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ABSTRACT  

Wastewaters from rural sewage lagoons in Manitoba contain pharmaceuticals that 

are potentially harmful to non-target organisms and reduce overall water quality when 

released. An option for reducing exposure to wastewater contaminants and potential 

toxicity is surface flow treatment wetlands.  However, little is known of the fate of 

pharmaceuticals in these types of systems. The fate and effects of six pharmaceuticals 

(carbamazepine, clofibric acid, fluoxetine, naproxen, sulfamethoxazole, sulfapyridine) 

were assessed in mesocosms simulating treatment wetlands in two separate 28-day 

experiments in the summer and fall of 2011, respectively: with and without significant 

aquatic plant communities, and with additional nutrients and harvesting of biomass.  The 

removal of pharmaceuticals had half-lives that ranged from 0.23 to 9.4 days and 1.4 to 18 

days during the summer and fall, respectively, and were predicted to occur primarily 

through photolysis and sorption. No overt toxicity from pharmaceuticals was observed 

for the common wetland macrophytes Myriophyllum sibiricum and Typha spp., but there 

was partitioning and bioaccumulation into macrophyte biomass.  Treatment wetlands 

appeared to reduce pharmaceuticals and nutrients adequately, and may be a cost- 

effective means of treating rural wastewater. 
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RÉSUMÉ 

 Les eaux usées provenant des bassins de stabilisation au Manitoba contiennent 

des produits pharmaceutiques pouvant causer des effets nocifs aux organismes aquatiques 

et une réduction générale de la qualité de l’eau. Ces facteurs peuvent être réduits en 

traîtant les eaux usées par un système de terres humides avant le déversement dans un 

cours d’eau local. Par contre, peu d’études ont été menées sur l'effet de ce type de 

traîtement sur les produits pharmaceutiques. Par conséquent, le sort et les effets des 

produits pharmaceutiques carbamazépine, acide clofibrique, fluoxétine, naproxène, 

sulfaméthoxazole et sulfapyridine ont été évalués lors de deux expériences dans des 

mésocosmes simulant des terres humides; avec et sans communautés de plantes 

aquatiques, puis avec l’addition de phosphore ainsi qu’une récolte de biomasse. Les 

produits pharmaceutiques se sont dissipés principalement par la photolyse et la sorption 

avec des vitesses de demi-réaction entre 0,23 et 9,4 puis 1,4 et 18 jours pendant l’été et 

l’automne 2011, respectivement. Aucune indication déterminant une toxicité aux 

macrophytes Myriophyllum sibiricum and Typha spp. n'a été observée malgré une 

accumulation de produits pharmaceutiques dans leur biomasse. Les terres humides 

paraissent réduire efficacement les quantités de produits pharmaceutiques et nutrients et 

pourraient offrir une solution rentable pour le traitement passif des eaux usées en milieu 

rural. 
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 1 

1 INTRODUCTION TO PHARMACEUTICALS IN THE AQUATIC 

ENVIRONMENT 

 

1.1 Introduction to this Thesis 

Pharmaceuticals are a group of anthropogenic and generally polar organic 

compounds used to treat human and veterinary diseases. Pharmaceuticals are metabolized 

to a certain degree in human bodies which are then transported post-excretion to 

wastewater treatment plants or rural sewage lagoons. However, pharmaceutical 

companies continue to develop new drugs that are increasingly potent and bioavailable, 

which can translate to biological and physical resistance to degradation. The removal of 

these compounds in wastewaters can be inefficient even at the highest technological 

level. In addition, pharmaceuticals can be potentially detrimental to non-target organisms 

downstream of effluent release.  Accordingly, the concentrations at which these 

compounds exhibit toxicity may decrease as well, with the increase in biological activity 

[1]. Therefore, it is essential to explore the fate and effects of such compounds to predict 

outcomes of chemical transport and partitioning in the environment, and to understand 

the potential toxic effects to non-target organisms.  

Other chemicals that are ubiquitously found alongside pharmaceuticals are 

personal care products such as fragrances, cosmetics, and household cleaning agents. 

Both pharmaceuticals and personal care products are emerging contaminants of concern 

as they have been globally detected in surface water, groundwater, and drinking water in 

the recent past [2-11]. The fate and effects of pharmaceuticals and personal care products 

(PPCP) therefore need to be scrutinized under environmentally relevant conditions, 
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which can be investigated using outdoor simulated treatment wetland mesocosms. 

This thesis introduction will first provide an overview of sources and fates of 

selected pharmaceuticals: carbamazepine, clofibric acid, fluoxetine, naproxen, 

sulfamethoxazole and sulfapyridine. More specifically, a brief overview of chronic 

toxicity to non-target organisms with known mammalian modes of action and metabolite 

occurrence will be described. Second, the justification of my research by using wetland 

mesocosms will be discussed to increase the knowledge of pharmaceutical fate under 

environmentally relevant conditions. This knowledge will hopefully enhance the utility 

and efficiency of constructed wetlands to reduce pharmaceuticals and nutrients in 

northern climates and ultimately their implementation as a cost effective means for rural 

and aboriginal communities across Canada. 

Given the potential application of constructed wetlands for removal of emerging 

contaminants of concern such as pharmaceuticals in small municipalities, wetland 

mesocosms were employed to determine the dissipation of six pharmaceuticals in a 

northern climate setting. Also, since removal of pharmaceuticals in treatment wetlands 

rely on the biological role of macrophytes, the toxicity of wastewater and 

pharmaceuticals was evaluated for two macrophytes, Myriophyllum sibiricum and Typha 

spp. These macrophytes were also assessed for the uptake of phosphorus as it is the 

limiting nutrient for plant growth. Since harvesting has proven beneficial for the removal 

of nutrients in constructed wetlands, macrophytes were assessed for their pharmaceutical 

uptake potential by quantification in plant matrices including sediments and water using 

high performance liquid chromatography tandem mass spectrometry (HPLC-MS/MS). 
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Two questions were posed:  First, do macrophytes play a significant role in the 

enhanced removal of pharmaceuticals and nutrients in treatment wetlands; second, does 

stimulating primary productivity from the addition of phosphorus enhance the removal of 

pharmaceuticals after a pre-treatment harvest of an existing Typha spp. stand. We 

hypothesized that first, macrophytes will enhance the removal of pharmaceuticals, 

nutrients, and antibiotic resistance genes in planted versus unplanted wetland mesocosms; 

and second, pharmaceutical and nutrient removal will be greater in mesocosms with 

added phosphorus to stimulate productivity in addition to a pre-harvest of existing Typha 

stands which are discussed in Chapter 2 and 3 respectively.  

My contribution to this research was first, responsible for the coordination, 

installation and management of 20 mesocosms at the Prairie Wetland Research Facility 

(PWRF) at the University of Manitoba from which I contributed in the preparation of two 

28-day mesocosm experiments in the summer and fall of 2011. Second, I set up the 

sampling and analysis of the macrophytes M. sibiricum and Typha spp. to evaluate 

toxicity and quantify pharmaceuticals and total phosphorus, in macrophyte biomass. I 

further contributed to the development of our method for the analysis of pharmaceuticals 

in water, sediment, and plant matrices using offline solid phase extraction (SPE) and 

HPLC-MS/MS for extraction and quantification, respectively. Third, a separate lab 

experiment was needed to determine the starting concentration in M. sibiricum biomass 

prior to the start of the second experiment, as it would receive two doses of 

pharmaceuticals. Finally, I was responsible for the management and analysis of all raw 

data produced during the experiments related to my thesis such as water quality 

parameters, nutrients, pharmaceutical concentrations in various matrices and toxicity 
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endpoints. This will lead to the authorship of two manuscripts that represent the summer 

and fall experiments respectively, to be submitted at a later date. 

 

1.2 Sources to the Aquatic Environment 

Most human-use and veterinary pharmaceuticals are absorbed in the 

gastrointestinal (GI) tract after oral administration. They undergo oxidative metabolism 

in the liver by cytochrome P450 enzymes, followed by excretion of up to 90% as the 

parent compound or as metabolites and conjugates in urine and feces [12]. Predictably, 

these compounds have been detected in surface waters downstream of wastewater 

treatment plant (WWTP) and rural sewage lagoon (RSL) effluent and livestock 

agricultural practices [13]. Other less common sources occur during improper disposal of 

unused pharmaceuticals and rarely do spills occur directly from pharmaceutical 

companies [14].  

Thus most pharmaceuticals are usually transported to WWTP or RSL after 

metabolism from oral intake, which means that a discharge from such sources will be a 

point source into surface waters and are usually straightforward in their occurrence, 

detection and quantification. However, those found in septic tanks, in reclaimed 

wastewater used for irrigation or in biosolids amended to agricultural fields, are 

considered to be diffuse sources of pharmaceuticals into the environment.  These 

applications have the potential to leach into groundwater [8, 15-18] or even to be taken 

up by crops [19-21] 

Pharmaceuticals released from hospital effluents [9, 22, 23] often contain higher 

concentrations of pharmaceuticals, X-ray contrast media and antibiotics than most other 



 5 

sources. Further sources of antibiotics are from the heavy use as prophylaxis in animal 

husbandry and are present in fields amended with biosolids or manure, and by leaching of 

antibiotics and other pharmaceuticals from landfills, feedlot operations, and agricultural 

runoff [24-28]. Antibiotics in aquaculture also pose a threat to organisms in aquatic 

environments [29], as does deliberate direct disposal in water systems, for example, 

flushing of unused prescription drugs down toilets [30].  Although WWTP and RSL do 

not provide efficient and consistent removal of organic contaminants, previous research 

does show that these processes can contribute some pharmaceutical-specific removal 

based on the comparison of influent and effluent concentrations [31-34]. 

