were 20 (ambient), 22.5 

(moderate increase) and 25 
0
C (large increase). Experiments were designed to mimic an increase 

in the mean temperature based on current projections for the next 50–100 years (Argüeso et al. 

2015). 

Two sets of experiments were carried out with the same design (Figure 6.1). An initial trial used 

only amoxicillin and crossed the four different amoxicillin concentrations (1×, 2× 3× reported 

value + control) with the three temperature treatments (summer median, +2.5
o
C, +5

o
C) and the 

presence or absence of a single Atalophlebia added (10–12 mm in length; hereafter termed ‗with 

shredder‘). Each combination of treatments had 12 replicates. The second set of experiments 

used the mixed PhACs treatments in the same design. 

The vials were placed in an environmental chamber (12:12h light [day]: dark [night] periods) 

and aerated continuously by Hailea ACO-9602 air pumps (Guangdong Hailea Group Co., Ltd., 

Guangdong, China) for 4 weeks. On Day 42 all of the leaves were collected, dabbed dry and 

weighed again to calculate the total change in mass for each leaf. 
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Figure 6.1: Experimental design showing the arrangements of treatments at three 

temperatures (20, 22.5 and 25°C), four categories of concentration (control, 1×, 2× and 3×) 

relative to ERC, and with and without shredders. There were 12 replicates for each treatment. 

Treatments 
at 20 °C 

Shredder Shredder 
absent present 

Control Control 

lx lx 

2x 2x 

Treatments 
at 22.5 °C 

Treatments 
at 25 °C 

Shredder Shredder Shredder Shredder 
absent present absent present 

lx lx lx lx 

2x 2x 2x 2x 
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6.2.3 Extracellular enzymes 

The extracellular enzymes (ECEs) β-glucosidase, phosphatase, and leucine aminopeptidase (L-

AP) were selected as response variables because of their importance as indicators of carbon 

processing (Sinsabaugh et al. 2008). Stock solutions of 200-μM methylumbelliferyl (MUD)-

linked enzyme substrates (4-MUD-β-glucopyranoside, leucine-7-amino-4-methylcoumarin L-

AMC, and 4-MUB-phosphate) were prepared by dissolving the appropriate substrate in 

deionised water in sterile 50-mL centrifuge tubes. To exclude light, the tubes were wrapped in 

aluminium foil and stored in a refrigerator; these measures kept them stable for at least 1 week. 

The MUB standard was prepared by making a stock solution of 100-μM 4-methylumbelliferone 

in sterile distilled water. To prepare the working solution, a 100-μM stock solution was diluted 

1:10 with sterile water to make a 10-μM solution. A stock solution of 100-mM bicarbonate 

buffer was made by dissolving 8.4 g of NaHCO3 in 1 L of water. The stock was then diluted 1:20 

with sterile water to make a working solution of 5 mM. A buffer was used to prevent an increase 

in the pH of the tested solution during the fluorometric measurement. The test procedure assayed 

the activity of a single enzyme on one 96-well black microplate, with a separate microplate for 

each enzyme assay (Jackson et al. 2013). 

For all the treatments and the controls, enzyme activity was measured fluorometrically. To 

record fluorescence, substrate analogues linked to fluorescent markers (4-methylumbelliferone 

[MUB]) were used and enzyme assays were performed as follows: One 96-well microplate was 

prepared for each enzyme, using a black plate to prevent light from affecting the well‘s contents. 

At days 1, 7, 14, 28, 35 and 42 of the experiment, a sample of 200 μL of water was taken from 

each treatment vial and pipetted into the microplate wells. Fifty μL (5 mM) of bicarbonate 

buffer, 50 μL (10 μM) of the MUB standard and 50 μL of the enzyme analogue (activator) were 

added to each well. Fluorescence was measured at 445 and 450 nm emission wavelengths and at 

an excitation wavelength of 365 nm (initial reading). The microplate was incubated for 1 h at 

18ºC to allow the substrate analogue to cleave the MUB. The fluorescence was measured again 

at 445, 450, and 365 nm (final activity reading). These values were used to calculate the enzyme 

activity (Equation 2) (Jackson et al. 2013). This study was interested in the relative comparison 

between treatments rather than quantitatively determining the enzyme activities in the samples; 

therefore, it did not include the mean of the quenching control fluorescence or the mean of the 

standard fluorescence in the calculations. 
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Enzyme activity =  
Mean  sample  fluorescence  − Mean  initial  sample  fluorescence

(0.2 mL ) x (Time  in  hours ) 
  (2) 

Where 0.2 mL is the sample volume, and the time was set at 42 days = 1008 h. 

6.3 Data analysis 

Four-way ANOVA was used to examine the effects of temperature, PhAC/s concentration, time, 

and shredder presence on LLDRs and ECEs activities (R Core Team 2020). The factors were 

temperature with three levels (20, 22.5 or 25°C), PhAC/s concentration with four levels (1×, 2×, 

3× or control), time with six levels (day 1, day 7, day 14, and day 28), and shredder with two 

levels (presence or absence). This was necessary for the analysis of the effects of amoxicillin and 

mixed PhACs on β-glucosidase, leucine-AP and phosphatase enzymes (see summary of the 

analyses in Tables 6.1 and 6.2). There was a statistically significant (p < .05) main effect or 

interaction, and Tukey‘s honestly significant difference test was used to examine pairwise 

comparisons for significance.  

6.4 Results 

6.4.1 Leaf litter decomposition rates 

In the absence of PhACs in the two experiments, temperature had a significant effect on 

decomposition rates, with increased decomposition rates for 22.5ºC and 25ºC temperature 

treatments (Figure 6.2). 

In the presence of amoxicillin alone, there was a clear and significant reduction in decomposition 

rates with increased temperature, both with and without shredders (Figure 6.2A). With no 

shredder and in the 20ºC treatment, decomposition rates were significantly less than in controls 

(p = 0.0037) for the 2× and 3× amoxicillin treatments. In the 22.5ºC and 25ºC treatments, 

amoxicillin significantly reduced (p = 0.0035 and 0.0007 respectively) LLDRs at all 

concentrations (Figure 6.2A). Shredders increased decomposition rates in the control and 1× 

amoxicillin treatments, but the effects of temperature and amoxicillin were generally consistent 

with the no shredder treatment (Figure 6.2 B). 

The four-PhACs mixture had no significant (p = 0.6 and 0.4) effect on LLDRs at 20ºC both with 

and without shredder. At temperatures of 22.5ºC and 25ºC, a highly significant reduction (p = 

0.002) in LLDRs was observed at 3× the concentration in the absence of shredders (Figure 
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6.2C). Regarding the control treatments, the presence of the shredder significantly increased the 

LLDRs (p = 0.033) at all three temperatures compared with no shredder. No significant effect 

was observed at temperatures of 20ºC and 22.5ºC on the LLDRs at all concentrations. At 25ºC, a 

significant reduction (p = 0.045) in LLDRs was observed at 3× the concentration (Figure 6.2D). 
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Categories of concentration relative to ERC  

Figure 6.2: Effects of temperature (in ºC, see legend), PhACs mix concentration (1× 

representing the environmentally recorded concentration ERC, 2× or 3× the ERC; see 

section 6.2.2 for details) and presence or absence of shredders on LLDRs (see section 

6.4.1 for details). Values shown are means with standard errors. Top row; effects of 

amoxicillin without (A) and with (B) shredders. Bottom row; effect of mixed PhACs 

without (C) and with (D) shredders. 
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Table 6.1: Four-way ANOVA summary for the effects of temperature, pharmaceutical 

concentrations, time, and shredder presence/absence on leaf decomposition rates. Effect size 

values are presented at all three temperatures. 

Pharmaceutical Temperature Concentration Shredder Temp*Conc

*Time* 

Shredder 

Effect size r
2
 

Shredder 

Presence Absence 

Amoxicillin 

 

F2,264 = 73.120 

d.f: 2 

F3,264 = 1238.83 

d.f: 3 

F1,264 = 13

81.91 

d.f: 1 

F6,264 = 3.255 

d.f: 6 

0.91 at 20 

ºC, 0.94 

at 22.5 

ºC, 1.4 at 

25 ºC. 

0.41 at 

20 ºC, 

0.43 at 

22.5 ºC, 

0.62 at 

25 ºC. 

PhACs mixture F2,264 = 504.24 

d.f: 2 

F3,264 = 317.67 

d.f: 3 

F1,264 = 13

81.91 

d.f: 1 

F6,264 = 41.77 

d.f: 6 

0.005 at 

20 ºC, 

0.003 at 

22.5 ºC, 

0.76 at 25 

ºC. 

0.007 at 

20 ºC, 

0.63 at 

22.5 ºC, 

0.09 at 

25 ºC. 

 

6.4.2 Effects on enzymatic activities 

Temperatures of 22.5ºC and 25ºC significantly decreased (p = 0.018 and 0.043) β-glucosidase 

activity after exposure to amoxicillin at 2× and 3× the concentration, both with and without 

shredder (Figure 6.3). At all amoxicillin concentrations and temperature treatments, leucine-AP 

showed a similar activity pattern both with and without shredder at temperatures of 20ºC, 22.5ºC 

and 25ºC (Figure 6.3). At temperature 25ºC, leucine-AP activity was significantly (p = 0.027) 

decreased. When no shredder was present, phosphatase showed the highest activity (p = 0.04) at 

3× the concentration and 20 ºC and 22.5ºC; otherwise, strong reduction in the activity at all 

amoxicillin‘s concentrations and temperature 25ºC. With shredder, phosphatase activity 

significantly increased at 20ºC and 3× the amoxicillin‘s concentration. 

The mixture of the four PhACs had varying effects on enzymatic activities following exposure to 

various temperatures and concentrations (Figure 6.4). 
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Figure 6.3: Effects of temperature (in ºC, see legend), amoxicillin categories of 

concentration (1× representing the environmentally recorded concentration ERC, 

2×, or 3× the ERC, see section 6.2.2 for details) and presence or absence of 

shredders on the activities of three ECEs (β-glucosidase, leucine-AP and 

phosphatase) released during the leaf decomposition process relative to a control. 