 

1.3 Fate Processes in Aquatic Systems 

According to Health Canada, there are over 6,000 capsule or tablet 

pharmaceutical formulations for oral intake actively sold in Canada for 2012 [35]. Given 

the large number of possible pharmaceuticals available, we will focus our discussion 

instead on the six selected compounds outlined in Figure 1.1. These represent a wide 

range of pharmaceutical classes and were originally chosen based on persistence 

(carbamazepine and clofibric acid), the ability to observe enantioselective biodegradation 

of chiral pharmaceuticals (fluoxetine and naproxen), and susceptibility for the promotion 

of antibiotic resistance (sulfamethoxazole and sulfapyridine). The persistence of a 

compound has commonly been related to its hydrophobicity, which is quantified by the 

octanol-water partition coefficient (log Kow). Persistent organic pollutants, such as PCBs, 

exhibit high log Kow values (~ 4-10) and tend to remain in the environment for long 

periods of time (years to decades). Additionally, a higher value indicates a greater 
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Figure 1.1. Structures of fluoxetine (FLX), carbamazepine (CBZ), clofibric acid (CLO), 

naproxen (NAP), sulfapyridine (SPY), and sulfamethoxazole (SMX). 

 

tendency to associate with lipids in organisms or with hydrophobic moieties present in 

soils and sediments, such as natural organic matter (NOM). This association by sorption 

to materials prevents them from being chemically of biologically degraded. However, 

hydrophilic organic compounds with acid-base moieties, such as many pharmaceuticals 

(log Kow ~ 1-4), are ionized at ambient pH in aquatic systems which indicates that some 

may remain in the water column and are likely to rapidly degrade through abiotic and 

biotic degradation pathways with half-lives on the order of hours to days.  Therefore, the 

persistence of pharmaceuticals in surface waters are determined by a number of factors 

including their physical chemical properties, their use (prevalence of prescriptions or 

dose per capita), and the seasonal efficiency of removal by WWTP or RSL.  

The low values of log Kow for the selected pharmaceuticals, as well as other compounds 

with acidic and/or basic moieties, are based on the neutral species only. Therefore the 

pKa is essential for establishing speciation under specific environmental conditions to 
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calculate the pH-dependent octanol-water distribution coefficient (log Dow). In 

freshwater, the pH can change significantly over the course of a day (typically between 7 

and 9), from the respiration-photosynthesis process by plants [36]. Thus, the chemical 

speciation of pharmaceuticals in water will vary. This is important as the neutral fractions 

of pharmaceuticals will likely partition into biological membranes as opposed to the 

charged moiety. Consequently, we would expect log Dow to be lower in surface waters 

with pH ranges of 7.5-9.5 compared to the log Kow. From Table 1.1, the only compounds 

that would have a significant neutral fraction within this range are fluoxetine and 

carbamazepine. With a pKa of 9.45 for fluoxetine at 25°C, the calculated neutral fractions 

are from 0.017 at pH 7.5 to 0.53 and pH 9.5 (equations 1.2-1.3). This corresponds well 

with results presented by Rendal et al. whereby the effect of pH is most pronounced for 

bases when differences between pH and pKa values range between -3 and 1 [37]. 

Carbamazepine is neutral at environmentally relevant pH values, as its pKa is estimated 

to be approximately 14. The acidic pharmaceuticals are mostly negatively charged at pH 

>7.5 and correspond to near-zero or negative log Dow values indicating their likelihood of 

remaining in the dissolved phase. The sulfonamide antibiotics are amphoteric compounds 

but behave as weak acids in surface waters [38]. This is important to know because 

intermediately hydrophobic compounds such as carbamazepine and fluoxetine may 

associate with particles, removing them from aqueous solution where abiotic and biotic 

transformations can occur through photolysis and microbial degradation respectively. 

After treatment in WWTP and RSL, pharmaceuticals are removed primarily by either 

abiotic processes or by microbial degradation in aquatic systems. The former involves the 

sum of hydrolysis, volatilization, photolysis, or sorption to soils and sediments.   
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Table 1.1. Physical and chemical parameters of selected pharmaceuticals. Log Dow values were calculated based on the pH range of 

the mesocosms. Log Koc values were calculated based on linear free energy relationships [39] ranging between pH 7.8 and 9.5; MW: 

molecular weight; H: Henry’s Law constant; Koc: organic carbon normalized partition coefficient; Kd: soil-water distribution 

coefficient; Kow: octanol-water partition coefficient; Dow: octanol-water distribution coefficient; NA: not applicable. 

Compound/ 
CAS # 

MWa 
(g/mol) 

Aqueous 
Solubilitya 

(mg/L) 

Ha (atm 
m3/mol) pKa

a Log Kow
a Log Dow at 

pH=7.8b 
Log Dow at 

pH=9.5b Log Koc
 

Carbamazepine 
298-46-4 236.3 112 1.08×10-10 NA 2.45 2.45 2.45 1.96 

Clofibric acid 
882-09-7 214.6 583 2.19×10-8 3.96 2.57 -1.27 -2.97 -0.79, -2.05 

Fluoxetine 
54910-89-3 309.3 60.3 8.90×10-8 9.45 4.05 2.39 3.77 1.92, 2.94 

Naproxen 
22204-53-1 230.3 15.9 3.39×10-10 4.2 3.18 -0.42 -2.12 -0.16, -1.42 

Sulfamethoxazole 
723-46-6 253.3 610 6.42×10-13 1.6, 5.7 0.89 -1.21 -2.91 -0.75, -2.00 

Sulfapyridine 
144-83-2 249.3 270 1.08×10-13 2.2, 8.4 0.35 0.25 -0.78 0.34, -0.43 

a Obtained from EPI web 4.0
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 Based on the physical chemical properties of pharmaceuticals used in this 

research (Table 1.1), it is predicted that volatilization would play an insignificant role in 

elimination due to the very low Henry’s law constants (values < 10-8 atm m3 mol-1). In 

general, hydrolysis will be minimal because most pharmaceutical companies prevent this 

pathway in their drug design so that the active ingredient can be absorbed in the GI tract 

and reach the site of action. This has been investigated in laboratory studies where 

pharmaceutical solutions are prepared in autoclaved water and exposed under dark 

conditions for extended periods of time [5, 40]. For example, Li et al. examined the 

removal processes of sulfonamide antibiotics in activated sewage sludge and found that 

hydrolysis and volatilization were negligible for the same reasons mentioned above [41]. 

Also, Styrishave et al. reported the removal contributions of fluoxetine from wastewater 

by hydrolysis to be 0.13% over a 60 day period at 20°C [42]. Hydrolysis and 

volatilization being negligible for the six selected pharmaceuticals in Figure 1.1, their 

fates in aquatic environments will generally depend mainly on photolysis, microbial 

degradation and sorption processes. 

 

1.3.1 Photolysis 

Pharmaceuticals contain aromatic features that absorb light, and electrons will be 

promoted to an excited state as a result. Direct photolysis occurs if chemicals bonds are 

broken as the compound that absorbs light energy relaxes from the excited state. At the 

Earth’s surface, the incoming photolytic radiation is within the spectral range of 290 to 

800 nm. Ozone and other atmospheric constituents in the stratosphere absorb radiation 

below 290 nm. Radiation at these shorter wavelengths has higher energy than that in the 
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near-UV or visible range, and would promote excited states if the compound of interest 

has an absorption spectrum for those wavelengths. The energy of radiation between 300 

and 350 nm is approximately 400 to 343 kJ per Einstein, respectively. Additionally, 

radiation above 800 nm contains energy that is too low to break chemical bonds (<150 

kJ/Einstein) [43]. Thus, a compound must absorb in the spectral range of approximately 

290 to 450 nm to undergo direct photolysis through absorption of a photon, after which 

the energy associated with the excited state is released by changing the original structure 

of the molecule [44]. However, a photolytically excited compound may undergo various 

processes to release the absorbed energy. Physical processes include heat transfer, 

luminescence and photosensitization, which do not change the structure of the compound. 

Chemical processes such as fragmentation and hydrogen abstraction leads to 

phototransformations of the parent molecule. This process can be quantified 

experimentally by the quantum yield, which is the fraction of excited molecules being 

transformed out of the total number of photons absorbed by the molecule.  However, in 

many natural waters, the majority of light is absorbed by unknown chromophores, usually 

related to natural organic matter constituents. This means that pharmaceuticals are less 

likely to degrade surface waters that have the capacity to filter out solar radiation.   

Excited chromophores are typically quenched by molecular oxygen, which is then 

promoted to its excited singlet state (1O2). Other chemical reactions may occur to produce 

reactive oxygen species such as hydroperoxyl (HO2
•) and alkylperoxyl radicals (RO2

•), 

superoxide radical anions (O2
-•), and hydroxyl radicals (OH). Nitrate and nitrite are 

major sources of OH in freshwaters and for iron rich waters at low pH [44]. These 

reactive oxygen species readily react with pharmaceuticals in a process called indirect 
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photolysis. Dissolved organic matter (DOM) may also act as a scavenger by reacting with 

•OH, reducing the incidence of indirect photolysis. Carbonate is also a scavenger of •OH 

to form carbonate radicals (•CO3
-) that have been shown to be selective for degrading 

sulfur-containing compounds [45]. Thus, carbonate, in addition to DOM, is an •OH 

scavenger acting to reduce indirect photolysis of pharmaceuticals by •OH. DOM itself is 

large, with ill-defined structures originating from decomposing plant matter and 

comprised of various polar and apolar functional groups, such as carboxylic, phenolic, 

and amine groups. These structures can act as filters by absorbing incoming radiation, but 

also act as sensitizers conducive to reactive oxygen species formation.  

  In the literature, Lam et al. calculated the elimination rate of carbamazepine, 

sulfamethoxazole, and two other pharmaceuticals by direct and indirect photolysis in 

sunlit surface waters [46]. Carbamazepine half-lives decreased with increasing 

concentrations of DOM in the range of 6 to 55 h, compared to 115 h in distilled water 

suggesting that indirect photolysis is the dominant process for this compound. 

Conversely, sulfamethoxazole half-lives increased with the presence of DOM in the 

range of 2.5 to 6 h compared to 1.5 h in distilled water suggesting direct photolysis is the 

important process. These trends with DOM were also corroborated by Andreozzi et 

al.[47] who observed that DOM acts as a filter to carbamazepine and a sensitizer toward 

sulfamethoxazole and clofibric acid.  

In a separate paper, fluoxetine also photolytically degraded faster in the presence 

of DOM [48] with half-lives of 5.5 to 22 h compared to 55 h in distilled water, showing 

evidence that indirect photolysis is the primary photodegradation pathway. However, the 

majority of fluoxetine removal has been shown to come from sorption to organic 
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constituents, which can occur at a faster rate than does removal by photolysis in 

sediment-water laboratory experiments [49].  

 Naproxen photodegrades readily as evidenced in numerous studies [50-53] 

restricted to pharmaceuticals in water only, because some studies have attributed its 

removal by other pathways such as sorption and biodegradation [54]. 

 

1.3.2 Biodegradation 

  Knowing that these drugs are meant to resist degradation, we anticipate microbial 

degradation to be slow in aquatic systems. Furthermore, the abundance and diversity of 

microorganisms in the aqueous phase are much less important than in soils and sediments 

[55], meaning photolysis and sorption would be the main removal processes in the water 

column. However, biological activity is greater in wastewater due to the significant 

presence of organic carbon present acting as a food source for microorganisms. Of the six 

pharmaceuticals examined, naproxen has been observed to undergo biodegradation when 

exposed to activated sludges [56] up to 80% removal over 50 days [57]. In addition, 

sulfonamide antibiotics have been shown to be partly removed by biodegradation in 

sewage treatment plants [58]  Biodegradation experiments concerning pharmaceuticals 

are rare in the literature and are usually associated with the investigation of other fate 

processes such as in microcosms by Lam et al [40]. Generally, in wastewater 

applications, aged sewage sludge has the microbial consortia capable of degrading 

pharmaceuticals as their exposure to these compounds is relatively consistent, especially 

in wastewater treatment plants [59]. For example Ribeiro et al. determined that various 

pharmaceuticals including carbamazepine and sulfamethoxazole degraded faster in 



 

 13 

activated sludge than a selected bacterial consortia [59].  Thus biodegradation in 

wastewater may be more important compared to lab-based experiments. This has been 

brought up by Knapp et al. by investigating the presence of bacterial domains in large 12, 

000 L mesocosms [60]. They observed that the degradation of pesticides was greater 

when eubacteria and eukaryotic activities were sustained compared to selectively 

inhibiting one of the bacterial activities. This indicates that laboratory experiments rarely 

represent actual biodegradation in the field. 

 Pharmaceutical formations are also possible, i.e., the return of metabolites to its 

original parent compounds, which also may occur as a result of microbial processes. 

Pharmaceuticals are usually metabolized in the body before excretion as oxidized 

metabolites and glucuronide conjugates. Microbes are able to hydrolyze the conjugate 

metabolites back to the original parent compound by hydrolyzing the pharmaceutical-

gluduronide bond. For example, Radke et al. have determined that acetyl-

sulfamethoxazole and sulfamethoxazole-glucuronide are biotransformed back to 

sulfamethoxazole in water river sediment systems [61].  

 

1.3.3 Sorption 

Pharmaceutical sorption to a specific soil or sediment is quantified by the sorption 

coefficient Kd, which is an equilibrium ratio of the concentrations in sorbent and water 

(Cs/Cw). Traditionally, sorption was quantified by measuring concentrations of apolar 

hydrocarbons in soil/water slurries, as they tend to bind to the organic carbon fraction of 

the soils or sediment. The resulting measurement is the organic carbon normalized 

sorption coefficient (Koc) [44]: 
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€ 

Koc =
Kd

foc  
(1.1) 

where ƒoc is the organic carbon weight fraction in the sediment. Apolar organic 

compounds such as polycyclic aromatic compounds (PAH) and polychlorinated 

biphenyls (PCBs) interact mainly with the hydrophobic portions of the organic matter and 

correlations have been observed between log Kow and log Koc. This makes the extent of 

sorption reasonably easy to calculate and it is possible to estimate partitioning of 

compounds to different environmental compartments. However, pharmaceuticals are 

generally charged species in aqueous environments (discussed at the beginning of this 

section), which suggests that interactions may occur with other components found in the 

sediments other than natural organic matter. With these interactions, Koc becomes 

difficult to predict from Kd because sorption to mineral surfaces may occur, electrostatic 

attractions (or repulsions) may exist to charged portions of the sorbate, and the compound 

may react irreversibly with functional groups of the solid surface [62].  

 To better estimate Koc for pharmaceuticals with acid-base moieties, the pH 

dependent octanol-water partition coefficient (Dow) needs to be calculated for the neutral 

species. For example, acidic and basic pharmaceuticals can be calculated using equations 

2 and 3 respectively [63]: 

 

€ 

logDow = logKow +
1

1+10pH − pKa
 (1.2) 

 

€ 

logDow = logKow +
1

1+10pKa − pH
 (1.3) 

This value can now be used to estimate log Koc values from linear free energy 

relationships; however, these have not yet been elucidated for pharmaceuticals but 
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Carballa et al. used alkylated and chlorinated benzenes [39] as a surrogate for estimating 

Koc and Kd and others exist as well [44].  

Sorption of a pharmaceutical will vary in different soil or sediment types because 

the contents have various sorbent fractions capable of offering interactions with the 

pharmaceutical. Li and Zhang observed different sorption patterns between different 

classes of antibiotics in sewage sludge systems [64]. Navon et al. determined that clay 

soils with pre-added dissolved organic matter (DOM) increased the sorption of 

carbamazepine compared to a soil co-introduced with carbamazepine and DOM [65]. 

This indicates that DOM interacts with clay particles to forms complexes that are more 

sorptive than either on their own. Also, carbamazepine was shown to sorb directly to 

smectite clays, although this played a secondary role next to DOM [66]. Based on a low 

log Kow of sulfonamide antibiotics (Table 1.1) we would expect sorption to be minimal. 

However, Gao and Pedersen have observed sorption of sulfonamide antibiotics onto 

clays, DOM, and clay-DOM complexes [67]. Therefore, the process by which sorption 

occurs depends on the presence of organic matter, mineral surfaces, ion exchange sites, 

and reactive sites [44], as well as the ratio of solids and liquids in a system.  A greater 

proportion of compounds is expected to be sorbed in systems with higher solid-liquid 

ratios, such as in groundwater and sewage sludge, than in open surface waters. 

Another method for estimating the importance of sorption for pharmaceuticals 

into sediments other than Koc is to determine the compound-specific sedimentation rate. 

This depends on the fraction of pharmaceutical sorbed to the particle, the settling velocity 

of particulate species, and total suspended solids in a given system for a given time where 

modeling is explained in Chapter 2. Finally, sorbed compounds are less susceptible to 
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degradation by direct photolysis because the particle will either absorb or scatter the 

incoming radiation. Furthermore, the sorbed pharmaceuticals will be less accessible to 

microbial degradation compared to the same compound dissolved in solution [44]. For 

example, fluoxetine was determined to undergo photolysis in aqueous solutions only 

[49]. But the comparison of light and dark water-sediment solutions determined that 

fluoxetine had similar rates for both, which suggests that sorption is more important than 

photolysis. Furthermore, the same authors exposed pharmaceuticals in water-sediment 

slurries to increasing bacteria innoculum compared to biologically inactivated controls in 

the dark. The results showed that the concentrations remained the same over a period of 

28 days and concluded that biodegradation did not occur. 

 

1.3.4 Fate Processes Associated with Macrophytes 

Macrophytes make up a large proportion of biomass in shallow freshwater wetlands 

[68]. They offer a large surface area for microbes to grow on and to create biofilms, 

macrophytes provide oxygen to the rhizomes where aerobic bacteria are able to degrade 

organic matter, and directly uptake pharmaceuticals in their biomass, which may be 

followed by biotransformation [69]. Active and passive fate processes involving 

macrophytes were demonstrated experimentally by Reinhold et al. by analyzing the 

aqueous depletion of pharmaceuticals with or without duckweed in small flask-scale 

reactors [70]. Active duckweed reactors showed a decrease in the aqueous concentrations 

of fluoxetine by more than 80% while chemically inactivated duckweed revealed a lesser 

decrease up to 50% over 4 days, suggesting sorption or uptake of the compound into 

plant biomass. With blank reactors (fluoxetine + water) showing no depletion for the 
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same time period, phototransformation of fluoxetine is unlikely to occur. Furthermore, 

biodegradation by bacteria was assessed by comparing chemically inactivated and dark 

exposed reactors. As both these reactors exhibited similar removal rates, the authors 

concluded that biodegradation was negligible and that sorption and uptake into 

duckweeds were the primary fate processes. Both sorption and uptake are examples of 

passive and active plant processes, respectively, that can play a significant role in 

pharmaceutical removal from aqueous systems. Moreover, the enhancement of microbial 

degradation by duckweeds for other pharmaceuticals was assessed by measuring the 

aqueous concentrations of ibuprofen and its metabolite hydroxy-ibuprofen in active and 

macerated duckweed reactors. The results showed evidence that duckweeds could 

remove ibuprofen directly by taking it up or indirectly by supplying organic matter that 

increases microbial growth and/or microbial degradation by co-metabolism [70].  