Values shown are means with standard errors. 
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Table 6.2: Four-way ANOVA summary for the effects of temperature, 

pharmaceutical concentrations, time, and shredder presence/absence on enzyme 

activities  

Pharmaceutical Temperature Concentration Shredder Temperature*

Concentration* 

Time*Shredder 

Amoxicillin β-

glucosidase 

F2,1102 = 37.91 

d.f: 2 

F3,1100 = 79.33 

d.f: 3 

F1,1102 = 37.91 

d.f: 1 

F6,1088 = 0.032 

d.f: 6 

leucine-AP F2,1246 = 121.2 

d.f: 2 

F3,1244 = 35.6 

d.f: 3 

F1,1246 = 61.17 

d.f: 1 

F6,1232 = 0.312 

d.f: 6 

Phosphatase F2,1102 = 52.68 

d.f: 2 

F3,1100 = 3.856 

d.f: 3 

F1,1102 = 137.6 

d.f: 1 

F6,1088 = 0.420 

d.f: 6 

Mixture of the 

four PhACs 

β-

glucosidase 

F2,1726 = 154.3 

d.f: 2 

F3,1726 = 154.3 

d.f: 3 

F1,1725 = 151.8 

d.f: 1 

F6,1708 = 0.104 

d.f: 6 

leucine-AP F2,1726 = 8.193 

d.f: 2 

F3,1724 = 3.701 

d.f: 3 

F1,1725 = 230.1 

d.f: 1 

F6,1708 = 0.802 

d.f: 6 

Phosphatase F2,1726 = 234.5 

d.f: 2 

F3,1724 = 1.615 

d.f: 3 

F1,1102 = 137.6 

d.f: 1 

F6,1726 = 538.8 

d.f: 6 

Temperature had a range of effects on β-glucosidase, leucine-AP and phosphatase activities after 

exposure to different PhACs mix concentrations. Without a shredder, β-glucosidase activity was 

reduced significantly (p = 0.035 and 0.03) at temperatures of 22.5ºC and 25ºC, and 1×, 2× and 

3× the PhACs concentrations. With a shredder, the activity was significantly increased (p = 

0.0082) at 22.5ºC at all PhACs concentrations. However, there was no significant change (p = 

0.6 and 0.4) in β-glucosidase activity at temperatures of 20 and 25ºC at any of the PhACs mix 

concentration. When no shredder was present, leucine-AP activity had no change at temperature 

20ºC, significant increase (p = 0.04) at 22.5ºC at all the concentrations of PhACs mix, and 

significant continuous activity reduction (p = 0.02) at 25ºC as the concentration of the PhACs 

mix increased. However, in the presence of a shredder, no significant effect (p = 0.1) was 

observed in leucine-AP activity at all temperature treatments or PhACs mix concentrations. No 

significant (p = 0.7) effect has been observed on the phosphatase activity at any temperature and 

PhACs mix treatments either in the presence or absence of shredder. 
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Figure 6.4: Effects of temperature (in ºC, see legend), PhACs mix concentration 

(1× representing the environmentally recorded concentration ERC, 2× or 3× the 

ERC, see section 6.2.2 for details) and presence or absence of shredders on the 

activities of three ECEs (β-glucosidase, leucine-AP and phosphatase) released 

during the leaf decomposition process, relative to a control. Values shown are 

means with standard errors. 
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6.5 Discussion 

Pharmaceuticals have been found and reported in aquatic ecosystems worldwide. There was 

clear evidence from this study of an effect of amoxicillin and mixed PhACs on rates of leaf 

decomposition and associated enzymatic activity. This is consistent with both our previous 

studies on pharmaceutical effects (Chapters 4 and 5). The mechanism for this effect appears to 

vary. The effect of amoxicillin appears to be significant on microbial activity and shredding 

invertebrates at various concentrations and temperatures. For the PhACs mixture, however, there 

was a clear effect on microbial and shredder activities, resulting in reduced leaf decomposition 

rates, especially as the concentration of PhACs mix and temperature increased. 

Of particular note, in this study, there were complex interactions between temperature and the 

concentrations of amoxicillin and PhACs. The interaction between increasing temperatures and 

the increasing concentration of PhACs was associated with significant reductions in the LLDRs. 

It means that at high temperatures, there is an inverse linear relationship between PhACs 

concentration and LLDRs.  

This interaction was evident for amoxicillin as it continued to reduce LLDRs with both; the 

increase in its concentration and the increase in temperature levels. By looking at the findings of 

Fernandes et al. (2012), who demonstrated that increasing temperature is associated with higher 

LLDRs, it would be reasonable to conclude that the increased concentration of amoxicillin might 

be the main contributing factor to the reduced LLDRs. Amoxicillin binds to the protein PBP-1A 

and introduces an acyl group that opens the lactam ring. This process inactivates the enzyme 

transpeptidase and prevents cell wall synthesis, leading to cell death (Douša and Hosmanová 

2005; Fernández-Torres et al. 2010; Kaur et al. 2011). This is the most likely explanation for 

reduced decomposition rates and ECE activity in the amoxicillin treatment with no shredder 

present. Amoxicillin is also known to alter haemolymph pH in invertebrates at concentration 

(100 μg/L), with potential effects on activity rates (Matozzo et al. 2016), which may explain the 

reduction seen in the shredder‘s presence. For ECEs, amoxicillin reduced the beta-glucosidase 

activity in similar pattern to that seen in LLDRs reduction. Amoxicillin at the 3× concentration 

with no shredder increased the activity of phosphatase, particularly at temperatures 20ºC and 

22.5ºC. Although phosphatase in this case showed its highest activity at these temperatures, this 

effect went in the opposite direction at 25ºC. This indicates how a change in temperature may 

change other stressor effects or change the test target response to the multiple stressors. With a 

shredder, a significant increase in phosphatase activity was observed at 20 and 22.5°C at 3× the 
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concentration of amoxicillin. That increase could be attributed to an increase in shredder activity 

compared to the no shredder case. The reduction pattern observed in leucine-AP activity as the 

temperature and amoxicillin concentration increased was the same. This similarity in the pattern 

indicated that temperature and amoxicillin interactions did not play a major role in changing the 

reduction pattern in leucine-AP activity. Overall, the findings that increasing the concentration of 

amoxicillin interacted with the increasing temperature to play an inhibitory role in LLRDs is 

consistent with Danner et al. (2021), who demonstrated that high temperatures increase the 

potency of antibiotics like amoxicillin. It means that amoxicillin‘s potency for suppressing 

microorganisms‘ activities increased significantly when its concentration and water temperature 

were increased. Future research should investigate the optimum temperatures and concentrations 

in which amoxicillin may have the most significant effect on microorganism and invertebrate 

activities.  