These examples demonstrate that macrophytes may play a significant role in 

removing pharmaceuticals from wastewater, but few studies have directly investigated 

the pharmaceutical content in aquatic plants in treatment wetlands. For example, Zarate et 

al. analyzed the roots and shoots of three emergent species of macrophytes (Typha 

latifolia, Pontederia cordata, and Sagittaria graminea) for triclosan, methyl-triclosan, 

and triclocarban in an operational constructed wetland [71]. The root and shoot 

concentrations varied between species, suggesting differences among species in terms of 

uptake, as well as decreasing concentration from influent to effluent [71]. Dordio et al. 

characterized the direct uptake of carbamazepine in Typha plants with maximum 

concentrations of 11 µg/g fresh weight and the indirect uptake of clofibric acid by 

measuring the dissipation from water in hydroponic systems [72, 73]. These authors have 
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also investigated effects of the selected pharmaceuticals on Typha spp. by measuring 

enzyme activities such as peroxidase, catalase, and superoxide dismutase [56], which are 

activated when xenobiotics are present in the cell. The macrophyte’s enzyme activity 

increased as a result of exposure to pharmaceuticals, but no other apparent effects 

occurred for growth, which suggest that the plants are able to cope with pharmaceutical 

concentrations as high as 2 and 0.02 mg/L for carbamazepine and clofibric acid, 

respectively. Recently, a metabolite of carbamazepine (10,11-dihydro-10,11-

epoxycarbamazepine)!!was detected in the shoot biomass of Typha spp., after an 

experiment in hydroponic solutions spiked only with carbamazepine [56].  This indicates 

uptake, transport, and biotransformation as the Typha spp. shoots were sampled above 

the water surface. Such mechanisms in aquatic plants are not fully characterized or 

understood and could be used beneficially for phytoremediation technologies such as in 

constructed wetlands. For example, aquatic plants with higher capacities of degrading 

pharmaceuticals in conjunction with higher uptake potential would have a greater 

tendency to metabolize pharmaceuticals to biologically less active forms. 

 

1.3.4.1 Phytoremediation 

The use of plants and their associated microbes for the removal of organic and 

inorganic contaminants in a given system is called phytoremediation. There are five 

different types of phytoremediation, three of which are important for the removal of 

pharmaceuticals in aquatic systems [74]. Once the uptake of contaminants from 

sediments or the water column into plant tissues has occurred, the process of 

accumulating compounds in plant tissues is called phytoextraction, and compounds 
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metabolized in the plant by enzymes is called phytodegradation. The third process, 

rhizodegradation, which is also called phytostimulation, involves the microbes associated 

with the root system of plants to degrade the compounds found in soils and sediments 

[74]. 

Most studies involving phytoremediation have been performed on soils 

contaminated with heavy metals [75] and nutrients [76, 77] with select research on 

uptake, bioaccumulation, and biotransformation of PCBs [78], PAHs [79, 80], pesticides 

[81], and solvents [82] using various aquatic and terrestrial plant species. Only a small 

number of studies have involved the use of aquatic plant species in constructed wetlands 

for the phytoremediation of pharmaceuticals and nutrients.  However, many experiments 

have been conducted on the uptake of pharmaceuticals in terrestrial plants and crops 

irrigated with reclaimed wastewater or grown in biosolid-amended fields. These have 

shown evidence that pharmaceuticals are taken up and translocated within the plant as 

their presence has been detected in roots, stems, and leaves [19-21, 83-85]. Redshaw et 

al. reported the uptake of fluoxetine from the stem but not from the head of Brassica 

oleracea var. botrytis, a cauliflower species [86]. This result was confirmed by Herklotz 

et al. [83] who detected pharmaceuticals in the seedpods of plants of the same genus. 

Thus, there is a growing concern that crops grown with pharmaceutical-containing 

amendments may end up in food intended for human consumption. A recent publication 

investigated the uptake of carbamazepine by cucumber plants in soil irrigated with 

reclaimed wastewater [20]. Carbamazepine was detected in the fruit with 

bioaccumulation factors above unity and concentrations reaching 25.6 ± 3.1 µg/kg 

however, concentrations were 40 times lower compared to those in leaves. Thus it would 
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be advantageous to use aquatic plants to enhance removal of pharmaceuticals from 

wastewater (and possibly sediments) before it is used for irrigation (or amendment) 

purposes.  

 

1.3.4.2 Metabolism 

In order for metabolism of a pharmaceutical to occur, it must be absorbed by the 

body. Typically, they are administered orally and the active pharmaceutical is absorbed in 

the GI tract. A first pass effect occurs in the liver before the pharmaceutical gets 

distributed throughout the body. In most aerobic organisms, metabolism occurs via 

oxidation by monooxygenase activity governed by cytochrome P450 enzymes in three 

phases. These enzymes are conserved across all species, including plants, and 

biotransformation processes are generally similar. Phase I involves oxidized 

transformation of the original compound by isozymes in the endoplasmic reticulum of 

cells that contain such enzymes. Phase II involves conjugation of the metabolic products 

of Phase I biotransformation with glucose, amino acids, or glutathione in the cytosol. 

Some polar compounds that have moieties that would be added during Phase I processes 

can be biotransformed directly by Phase II processes (e.g., phenols). Phase III involves 

compartmentalization and storage of the xenobiotic [87]. For the latter two phases, 

soluble metabolites or conjugates in the cytosol can be sequestered in the vacuole or the 

cell wall (apoplast). Typical binding sites for xenobiotics in the cell wall are lignin, 

pectin, hemicellulose and proteins [88]. Many studies have investigated the capability of 

macrophytes to biotransform pesticides but few studies have done so for pharmaceuticals. 

As both of these groups of xenobiotics have similar physical chemical properties, their 
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biotransformations should be regulated following similar pathways in aquatic 

macrophytes.  

 

1.4 Aquatic Macrophytes 

Aquatic macrophytes are indispensable for cycling nutrients, producing oxygen, 

and contributing to primary productivity, which maintains the structure and function of 

aquatic ecosystems [89]. Vascular aquatic plants belong to the division of angiosperms 

and are characterized by both taxonomic and morphological features. Aquatic plants are 

divided into two classes: dicotyledons and monocotyledons [90]. They are also 

differentiated based on their growth cycles: floating, floating leaved, submerged, and 

emergent macrophytes [91]. Submerged macrophytes can be further divided into rooted 

and free-floating groups. The research outlined in this thesis focused on the emergent 

Typha spp. (cattail) and submerged Myriophyllum sibiricum (northern water milfoil) 

macrophytes. Typha spp. are herbaceous perennials with long, flat, swordlike leaves 

growing approximately 1-3 m tall from rhizomes [90]. The species T. latifolia and T. 

angustifolia, which have also been known to produce the hybrid Typha x glauca, are 

difficult to distinguish and are henceforth referred to as Typha spp. in this thesis. They 

differ in the widths of their leaves, the shapes of the spadix, and their abilities to grow at 

different water depths [92, 93]. Being emergent macrophytes, they are typically rooted in 

the sediment with basal portions frequently under water. The shoots and leaves are aerial 

as they require atmospheric oxygen and are closely related to terrestrial plants. They 

mainly dominate shallow wetlands because they block incoming solar radiation, thus out-

competing floating and submerged macrophytes [94, 95]. They do produce seeds, but 
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their underground stems spread extensively through vegetative cloning. This adaptation is 

so prolific that a stand of cattails may consist of an assemblage of only a few genetically 

different individuals [93]. 

M. sibiricum is a submerged, rooted, perennial dicotyledon herb with whorled, 

pinnate leaves on stems growing between 30 and 150 cm long. They produce aerial fruit 

and seeds but mainly expand via vegetative growth and overwintering buds [90]. These 

macrophytes have adapted to aquatic environments restricted in oxygen, sunlight, and 

carbon dioxide. These limitations are circumvented by having highly divided leaves, a 

reduced cuticle, aerenchyma tissues for buoyancy and gas exchange, reduced lignin, and 

chloroplasts densely distributed within epidermal cells [93]. Both Typha spp. and M. 

sibiricum macrophytes are rooted and thus, uptake their nutrients from the sediments. 

However, under nutrient-poor conditions M. sibiricum can uptake nutrients from the 

water column, suggesting that other microcontaminants may enter submerged 

macrophytes via this pathway. Therefore, chemical uptake potential and exposure routes 

may differ for different types of macrophytes, which in turn affect potential toxicity to 

the plant. 

 

1.4.1 Toxicity Testing 

Lemna gibba is the only aquatic species used for standard pesticide and chemical 

toxicity testing because it is easily cultured, has a short life cycle, and is a relatively 

sensitive organism [89]. However, macrophytes differ in their sensitivity and the 

magnitude of this sensitivity changes depending on the type of toxicant and the growth 

type of the macrophyte [89, 96]. For example, because Lemna spp. are floating 
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macrophytes, they are exposed to air and water concentrations of contaminants and their 

uptake would be different than for a submerged macrophyte, which would be exposed via 

water and sediment, depending on the physical chemical properties of the contaminant in 

question. Therefore, using one test species as a surrogate for other types of plants (aquatic 

or terrestrial) may result in outcomes are not reliable [97]. To refine this assessment, it 

has been recommended that toxicity testing include different types of macrophytes [98].  

M. sibiricum has been studied as a model submerged macrophyte as it is ubiquitous 

in wetlands and can be cultured under lab and field conditions [99]. It has been used in 

numerous microcosm studies investigating fluorinated compounds, pharmaceuticals, and 

pesticides [100-102] and has been proposed as a standard testing organism for submerged 

macrophyte toxicity assays in addition to Lemna spp.  

 Typha spp. are some of the most dominant and abundant emergent macrophytes in 

shallow wetlands across North America, yet no laboratory toxicity assays with mature 

plants have been developed for these types of macrophytes to our knowledge. Current 

methods rely on seedling assays [103] or the production of Typha spp. plants from 

germinated seedlings which is a time consuming process [104].  

Effects mediated by pharmaceuticals could have subtle effects on macrophytes but 

over time could cause significant chronic effects under the exposure conditions in a 

treatment wetland. According to Daughton and Ternes, the subtle effect of 

pharmaceuticals at extremely low levels may take several exposures to induce minute 

effects that will eventually be considered as common or non-toxic behaviors [11]. 

Therefore it is important to consider all growth types of macrophytes as differences in 

sensitivity, uptake and bioaccumulation of compounds may exist.  
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1.4.2 Toxicity Endpoints 

Typical endpoints are related to growth parameters (e.g. biomass measurements): 

wet and dry mass of roots and shoots, growth rates, and visual observations such as 

necrosis and chlorosis. Some studies use biochemical assays as precursors to toxicity, 

which usually occur before visual observation of plant death or chlorosis. These tests 

involve measuring oxidative enzyme activity and protein content, for example, but the 

relationship and significance to biomass growth or reproduction and the environmental 

relevance towards plant community dynamics are not well understood. Therefore, 

changes in biochemical parameters may only suggest evidence for exposure to 

microcontaminants [105]. 

 

1.5 Pharmaceuticals in Wastewater 

Recent reviews by Santos et al. [106] and Fent et al. [107] give a global overview 

of  acute and chronic effects of pharmaceuticals with different modes of action on non-

target organisms. These papers highlight the scarcity of chronic toxicity data under 

relevant environmental conditions. Crane et al. [108] mention possible approaches to 

focus research in toxicity testing by using acute-to-chronic ratios of existing data, 

predicting effects and concentrations based on quantitative structure-activity relationship 

(QSAR), and by using microcosms and mesocosms to assess toxicity in a more realistic 

effort. This section will briefly highlight the chronic toxicity of the six selected 

pharmaceuticals employed in this current research, by highlighting chronic toxicity 

endpoints for primary producers and comparing to the maximal observed effluent or 

surface water concentrations (Table 1.2).  
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As the global population increases, with subsequent increases in pharmaceutical 

loads to wastewaters, the capacity of current WWTP technology to remove PPCP could 

become overwhelmed. This will result in the increased chronic exposure and potential 

toxicity to non-target organisms. 

 

1.5.1 Pharmaceutical Modes of Action 

Typically, modes of action of pharmaceuticals have been determined extensively 

from mammalian testing and occasionally, from human clinical trials or accidental 

exposures. The normal exposure route in humans for the six pharmaceuticals discussed is 

via oral intake. This means that absorption occurs by diffusion in the GI tract and then 

metabolism takes place primarily in the liver, but can also occur in the kidneys and GI 

tract. Depending on the drug, the medically active metabolite will be distributed by blood 

plasma proteins to the site of action followed by excretion via urine and feces. This is the 

main ADME (absorption, distribution, metabolism, and excretion) process for terrestrial 

vertebrates in general [109]. Once the pharmaceuticals and their metabolites are 

introduced in the aqueous environment, the mechanisms of ADME may be different, 

depending on the affected organisms. For example, fish can uptake and excrete 

substances by diffusion across the gills, whereas metabolism generally plays a minor role 

in removing such compounds. Therefore, toxicities may differ between species as well.  

Parent molecules are usually extensively metabolized in the liver and comprise a 

small percentage of excreted urine, with respective Phase I and Phase II metabolites, such 

as glucuronides, constituting the major form of a specific compound in urine. However, 

once released from WWTP in effluent, glucuronides can be cleaved by glucuronidases 
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and return to the parent compound, causing potential for toxic effects [110, 111].  

Kroemer and Klotz noted that some glucuronides are active metabolites and still elicit a 

biological response (e.g. morphine-6-glucuronide) [112]. Similarly, acyl glucuronides are 

formed by phase II metabolism of drugs that contain carboxylic acid moieties, such as 

clofibric acid and naproxen. These can undergo intra-molecular rearrangements leading 

to isomers that irreversibly bind with plasma and tissue proteins, and nucleic acids [110]. 

Although glucuronide hydrolysis and intra-molecular rearrangements are possible, there 

is no literature indicating whether or not it contributes to toxicity in aquatic organisms in 

the environment.  

Carbamazepine is used as an anticonvulsant to relieve episodes of seizures by 

blocking voltage-gated sodium channels. As these sodium channels are responsible for 

the generation of action potentials, carbamazepine stabilizes the opening of the channels 

in patients with abnormal and uncontrollable nerve firing [113]. Toxicity may be 

expressed in non-target organisms since voltage-gated sodium channels are conserved 

across mammalian species. 

Clofibric acid is a blood lipid regulator and is activated in the liver by esterase 

oxidation of the parent compound clofibrate. Clofibric acid is believed to involve five 

mechanisms of modulation of lipoproteins, based on rodent and human studies [114]. 

These include: first, induction of lipoprotein lipolysis based on changes in lipoprotein 

lipase activity; second, induction of fatty acid uptake in the liver, as well as induction of 

the β-oxidation pathway, which decreases fatty acid synthesis; third, increase in receptor 

affinity leading to decrease in low-density lipoprotein (LDL) concentrations; fourth, 

reduction in lipid exchange between very low-density lipoproteins and high-density 
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lipoproteins (HDL); and fifth, production increase of HDL as well as transport reversal of 

cholesterol. 

In summary, LDL production is reduced by clofibric acid, and is accompanied by 

enhanced metabolism of fatty acids and triglycerides, although clofibric acid favors the 

latter. All of these steps are related to the activation of peroxisome proliferator-activated 

receptors (PPAR). These are nuclear hormone receptors, which recognize and bind to 

specific sites of DNA for regulation of genes responsible for fatty acid synthesis in 

rodents [115]. It is unknown whether clofibric acid, other fibrates, and the activation of 

PPAR regulate similar genes in humans or other non-target organisms. 

Fluoxetine belongs to a class of drugs called selective serotonin reuptake 

inhibitors, which bind selectively and strongly to the serotonin or 5-hydroxytriptamine 

(5-HT) re-uptake pump on the nerve terminal of the pre-synaptic membrane. Serotonin is 

a neurotransmitter responsible for neuronal communication. As it binds to its receptor on 

the post-synaptic membrane, it allows the signal to continue [116].  For those who lack 5-

HT, this increases the concentration of 5-HT in the pre-synaptic cleft to eventually 

generate a signal. People take this drug because it functions as an antidepressant, 

relieving patients of depression, obsessive-compulsive disorder, and eating disorders such 

as bulimia [116]. Fluoxetine is extensively metabolized to norfluoxetine in the liver and 

GI tract by Phase I P-450 enzymes [117]. Norfluoxetine is also an active metabolite with 

increased potency, as the half-lives range from 7 to 15 days [117].  For this reason, 

steady-state plasma concentrations can persist for 1-22 months in patients with various 

disorders. Since this drug has gained popularity as a “safe drug” due to few side effects 
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and overdoses, the concentrations are most likely to increase in surface waters and 

chronic toxicities may be observed more frequently. 

Naproxen is a non-steroidal anti-inflammatory drug that is taken for its analgesic 

properties. It acts by blocking the cyclooxygenase (COX) enzymes, which catalyze the 

formation of prostaglandins from arachidonic acid [118]. Two types of COX enzymes 

exist: COX-1 produces prostaglandins that are responsible for preserving the lining of the 

stomach and plays a role in coagulation; COX-2 produces prostaglandins that are 

responsible for inflammation and in turn cause pain [1]. Although benefit is received 

from reduced pain and fever from inhibition of COX-2, stomach ulcers are a threatening 

side effect from inhibition of COX-1 [119]. 

Sulfamethoxazole and sulfapyridine are synthetic compounds from the 

sulfonamide class of antibiotics. They inhibit the enzyme dihydropteroate synthetase, 

preventing prokaryotes from producing folic acid, which is essential for DNA replication 

[120]. Though this compound is used to prevent and treat urinary and respiratory tract 

infections and other diseases, it serves a larger purpose as a growth promoter in livestock 

at sub-therapeutic levels [121]. Most research shows that current levels of these two 

sulfonamides in various effluents are too low to elicit toxicity to aquatic organisms [122, 

123]. However, their presence at low concentrations may increase the selection for 

antibiotic resistance genes, which may be passed on to pathogenic bacteria by plasmid 

transfer through conjugation [124].  