 

The PhACs mix at 3× the concentration had complex interactions with temperature levels and 

shredder presence or absence. In the 20
o
C treatment without shredder, the PhACs mix had a 

minimal effect on LLDRs at all concentrations. The LLDRs significantly reduced in the 3× 

concentration and at temperatures of 22.5 and 25
o
C, compared with controls. The same reduction 

was observed when the shredder was present, for the 3× concentration only. High temperatures 

(22.5ºC and 25ºC) generally increased decomposition rates, but 3× the concentrations of PhACs 

negated this effect. The largest reductions in decomposition rates were seen for the highest 

temperature (25ºC) and PhACs mix concentration (3×) combination. Effects of pharmaceuticals 

are known to be temperature dependent (e.g. Guo and Gao 2007), and this was clearly seen here. 

For example, increased paracetamol toxicity at increased water temperature (25 
0
C) has been 

observed in Daphnia magna. This may be caused by a change in the toxi-cokinetics of 

paracetamol and its effects on test organism physiological mechanisms (Kim et al. 2010). Also, 

an increase in temperature was found to increase the accumulation of PhACs in invertebrate 

tissues (Serra-Compte et al. 2018). Although that increase was detected in marine invertebrates, 

the potentially increased paracetamol bioaccumulation in Atalophelibia may explain how it was 

affected, and thus the observed decrease in LLDRs at 22.5ºC and 25ºC temperatures and 2× and 

3× PhACs concentrations. In general, the hypothesis that increasing temperature and increasing 

PhACs concentrations would be associated with reduced LLRDs cannot be rejected in this study, 

the trend having been demonstrated by Amoxicillin and the PhACs mixtures. The differences 
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observed between amoxicillin and the mix regarding the effect of the presence/absence of 

shredders are specifically attributable to the different toxicokinetic mechanisms of the various 

chemicals. 

At high doses (2× and 3×) of PhACs and high (22.5ºC and 25ºC) temperatures, decomposition 

rates and ECEs activities were reduced, consistent with responses previously seen for 

amoxicillin, paracetamol, and sertraline (Chapter 4). A significant reduction in the enzymatic 

activity of leucine-AP in the presence of the mixture of the four pharmaceuticals at 3× the 

concentrations and 25ºC temperature could be a result of paracetamol suppressing 

cyclooxygenase activity by inhibiting the formation of the lipid mediator pyrogenic 

prostaglandin-E2 (Mirrasekhian et al. 2018; Saliba et al. 2018). A reduction in the pyrogenic 

prostaglandin-E2 synthesis leads to a decrease in cations, which affects decomposition rates. One 

essential cation for the rate-limiting steps in the process of decomposition is ferryl 

protoporphyrin IX. Paracetamol is known to increase the oxidative stress in living organisms. 

Oxidative stress increases when temperature increases (Lushchak and Bagnyukova 2006), and 

this may explain why the activity of leucine-AP was reduced at 3× the concentration and 25ºC  

temperature. 

The presence of sertraline in the mixture may also have contributed to the reduction in rates of 

decomposition and the enzymes‘ activities at 22.5ºC and 25ºC temperatures. Estévez-Calvar et 

al. (2017) reported that sertraline significantly altered the swimming behaviour of Amphibalanus 

amphitrite and Brachionus plicatilis marine invertebrates, while higher sertraline concentrations 

(113.88 and 282.23µg/L) were associated with immobilisation and death in both A. amphitrite 

and B. plicatilis. This suggests that sertraline might have the same effects on freshwater 

organisms as on marine ones, and that those effects were promoted in this study by the increase 

in temperature. 

6.6 Limitations 

This study showed important results, but also had some limitations. The concentrations of the 

PhACs used were selected from values reported in effluents from different sites around the 

world, but each value was obtained from a single study. Although these concentrations are 

expected to increase because of an increase in global consumption, future studies need to use the 

most recent reported values. Future studies may also consider collecting the reported 
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concentrations of one PhAC from different studies and using the mean of the reported 

concentrations as the environment-related concentration. 

The assays in the study involved only one invertebrate and leaf species, selected because they 

were the most numerically abundant at the study site. However, other taxa may show different 

responses. The invertebrates and biofilms used were naïve to the pollutants in that they 

originated from the watershed without any potential sources of PHACs. I also could not 

incorporate the processes of acclimatization, adaptation, or selection into our study. Microbes 

can evolve very rapidly in response to stresses, and the use of colonizers from a site without 

prior exposure to drugs may increase the magnitude of effects on biofilms. Likewise, I do not 

know whether the types of shredding involved, or other shredding types, might adapt to these 

stressors over time, either through physiological plasticity or selection for tolerant individuals. 

The transfer of invertebrates from the natural stream to the experimental container is likely to 

have been highly stressful, but such stress was not considered in this study. Therefore, it would 

be useful to create a control in the actual stream and a laboratory control to determine whether 

laboratory stress has a significant effect on LLDRs by comparison with rates in the stream. 