The acute toxicities of pharmaceuticals described above have been evaluated 

under laboratory conditions for various organisms. The outcome of these experiments is 

generally to provide an effective concentration that causes a specific effect to 50% of the 
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population studied (EC50). However, high concentrations (i.e. those measured in mg/L) of 

pharmaceuticals are rarely encountered in the environment. Thus, aquatic organisms are 

more likely to exhibit sub-lethal toxicity for endpoints such as reproduction, behaviour, 

or growth. It is noteworthy to mention that modes of action in plants and other species are 

poorly understood as pharmaceuticals are strictly designed for mammalian use.  

 

1.5.2 Chronic Toxicity 

 In general, acute toxicity testing has been performed on most aquatic organisms 

with mortality as the endpoint. Acute toxicity concentrations of pharmaceuticals [106-

108] usually range in the high µg/L to mg/L range. These are much higher than those 

concentrations typically encountered in the environment (ng/L to low µg/L) and would be 

environmentally relevant in rare scenarios of spills or accidental releases, though in rare 

cases, such as that of diclofenac, profound acute and subsequent ecological effects 

occurred through regular use [125]. Thus, chronic toxicity should be evaluated as most 

pharmaceuticals are continually released into the environment from WWTP and RSL. In 

Manitoba, discharges from RSL usually occur over a two week period in the summer 

(mid-June to late July) and a second period in the fall before November 1st [126]. These 

scenarios are ideal for examining 7 to 14-day chronic or subchronic exposures of aquatic 

organisms to compounds of concern. This also serves as a more representative approach 

of what actually occurs in most surface waters in terms of exposure.   

 Table 1.2 summarizes known upper limits for chronic toxicity for primary 

producers with respect to the highest measured pharmaceutical concentrations in 

wastewater effluent or surface waters. No chronic exposure concentrations to date 
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exceeds the greatest concentration reported in WWTP effluent for the selected 

pharmaceuticals from Table 1.2. Although algae and Lemna spp. assays are used for 

simplicity and reliability of assessing toxicity, they are currently used as surrogates for 

other higher macrophytes. Therefore, few have reported the environmentally relevant 

pharmaceutical effects on higher aquatic plants such as submerged M. sibiricum and 

emergent Typha spp. macrophytes, despite their abundance in populations and biomass in 

shallow wetlands across the Prairies.  

One study by Brain et al. [101] investigated the toxicity of a mixture of eight 

pharmaceuticals on M. sibiricum and Lemna gibba in outdoor microcosms. They 

concluded that the mixture toxicity had low risks towards the macrophytes at 

environmentally relevant concentrations, even though individual pharmaceutical tests 

(sulfamethoxazole, levofloxacin and atorvastatin) with Lemna gibba showed evidence for 

phytotoxicity.  

Toxicity to Typha spp. is mainly investigated through seedling assays as their 

individual growth is laborious and time consuming [103]. Typha spp. plants mainly 

colonize shallow wetlands by means of vegetative cloning from their extensive rhizome 

network [94]. Seeds would only be able to produce viable plants when sediment is 

exposed and with reduced competition for sunlight and nutrients. Thus, the seedling 

assays may have limited use in determining toxicity to an already established standing 

stock of Typha spp. 

 



 

 31 

1.5.3  Metabolites and Transformation Products 

Metabolites were not investigated in this thesis; however, there is research 

suggesting that some metabolites have identical or greater toxic effects on organisms than 

the original parent compound. Also, deactivated metabolites stemming from Phase II 

transformation, such as glucuronides, have been cleaved as noted previously by 

hydrolases (glucuronidases) in the water column, thus returning the original compound 

back into the system. There is a paucity of research available on the occurrence and 

implication of metabolites in water, sediment, and plant matrices with regards to toxicity 

under environmentally relevant conditions. A list of common metabolites is compiled to 

highlight the importance of including these in future research on their fate and effects to 

non-target organisms. 

Carbamazepine has been extensively studied and comprises over 30 metabolites 

[127].  However five major metabolites--10,-11-dihydro-10,11-epoxycarbamazepine 

(CBZ-EP), 11-dihydro-10,11-epoxycarbamazepine (CBZ-DiOH), 2-

hydroxycarbamazepine (CBZ-2OH), 3-hydroxycarbamazepine (CBZ-3OH), and 10,11-

dihydro-10-hydroxycarbamazepine (CBZ-10OH)--have been identified by Miao et al. in 

biosolids and wastewaters. Li et al. observed thirteen transformation products of 

oxcarbazepine (OXC) produced under different treatment technologies and assessed the 

toxicity, persistence, and degradation pathways in comparison to carbamazepine [128]. 
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Table 1.2. Chronic toxicity (µg/L) of six pharmaceuticals for primary producers and the highest measured environmental 

concentrations (MEC) from wastewater or surface waters (µg/L). EC50: effective concentration affecting 50% of the population 

Compound Organism Class Endpoint 
Concentration 

(µg/L) 
Reference 

MEC 

(µg/L) 
Reference 

Carbamazepine Lemna spp. Liliopsida  EC50 7 day growth inhibition 2.25×104 [129] 6.3 [130] 

Clofibric acid Lemna spp. Liliopsida EC50 7 day growth inhibition 1.25×104 [129] 0.49 [131] 

Fluoxetine P. subcapitata Chlorophycea  EC50 7 day growth inhibition 24 [132] 0.099 [133] 

Naproxen D. subspicatus Chlorophycea EC50 72 hour growth inhibition 6.25×105 [134] 14 [135] 

Sulfamethoxazole P. subcapitata Chlorophycea EC50 7 day growth inhibition 520 [136] 0.96 [131] 

Sulfapyridine P. subcapitata Chlorophycea EC50 7 day growth inhibition 1.02×104 [122] 0.12 [137] 
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Four significant degradation products arose from the study that were similar to 

carbamazepine: CBZ-10OH; acridine; 1-(2-benzaldehyde)-(1H, 3H)-quinazoline-2,4-

dione (BQD); and CBZ-EP, a new product identified by irradiation under UV light. The 

latter is considered an active metabolite mirroring the activity of carbamazepine and can 

cause neurotoxic effects [138].   Oxcarbazepine (OXCB), a keto form of carbamazepine, 

can also be metabolized to carbamazepine metabolites, which were also found in WWTP 

effluents [139]. Miao and Metcalfe observed concentrations of CBZ-10OH, a metabolite 

of both carbamazepine and OXCB, that were greater than carbamazepine itself [140] . In 

summary, pharmaceutically active derivatives of carbamazepine are OXCB, CBZ-10OH, 

and CBZ-EP and these could be used to provide evidence for biotransformation in 

aquatic macrophytes. 

Doll and Frimmel examined the photodegradation of clofibric acid (as well as 

carbamazepine, and iomeprol) under simulated solar UV light in solution suspended with 

titanium dioxide [141]. They also noted the effect of water constituents on the efficacy of 

photodegradation, such as nitrate and DOM content. Although many photodegredation 

products have been observed by Doll and Frimmel [142], Kosjek showed a common 

degradation product, 4-chlorophenol, as a result of microbial transformation from 

activated sludge bioreactors [143]. This compound has expressed higher toxicity than the 

original parent molecule as having antibacterial activity and potential neurotoxicity and 

hepatotoxicity. Other photoproducts include phenol, hydroquinone, and p-benzoquinone, 

as well as 4-chlorocatechol, 2-(4-hydroxyphenoxy)-isobutyric acid (the dechlorinated 

analogue of clofibric acid), and various stereoisomers of isobutyric acid [141]. 
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Fluoxetine is extensively converted to norfluoxetine in liver microcosms and is 

excreted mostly as glucuronides in urine [144]. As a chiral molecule, previous studies 

have demonstrated that the S-enantiomer exhibits greater potency than the R-enantiomer 

by a factor of 2 for fluoxetine and 20 for norfluoxetine [117, 144]. Fluoxetine is mainly 

removed from wastewaters via sorption of particles and thus, is minimally degraded by 

microorganisms in sewage sludge, soils, and sediments. Despite the higher potency of 

norfluoxetine, however, no chronic toxicity data has been reported for aquatic organisms. 

A study by Smith et al. investigated the in vitro hepatic metabolism of fluoxetine in 

several species of fish [145]. Their results indicated that the dissipation of fluoxetine was 

greater than the production norfluoxetine, suggesting it was not the predominant 

metabolic pathway and that metabolites other than norfluoxetine should be explored. 

Naproxen metabolites have been recognized for quite some time, whereby O-

desmethylation of R and S naproxen occurs via the CYP 1A family of monoxygenases, as 

well as glucuronidation. Seven photolytic degradation products of naproxen have been 

identified, followed by the assessment of their acute toxicities indicating that some are 

more toxic that the parent compound [146]. This was confirmed by Isidori et al. by 

measuring the acute and chronic toxicity of the photodegradation products assessed from 

bioassays on algae, rotifers, and microcrustaceans, although their structures and physical 

chemical properties have not yet been elucidated [147]. 

Sulfamethoxazole gets metabolized to sulfamethoxazole hydroxylamine 

(sulfamethoxazole-HA), which has been found to create hypersensitivity-related 

symptoms [148].  Sulfamethoxazole-HA can undergo further oxidation to nitroso-

sulfamethoxazole, which is also toxic, but is prevented by glutathione conjugation. Very 
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few of these metabolites would be present at physiological conditions [149]. However, 

one important metabolite is N-acetylsulfamethoxazole, which may be re-transformed to 

sulfamethoxazole in manure storage [150] and may similarly occur in wastewater 

treatment plants. On the other hand, Nasuhoglu et al. experimented on the 

photodegradation of sulfamethoxazole and found two main products under UV-C 

radiation: sulfanilic acid and 3-amino-5-methylisoxazole [151]. These photoproducts 

were found to be more toxic than sulfamethoxazole in standard D. magna tests [151].  It 

is common for most sulfonamide antibiotics to have the same metabolite as they have 

very similar structures and belong to the same group of drugs exhibiting the same mode 

of action. Only one study showed the occurrence of N-acetylsulfapyridine in fresh waters, 

but its toxicity is uncharacterized, most likely due to its low hydrophobicity and short 

half-life in the environment [152]. 

Based on the information above, it would be important to include toxicologically 

active metabolites in acute or chronic toxicity assays. Furthermore, it would be desirable 

to detect these metabolites in surface waters to understand potential environmental 

effects, but stable isotope labeled pharmaceutical internal standards may currently not 

exist making the analysis of metabolites difficult.  

 

1.6 Environmental Relevance of Pharmaceuticals in Wastewater 

Pharmaceuticals discharged in surface waters are degraded relatively quickly in 

comparison to more hydrophobic PCBs or PAHs. However, due to their likelihood of 

remaining in the water column (low Dow) and their consistent patterns of use from an 

urban population, WWTP continually release pharmaceuticals at concentrations that 
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result in a pseudo-persistence scenario [153]. Such levels can have impacts on aquatic 

ecosystems especially for those acting as sinks for discharged wastewater. Lake 

Winnipeg is the 10th largest freshwater lake in the world and its watershed spans 4 

provinces and 4 states, covering almost one million square kilometers. Therefore, the 

influx of any excess nutrients or contaminants would be important for this watershed, 

which serves large human and livestock populations (6 and 20 million, respectively). 

Recently, algal blooms have occurred on a regular basis throughout Lake Winnipeg 

during the summer months [154]. These are likely the result of eutrophication from 

contaminated incoming surface waters [155].  The Lake Winnipeg Stewardship Board 

has acknowledged other contributing contaminants, such as pharmaceuticals, pesticides, 

heavy metals, hospital waste, endocrine disruptors and copper sulfate, which further 

stress the ecosystem [156]. However, research and discussion have focused on the 

addition of excess nitrogen (N) and phosphorus (P) to surface waters because they are 

believed to be responsible for the algal blooms [157]. Eutrophication is enhanced because 

natural wetlands are being drained for agricultural practices, as well as for residential and 

commercial purposes. Previously, excess nutrients would have been taken up in plant 

biomass in the wetlands. In southwestern Manitoba, it has been estimated that 40 to 70% 

of natural wetlands have been drained since European immigrants settled on the shores of 

Lake Winnipeg in the late 1800s [156].  

On the other hand, WWTP and RSL typically discharge effluents containing 

nutrients that are above federal and provincial water quality guidelines. Typical TP 

values in wastewater effluent can reach concentrations of 5 mg/L. According to Bourne et 

al. the Winnipeg-Selkirk portion of the Red River releases substantially excessive 
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nutrients due to a high density of septic fields [158]. Additionally, RSL in Manitoba 

operate over capacity, where emergency discharges of wastewater are needed and release 

effluent concentrated in nutrients and other contaminants [158]. Although the concept of 

eutrophication being driven by P was experimentally elucidated by Schindler et al. in 

1974 [155], the province of Manitoba is just beginning to implement better nutrient 

mitigation practices. Prior to November 2011, secondary treatment facilities, such as 

lagoons, had basic wastewater discharge standards of 25 mg/L TSS, 25 mg/L BOD, and 

200 fecal coliform/100 mL. Currently, all new and expanding facilities discharging 820 

kg/y total phosphorus (TP) and 33,000 kg/y total nitrogen (TN) are prevented from 

discharging effluent exceeding concentrations of 1 mg/L and 15 mg/L, respectively 

[126]. Unfortunately, there are over 350 municipal sewage lagoons in Manitoba for 

which regulation is vague as it is probable that most discharge greater than 820 kg/yr of 

TP but are not considered new or expanding facilities [159]. The total loading of nutrients 

into Lake Winnipeg occurs by two mechanisms: within-stream processes and watershed 

processes both having natural and anthropogenic components. Within-stream processes 

include direct effluent discharge, nutrient release from stream bed and bank sediments 

and groundwater infiltration; whereas watershed processes comprise atmospheric 

deposition, nutrient release from animal manure, soils and vegetation, enhanced drainage 

and reduced riparian vegetations and inorganic fertilizer applications. In Manitoba, is has 

been estimated that 29 % of TN and 25 % of TP loading occurs via municipal and 

industrial effluents (within-stream processes) and that 71 % of TN and 75% of TP 

originate from watershed processes mainly from snowmelt and agricultural runoff. From 

the within-stream process estimates, it was further estimated that small WWTP and RSL 
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contribute approximately 23% of both TN and TP loadings from direct effluent discharge 

into surface waters in Manitoba [158] where the cities of Brandon, Portage la Prairie and 

Winnipeg contribute the remaining 77%.  

In addition to excess nutrients, pharmaceuticals and personal care products are also 

present in wastewater effluent during seasonal discharge. To date, no research has been 

done in Manitoba on the health of Lake Winnipeg and its watershed relating to the 

occurrence, fate, or chronic ecotoxicity of PPCP. One recent study determined the 

loadings of nutrients and PPCP in the Dead Horse Creek watershed in South Western 

Manitoba, a tributary to the Red River and Lake Winnipeg watersheds [160]. This study 

showed the presence of agricultural chemicals and pharmaceuticals including 

carbamazepine and sulfamethoxazole, among others, in surface waters downstream of the 

effluent release point. As no pharmaceutical loading assessments have been made for 

Lake Winnipeg we can estimate the effluent contribution from RSL would be low 

compared to WWTP based on the nutrient information provided above. Although 

concentrations are low (ng/L), they still may eventually lead to chronic toxicity scenarios. 

The presence of pharmaceuticals and excess nutrients originating from RSL provides 

evidence that these systems are not designed for the removal of organic contaminants and 

nutrients. Despite these low concentrations, improvements must be made to current 

infrastructure to mitigate potential long-term toxicity scenarios, as well as further 

eutrophication of downstream water bodies. 
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1.7 Constructed Wetlands and Mesocosms 

Conventional WWTP primarily remove organic carbon by the activated sludge 

process. First, physical separation of large non-biodegradable items, and fats and grease, 

occurs as wastewater is passed though a grating system or skimmed off the water. The 

water then is placed in a primary settling tank where particulate matter is allowed to settle 

to the bottom. The accumulated sludge is pumped to a separate enclosure for further 

treatment. The water then flows to a secondary treatment tank where biological removal 

of organic matter occurs. For activated sludge systems there are two tanks: one for 

aeration and mixing of the water and sludge for increased biological activity of bacteria, 

and a second for settling of the sludge by flocculation which clarifies the water. Further 

steps involve the disinfection of the water by various processes such as chlorination, UV 

irradiation and ozone. This is the basic operation of a WWTP, which can offer 

supplemental and additional removal of nutrients such as phosphorus by adding iron or 

aluminum to induce precipitation. RSL operate in the same manner, where physical 

separation occurs before the primary lagoon, in which organic matter is allowed to settle. 

Water then can be moved into the secondary lagoon, where biological treatment takes 

place. No disinfection occurs, but rather bacteria are allowed to consume bioavailable 

carbon over long hydraulic residence times, typically on the order of months [161]. 

The WWTP removal efficiency of pharmaceuticals is determined by the ratio of 

effluent and influent concentrations. Removal efficiencies vary greatly between WWTP 

operating with activated sludge and also between other technologies available. For 

example, Camacho-Munoz et al. [162] investigated the removal efficiencies of 

conventional (activated sludge and oxidation ditches) versus cost-effective treatments 
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(trickling filter beds, anaerobic lagooning and constructed wetlands) for 16 

pharmaceuticals resulting in mean removal efficiencies of 64 and 55% respectively. More 

specifically, the pharmaceuticals naproxen, ibuprofen, salicylic acid and caffeine were 

removed up to 99%, regardless of the treatment process, and carbamazepine and 

propranolol were the most persistent. Specific differences were observed between 

conventional wastewater treatment plants and constructed wetlands for carbamazepine, 

sulfamethoxazole and naproxen with removal efficiencies of <1, <1 and 80% for WWTP 

and 28, 99 and 80% for constructed wetlands respectively.  

 Constructed wetlands (CW) are one cost-effective measure that can be employed 

by municipalities to polish secondary wastewater after the conventional physical and 

biological settling of particles [163]. Manitoba has over 350 municipalities primarily 

employing lagoon treatment which could provide the opportunity to establish CW in a 

simple and cost-effective manner. For example, Grand Marais, Manitoba is one of the 

few towns to have an operational sewage lagoon/CW in the province and is currently 

being examined for its removal efficiency of pharmaceuticals, nutrients and antibiotic 

resistant genes [164]. Constructed wetlands take advantage of the biological role played 

by macrophytes for the removal of nutrients and other contaminants by uptake into 

biomass and their microbial associations in the rhizosphere [69, 72, 165-177] compared 

to secondary treatment lagoons. In addition they offer aerobic conditions under shallow 

water depths and provide long hydraulic retention times which favors photodegradation 

and biotransformation processes. Furthermore, the efficiency of CW depends on seasonal 

distributions of solar radiation, temperatures, and redox potentials, in addition to the 

configuration and age of the wetland [178-180]  
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There are several types of CW with various complexities based on water flow, such 

as horizontal subsurface and vertical flow CW, which emphasize filtration through a 

substrate, and free water surface (FWS)-CW, relying on shallow flooded conditions with 

long hydraulic retention times that typically includes macrophyte communities [181]. 