Future work utilising live plants rather than artificial laboratory structures may provide a clearer 

understanding of the effects of multiple stressors on stream decomposers and decomposition 

rates. The potential for a change in microbial biomass may be responsible for the change in 

overall enzyme activity. Therefore, it is recommended in future studies to measure leaf 

respiration to obtain more robust data on biomass and thus microbial activity. The enzymes were 

analysed on aliquots of water from the vials. For more accuracy, future studies may consider 

performing the analysis by measuring the enzymes activity directly from the leaves. 

  

In this study, not all possible mixtures were studied because of the unlimited scenarios that can 

be considered. Our previous study on the potential effects of various mixtures on LLDRs at 

ambient temperature (Chapter 5) included the four-PhAC mixture. The PhAC mixture in the 

Chapter 5 study represented the most realistic scenario since PhACs usually detected in mixes in 

streams, and this scenario had no significant effect on the LLDRs; hence, it was chosen here to 

determine if the change in temperature would alter the previous study result. Studies on large 

mixes of PhACs and more combinations with different temperature levels are needed to better 

understand multiple stressor interactions in freshwater ecosystems.  
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6.7 Conclusion 

This study demonstrated complex interactions between PhACs and temperature in terms of their 

effect on a key ecosystem process in freshwater systems. The complexity of these potential 

outcomes is illustrated by the interactions between a relatively simple mix of PhACs mimicking 

those found commonly in WWTP effluent, and a simplified set of temperature treatments based 

on realistic climate change scenarios. These outcomes suggest the potential for significant 

changes in freshwater ecosystems because of these stressors acting in combination. The observed 

effects of pharmaceuticals and temperature combinations clearly indicate that the hypothesis 

could not be rejected. Reductions in decomposition rates may reduce energy flow to higher 

trophic levels, with consequences for fisheries productivity and nutrient turnover rates. This 

study highlights the need for more detailed studies of pharmakinetics under a broad range of 

temperatures and in the presence of other chemical stressors. In an applied sense, the study 

suggests an urgent need to incorporate climate change as a risk factor in freshwater ecosystem 

processes affected by discharge of a range of chemicals, including PhACs.  
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Chapter 7: General discussion and future research 

recommendations 

7.1 Summary 

This research has improved understanding of the potential effects of PhACs on LLDRs in 

various scenarios. For example, the effect of a single PhAC can change or completely disappear 

when the same PhAC is in a mixture with other PhACs from different therapeutic classes. 

Adding an environmental stressor (temperature) effectively changed the behaviour of the 

pharmaceutical stressors. The findings of this research contradict those of Hughes et al. (2016), 

who reported no effect of PhACs on LLDRs. However, differences in the experimental setups of 

the two studies may be at least partially responsible. These included the species used (both 

leaves and invertebrate shredders), the conditions of the streams where shredders were collected 

and leaves were conditioned and, most importantly, the classes of PhACs used. 

This chapter synthesises and discusses the empirical findings to address the overall research 

question, ‗How do the four pharmaceuticals amoxicillin, caffeine, paracetamol and sertraline 

affect leaf litter decomposition rates separately, in combination and combined with temperature 

as an environmental stressor?‘. First, the research questions presented in Chapter 1 are restated. 

Second, the questions are answered and the effects of the PhACs observed during the three major 

experiments (separate, in mixtures, and combined with temperature) are discussed. Finally, the 

limitations of this study and opportunities for future research are discussed, concluding with the 

importance of continuing and expanding research in this area. 

As a result of increasing consumption, pharmaceutical residues are routinely detected in 

freshwater systems and have become a matter of concern. However, their effects on freshwater 

functions are not fully understood. To participate in efforts to answer the question posed by the 

SETAC on the importance and biological impacts of PhACs in the natural environment (see 

chapter 1, section 1.2), this thesis aimed to investigate the potential effects of four common 

PhACs (amoxicillin, caffeine, paracetamol, and sertraline) on LLDRs in freshwater ecosystems. 

In doing so, the study designed (Figure 7.1) and sought to fulfil the following objectives: 
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1. detect any effect from each single PhAC on LLDRs in the presence or absence of an 

invertebrate shredder, and (b) assess the effects of the presence of each pharmaceutical on 

ECEs to determine any potential processes underpinning the results in (a) (see Chapter 4). 

2. assess the effects of various PhACs mixtures on LLDRs and the activities of ECEs in 

both the presence and absence of an invertebrate shredder and compare the effects of 

each mixture on LLDRs with the effects of a single PhAC from Objective 1 (see Chapter 

5). 

3. assess the effects on LLDRs of a four-PhACs mixture combined with different 

temperatures to simulate global warming, and the activities of ECEs in both the presence 

and absence of an invertebrate shredder (see Chapter 6). 

The study hypotheses were as follows:  

 Hypothesis 1: The presence of a single PhAC in freshwater streams affects both the 

decomposition rates of leaf litter and the activities of ECEs (see Chapter 4). 

 Hypothesis 2: Compared with their single effects, a mixture of the four PhACs 

additively or synergistically reduces the decomposition rates of leaf litter in 

freshwater streams (see Chapter 5). 

 Hypothesis 3: Higher temperatures increase the PhACs mixture’s effects on LLDRs 

and ECEs (see Chapter 6). 

To test these hypotheses, conditioned leaf litter, mayflies and water have been sampled from a 

site closed to the public in the upper Cotter River near Canberra, Australian Capital Territory. 

The biota was expected to have no prior exposure to pharmaceutical pollution and no 

opportunity for adaptation to PhACs. The leaf litter and shredder mayflies were then exposed to 

each PhAC for 28 days, to a PhAC mixture for 42 days, and to the PhACs mixture combined 

with different temperatures for 28 days. Leaf mass loss between treatments was determined by 

calculating the decomposition rate constant (k), and ECE activities were measured 

fluorometrically at emission wavelengths of 445 and 450 nm and an excitation wavelength of 

365 nm (Jackson et al. 2013; Olson 1963; Webster and Benfield 1986). 

As the literature lacks information on caffeine and paracetamol photodegradation in systems like 

the Cotter River, a laboratory study was conducted prior to the three main experiments to 

understand the breakdown by photolysis of these two PhACs, and the data used in the main 

thesis studies. Chapter 3 addressed two questions: (1) how long do caffeine and paracetamol 
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each persist in river water? and (2) how long should species be exposed to these PhACs in later 

experiments? After the exposure of caffeine and paracetamol to artificial laboratory light for 28 

days, the half-life values of these compounds in the most realistic case (leaf litter in river water) 

were found to range from 15.8 to 16.2 days and 11.8 to12.2 days, respectively (see Chapter 3 for 

details). 

7.2 Effects of a single pharmaceutically active compounds on leaf litter 

decomposition rates 

The half-life data for caffeine and paracetamol determined in Chapter 3 and those for amoxicillin 

and sertraline reported in the literature informed the exposure times for microbes and 

invertebrates to the four PhACs. This also allowed testing of the hypothesis that each PhAC 

would affect LLDRs and ECEs in freshwater ecosystems. This effect was assessed directly by 

measuring the LLDRs and indirectly by measuring the activities of the ECEs released during the 

decomposition process. The findings showed that PhACs significantly reduced LLDRs and ECE 

activity when applied individually, likely by influencing the microbial and fungal communities 

and effects on invertebrate shredders, particularly at 2× and 3× the concentrations. Hence, 

Hypothesis 1 could not be rejected. These findings drove the need for a further investigation to 

better understand the effects of various mixtures of the four selected on LLDRs. 

7.3 Effects of a pharmaceutically active compounds’ mixture on leaf litter 

decomposition rates 

The hypothesis for this study was, ‗Mixture scenarios in most cases additively or synergistically 

reduce LLDRs and ECEs activities, compared with their single effect‘ (as found in Chapter 4). 

Caffeine–paracetamol and all four PhACs mixtures were hypothesised to show an antagonism in 

the presence of shredder. These hypotheses were tested by applying the following combinations: 

(1) paracetamol and sertraline, (2) caffeine and paracetamol, (3) paracetamol and amoxicillin, 

and (4) all four PhACs. There was a substantive complexity in responses, with evidence of 

predominantly antagonistic interactions between the PhACs (Chapter 5). Hence, additive, or 

synergistic hypotheses were rejected for all combinations. The caffeine–paracetamol mix and the 

four-PhACs mixture with shredder were expected to show antagonism because, when applied 

alone, caffeine increased LLDRs, while each of the other PhACs alone reduced them. Hence, the 

hypothesis for these two cases could not be rejected. No mixture had a significant effect on the 

activities of the β-glucosidase, phosphatase, or leucine-AP enzymes. The hypotheses of effects 
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on ECEs were rejected, except in the case of the caffeine–paracetamol mix and the four-PhACs 

mixture in the presence of the shredder. The absence of an effect indicated that PhACs in 

combination cancelled each other‘s single effects in most cases. Therefore, more research is 

needed to understand the interactions between these compounds, which often co-occur in 

freshwater ecosystems. Although the absence of significant effect in most PhACs‘ mix scenarios 

was optimistic, the mixtures may present in the freshwater ecosystems with other stressors. The 

results reported in this chapter prompted the study of a combination of more stressors including 

temperature as an environmental stressor. 

7.4 Effects of a pharmaceutically active compound mixture and different 

temperatures on leaf litter decomposition rates 

As hypothesised, combinations of either amoxicillin or a PhACs‘ mixture with temperature 

synergistically affected the LLDRs in freshwater streams, and hence, the hypothesis could not be 

rejected. The investigation of the effect of the four selected PhACs in combination with 

increasing water temperature was accompanied by a study of a single PhAC (amoxicillin) on 

LLDRs and ECEs, to validate the method. Temperature alone had a significant effect on the 

observed decomposition rates. As shown in chapter 6.0 (Figure 6.2A), the temperature increased 

the decomposition rate in the control 2.5-fold when changed from 20 to 22.5ºC, and by about 

four-fold when raised to 25ºC.  Adding a single invertebrate (Figure 6.2B) resulted in a three-

fold increase in the decomposition rate compared with the no-shredder rate at 20ºC, a four-fold 

increase at 22.5ºC and a three-fold increase at 25ºC. When amoxicillin was added, the 

decomposition rates significantly declined. With the shredder, the rates halved at 22.5ºC and 

dropped to one-ninth at 25ºC, but this effect was amplified without a shredder. With a shredder, 

the decomposition rate at 25ºC in the presence of a 3x concentration of amoxicillin resulted in 

decomposition rates like that of the control (without shredder) at 20ºC. Therefore, a 3× the 

concentration of amoxicillin alone at increasing temperature is the equivalent of removing the 

shredder at ambient temperature from the system. In freshwater systems, amoxicillin is likely to 

co-occur with other stressors, and the results obtained in this study will be affected by the 

presence of those stressors.  

For the ECEs activities, amoxicillin reduced them except for phosphatase at 20 and 22.5ºC, and 

for leucine-AP in the absence of shredder (Figure 6.3). The reduction was observed as 

amoxicillin concentration and water temperature increased with and without the shredding 
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invertebrate, despite that the increase in water temperature without the presence of amoxicillin 

increased the ECEs activities in most controls.  

Without a shredder and in the presence of 3x the concentration of the four PhACs‘ mix, the 

decomposition rates dropped to one-seventh at 22.5ºC and less than one-tenth at 25ºC. When the 

shredder was added, the decomposition rate declined only at 25ºC, indicating that the shredder's 

presence minimises the effect of temperature at 22.5ºC. Except for β-glucosidase (with no 

shredder), the PhACs‘ mix did not significantly affect the activity of the ECEs, suggesting 

possible effect on other enzymes not included in this study. These findings demonstrate the 

complex effects of PhACs and temperature, indicating the potential for an interaction between 

PhACs concentrations in the environment and climate change effects. The interaction was more 

apparent when the temperature increased suggesting that global warming increases the risk posed 

by PhACs mixtures in freshwater ecosystems. 

The research presented in this thesis is some of the first to contribute to our understanding of the 

effects of PhACs separately, in mixtures, and in combination with a warming climate, on 

freshwater ecosystem processes.  In doing so, it provides foundational knowledge that helps to 

address the 2012 SETAC question of How important are pharmaceutical and personal care 

products, relative to other chemicals and non-chemical stressors, in terms of biological impacts 

in the natural environment?‘.  The novelty of the research presented in this thesis has been 

investigating the effects of combining PhACs of different classes. The results highlight the 

importance of considering pharmaceutical residues as stressors of concern and point to the need 

for additional studies. 

1) Individually, PhACs significantly affect LLDRs by affecting the microorganisms 

and invertebrates that mediate the decomposition processes. The direction and magnitude of 

the effect is dependent on the individual PhACs. The presence of three of the four studied PhACs 

decreased LLDRs, while one (caffeine) increased LLDRs in the presence of a shredder. The 

magnitude of the effect ranged from an eight-fold decrease produced by amoxicillin to a three-

fold increase produced by caffeine. 

 

2) Mixtures of two and four PhACs did not significantly affect the LLDRs at ambient 

temperature. Thus, it appears that mixtures of PhACs of different classes effectively 

counteracted the individual effects of those PhACs. This highlights both the variation in 

responses to individual stressors and the complexity of possible outcomes. Natural systems are 
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likely to experience a far greater combination of chemicals than has been tested in these studies, 

and thus, the responses are not easily predicted in natural systems. This means that future studies 

should begin by understanding which PhACs are present in the freshwater ecosystems followed 

by a range of experimental studies that capture the effects of PhACs specific to individual 

systems. 

 

3) This study has noted the role of temperature in amplifying the adverse effects of 

stressors. When the temperature increased by 5⁰C above ambient, amoxicillin produced a nine-

fold decrease in LLDRs. Similarly, the mixture of four PhACs produced a significant reduction 

in the LLDRs compared with no change at ambient temperature. Therefore, it is expected that 

global warming will adversely affect LLDRs in streams affected by PhACs. This adds to existing 

literature that highlights the role of temperature in amplifying the effects of stressors such as 

nutrients (Ferreira & Chauvet, 2011) and metals (Batista et al., 2012; Liu et al., 2020) on 

LLDRs. Environmental regulations do not currently take changing temperatures into account, 

and it is possible that our threshold concentrations of concern (standards or criteria) should be 

reduced in anticipation of future warming. 

7.5 Limitations and future research recommendations 

This study has several limitations.  

Only a single leaf and invertebrate species were assessed—chosen as they were the most 

abundant at the study site—but other freshwater species may show different responses. It is 

highly recommended that future researchers explore the effects of PhACs on leaves of various 

species, as well as invertebrate species. Considerable variation in the decomposition rates of 

Eucalyptus leaves have been reported (e.g., Schulze and Walker 1997; O‘Keefe and Lake 1987)). 

The decomposition rate of the Eucalyptus viminalis leaf in the controls used in this study (k = 

0.003-0.01 per day) was markedly lower than the rates reported by O‘Keefe and Lake (1987) 

which ranged from k = 0.041 to 0.0152 per day. However, they are not dissimilar from rates 

reports for other Eucalypt species: e.g., ranges of 0.0084 to 0.001 and 0.006 to 0.01 per day for 

Eucalyptus globules labill and Eucalyptus camaldulensis respectively (Gama et al. 2007). The 

variation in leaf decomposition rates is also reported in non-Eucalyptus leaves such as alder 

Alnus glutinosa, chestnut Castanea sativa and oak Quercus faginea, with k = 0.0161, 0.0079 and 

0.0037 respectively (Canhoto and Graça 1996). This variation in decomposition rates means, the 

stressors effects found in this study may vary depending on the type of leaf litter used. 
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Microbes and invertebrates can evolve very quickly in response to stressors. This means that the 

use of colonists from a site with no previous exposure to PhACs may have exaggerated the size 

of the effects. Moreover, as this study did not incorporate adaptation or selection processes, it is 

essential to consider incorporating species from previously contaminated sites in future studies. 

This will account for any possible acclimation to stressors over time, either through 

physiological plasticity or selection for tolerant individuals. 

This study was limited in its capacity to test all combinations of the four PhACs and temperature. 

Thus, no combinations of temperature with caffeine, paracetamol, and sertraline separately or 

with various mixtures were studied. Therefore, future studies should examine the effects on 

freshwater functions of more PhACs combinations from a broader range of therapeutic classes 

combined with various natural stressors, because each combination may provide different results 

under differing conditions. These future studies are needed to have a better understand of 

multiple stressors interactions in freshwater ecosystems. Many studies have predicted either 

additive or synergistic effects of multiple stressors (Beermann et al. 2018; Elbrecht et al. 2016; 

Ferreira and Chauvet 2011; Galbraith et al. 2010).However, in this study, antagonistic effects of 

multiple PhACs stressors were dominant. These diverse study findings emphasise the need for 

further research. 

7.6 Other recommendations for future studies 

It is evident from the literature and from this study that PhACs can affect aquatic species 

differently. This is a concern because species-specific effects may disrupt ecological interactions, 

with implications for ecosystem function. Based on complex interactions between different 

classes, researchers may study the effects of changing and expanding factors (e.g., 

concentrations) involving the same four PhACs used in this research, as any change in one factor 

may have surprising results. It is also essential to consider the logistics and funding required to 

maintain constant concentrations of PhACs throughout an experiment, as some pharmaceuticals 

(e.g., sertraline) are costly. Examining the effects of chiral PhACs on the functions of freshwater 

ecosystems, both singly and in combination with other achiral and chiral chemicals, is 

recommended. A potential question to address in such a study is, ‗How do their effects differ 

from those of racemic PhACs?‘. PhAC metabolites were included in the combination scenarios 

in this study.  
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Since the effects of the PhACs on ECEs appeared to be complex, it would be imperative for 

future studies to investigate further the specific mode of action of these PhACs in inhibiting 

ECEs activities. Such insights may help design programs to treat freshwater bodies already 

contaminated with these substances. However, when used individually, the various classes of 

PhACs in this study showed similar effects on ECEs activities. These similar effects might 

suggest that all types of pharmaceuticals could be hurting freshwater ecosystems, especially with 

the rising global warming. Though more studies using different shredders, leaves, and 

microorganism species are needed to support this statement. It would also be useful to study the 

effect of PhAC mixtures in the presence of other natural and anthropogenic stressors (e.g., 

storms, drought, excessive nutrient levels, pesticide pollution and particular land uses) in case 

studies that mimic real situations. This might involve duplicating the studies presented in this 

thesis under more field-based conditions to account for any interference from field conditions not 

already considered. Future research might also examine responses to the four common PhACs 

that were not addressed in this research: for example, the activities of other enzymes, shredder 

behaviour and ergosterol as an indicator of fungi mass. Freshwater ecosystems exposed to 

PhACs may already be experiencing important changes, but how and to what extent is still 

largely unknown. As PhACs have been entering natural freshwater systems for at least 50 years, 

it is about time we learned more. 

7.7 Management implications 

The argument that reducing the amounts of pharmaceuticals in freshwater ecosystems will 

benefit human life is one of the bargaining chips for action. It will, for example, lead to 

improvements in pharmaceutical safety, minimise pharmaceutical costs, reduce the number of 

interactions between pharmaceuticals and allergic syndromes, improve treatment efficiency and 

reduce pharmaceutical residues in food. Within the arena of environmental health, the logical 

consequence of action include equality for humans, and the environment is linked with mutually 

inseparable relationships (Daughton 2003; Daughton and Ruhoy 2011). Working upstream in the 

pharmaceutical life cycle will limit the influence of not only native compounds, but also 

metabolites and transformation products produced during advanced treatment. 

This broad range of actions for pharmaceutical minimisation should be undertaken in parallel by 

many players at a global and organisational level: households, industry, manufacturers, scientific 

institutions, and governmental and non-governmental organisations. Giving cause for optimism, 
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a survey of the literature from 1990 to 2018 revealed growing concerns about environmental 

pharmaceutical contamination, as well as remediation activities (Patel et al. 2019). 

7.8 Conclusions 

This thesis outlines the contributions this research has made to understand the likely ecological 

effects of multiple pharmaceutical stressors on freshwater ecosystems singly, in combination and 

in the presence of temperature as a stressor. It is evident from this study that pharmaceuticals and 

personal care products have biological impacts for freshwater ecosystems. Regarding the 

SETAC question, and with both the increasing global consumption of pharmaceuticals and 

increasing evidence of PhACs residues in rivers and streams, this research suggests that there is a 

basis for substantial concern about the biological impacts of these compounds in the 

environment. The research results also suggest there is a need for further investigation into the 

degradation processes and pharmacokinetics of PhACs in natural systems, in combination and in 

interactions with other environmental factors. This thesis provides foundational knowledge for 

further investigations of these contaminants in freshwater ecosystems, which are of emerging 

global concern.  

The findings of this thesis will be of considerable benefit to freshwater ecosystem and resource 

managers, policymakers, and regulators. The information will enable them to form the most 

effective policies and devise ways to enact stricter water quality guidelines. Water resource 

managers in cooperation with scientists may develop more efficient wastewater treatment 

methods to remove PhACs residues before discharge into freshwaters. Moreover, the findings 

will enable these actors to encourage, support and fund research into studies on PhACs pollution 

in freshwater ecosystems. Further, policymakers can use the information to shape and enact 

policies that encourage pharmaceutical manufacturers to develop methods that produce more 

environmentally friendly medicines. Finally, the findings can be used to create models to 

estimate changes in vital freshwater ecosystem processes when exposed to PhACs. As freshwater 

ecosystems are increasingly affected by multiple stressors, including PhACs pollution—which is 

likely to increase worldwide—it is important to understand all potential effect scenarios and 

thus, have the best chance of conserving threatened essential processes in freshwater ecosystems. 
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