FWS-CW systems can also be classified based on the types of macrophytes present such 

as emergent, submerged, and free-floating macrophytes [165]. FWS-CW offer feasible, 

simple construction and operation utilizing natural processes for the removal of organic 

compounds and excess nutrients. One disadvantage is the need for optimization of CW 

efficiency, which relies on factors which are not well understood, such as species 

differences in the sorption capacity of the sediments, the uptake capacity of plants, and 

the microbial diversity capable of degrading contaminants, which can change based on 

temporal factors such as season and age of wetlands [181]. 

According to recent reviews [169, 182] FWS-CW systems are effective at 

removing organics by microbial degradation, TSS by sedimentation and filtration, and 

other conventional wastewater treatment parameters such as biological oxygen demand 

and pathogenic coliforms. For nutrients, nitrogen is removed by nitrification and 

denitrification in aerobic and anaerobic zones, respectively; P can be removed by plant 

uptake under low hydraulic loading conditions with sedimentation and precipitation to 

sediments with a high sorption capacity [182]. Few studies have elucidated the removal 

of pharmaceuticals in such systems. 

Pharmaceutical removal efficiency in wastewater applications is characteristically 

determined by comparing influent and effluent concentrations. Field-scale FWS-CW 

measurements of pharmaceuticals are rare but Matamoros et al. determined the removal 
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efficiency of 12 pharmaceuticals from a one hectare FWS-CW to be greater than 90%, 

except for carbamazepine and clofibric acid, which were removed at 30 and 47 % 

efficiency, respectively [183]. Breitholz et al. [163] estimated average removal 

efficiencies ranging between 42 and 52% for 65 pharmaceuticals in Swedish CW. 

However, most research on the utility of CWs is performed using outdoor microcosms or 

mesocosms where a single species of macrophyte is utilized. For example, Reyes-

Contreras et al. have determined pharmaceutical removals from surface flow or 

subsurface flow mesocosm-CWs over multiple growing seasons with either Typha 

angustifolia or Phragmites australis [184]. Their results suggest that unplanted free water 

subsurface flow CW had maximal removal efficiencies for naproxen ranging between 58 

and 81% and free floating Typha planted surface flow CW for carbamazepine removal 

ranged between 35 and 71%. These results come from single CW instead of triplicate 

CW thus caution should be exercised for interpretations or extrapolation to other systems. 

It appears however, that multiple CW strategies are being integrated and investigated to 

maximize the removal of pharmaceuticals [166, 185, 186] including treatment wetlands 

which take into account an assemblage of macrophyte communities of a specific region 

of interest.  

 

1.7.1 Harvesting Biomass in Treatment Wetlands 

Research on harvesting macrophyte biomass to remove unwanted compounds in 

treatment wetlands has focused extensively on excess nutrients and heavy metals [187, 

188]. Persistent organic pollutants, such as polycyclic aromatic hydrocarbons and 

polychlorinated biphenyls, have been detected in plant biomass; however, sparse 
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literature exists for polar compounds, such as pharmaceuticals [189]. Apart from 

removing contaminants, we hypothesize that harvesting in CWs can be beneficial for 

stimulating new plant growth due to less competition for nutrients and sunlight and 

thereby increasing the uptake of unwanted contaminants. In addition, harvesting increases 

the amount of solar radiation to the area, which promotes direct and indirect photolysis of 

pharmaceuticals, which would otherwise be reduced by shading. Once harvested, the 

biomass must be dealt with accordingly to prevent the compounds from returning back 

into the system upon plant senescence and decomposition during the fall and winter 

periods, respectively. There are no literature showing a significant release of 

pharmaceuticals from decomposed or senescent macrophytes during these periods 

including any chronic toxic responses. 

Emergent macrophytes are commonly harvested due to large production of biomass 

per area for a growing season and their ability to uptake nutrients in excess of their 

metabolic requirements. For example, Martin and Fernandez [190], studied the dynamics 

and nutrient accumulation of Typha spp. roots, rhizomes, and shoots in wastewater 

treatment plant effluent for one growth cycle. The plants accumulated N and P in the 

growth stage (summer) and as winter approached the nutrients migrated towards the 

roots/rhizomes. They concluded that harvest should take place earlier in the summer to 

remove approximately 70% of nutrients contained in biomass compared to 40-45% 

during the drying phase in the fall when macrophytes begin to senesce and redistribute 

their nutrients into below ground biomass.  Considering biomass nutrient concentrations 

are greater in the summer the rate of uptake must also be considered. To illustrate, Toet et 

al. investigated the efficiency and feasibility of fall harvesting of Typha latifolia (and 
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Phragmites australis) for nutrient removal from tertiary treatment ditches [191]. They 

observed that the rate of nutrient uptake increases with hydraulic retention time (HRT), 

with maximum P removal occurring at loading rates of up to 30 g P m-2 yr-1, which 

corresponds to an HRT of 9 days.  Therefore, emergent plants must be given adequate 

time to uptake nutrients, given their slower growth relative to other aquatic plants and 

algae [192]. However, according to Kim and Geary, biomass harvesting increased P 

uptake, but was not significant enough to affect overall P removal. The low removal 

accounted for only 5% of total phosphorus due to slow recovery and biomass regrowth 

post-harvest [193]. These authors used different emergent macrophytes: Baumea 

articulata and Schoenoplectus mucronatus which could account for species differences in 

uptake of P when compared to Typha spp. Therefore, if the hydraulic retention time is 

sufficient to allow nutrients to be uptaken by macrophytes and for sorption into 

sediments, concentrations in the water will decrease and concentrations in plant biomass 

may increase, depending on the species-specific uptake capacity of macrophytes.  

Although harvesting of macrophytes for the purpose of removing pharmaceuticals, 

in addition to excess nutrients such as phosphorus, has not been performed, recent studies 

have focused more on the uptake potential of macrophytes to determine which could 

preferentially accumulate specific classes of pharmaceutical (see Section 1.3.4).  

 

1.8  Mesocosms as Treatment Wetlands 

1.8.1 Toxicity Studies 

Most aquatic toxicity assessments have been based on laboratory acute or chronic 

toxicity studies where the concentrations used are higher than those typically observed in 



 

 45 

the environment [108, 194]. In addition, these tests are simplistic in nature where the 

effects on the organism are dependent on the concentration of one or several toxicants in 

buffered water, disregarding the effects of other interactions that may occur in the 

environment. One way to address these shortcomings is to employ simulated field studies 

through mesocosms [195]. These are small scale, typically outdoor, enclosures normally 

greater than 1000 litres that simulate a natural aquatic ecosystem where interactions occur 

at various trophic levels under environmentally relevant conditions. Thus, toxicity studies 

in mesocosms incorporate ecological interactions such as competition for resources 

between different populations and species of macrophytes which may under or 

overestimate toxicity compared to toxicity observed in the laboratory [196]. Moreover, 

contaminated waters from effluent release may contain a mixture of nutrients, 

pharmaceuticals, metals, and other organic and inorganic contaminants that may be 

responsible for additive toxic effects. For example, Breitholtz et al. [163] detected 65 

pharmaceuticals and 22 inorganic contaminants in free water CW and evaluated their 

combined ecotoxicity on algae and invertebrates in the lab, concluding that wastewater 

had low toxic potential to these organisms. In addition, Richards et al. [197] performed 

similar experiments in outdoor aquatic microcosms assessing the mixture effects of 

ibuprofen, fluoxetine, and ciprofloxacin on various plankton, macrophytes, and fish . 

They concluded that specific mechanisms for toxicity are unknown because different 

effects were observed temporally across species indicating that numerous mechanisms of 

action are concerned. Thus, mesocosms incorporate the overall toxicity of a mixture of 

pharmaceuticals to organisms where individual pharmaceutical toxicities may or may not 

show additive or synergistic effects. Prior to studying the potential effects of 
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pharmaceuticals in a given ecosystem, the quantification and fate assessment of those 

pharmaceuticals from local WWTP and RSL should be conducted. Once known the 

pharmaceuticals may be added in various low, medium and high treatment wetland 

mesocosms to observe for toxicities that would affect the local ecosystem. 

 

1.8.2 Fate Studies 

In addition to toxicity studies, mesocosms also provide realistic scenarios to 

evaluate the fate of multiple pharmaceuticals by measuring their dissipation over time 

including their degradation and bioavailability in aquatic systems. Moreover, if a 

pharmaceutical is capable of partitioning to multiple compartments (i.e., soil, biota) a 

mass balance approach can often elucidate pharmaceutical transport provided the 

analytical methods have been developed for each compartment. Furthermore, in the case 

of pharmaceuticals, metabolites may also be present within these compartments, which 

adds to the evidence for biotransformation pathways. For example, Henderson et al. [198] 

investigated the fate of the antibiotic sulfamethazine by attempting to determine its 

transport from manures to surface waters using pond water mesocosms. The authors 

determined that sediments were potential sinks for this pharmaceutical and could have 

implications towards benthic organisms. A similar experiment by Sanderson et al. [199] 

showed a similar outcome for the pharmaceutical invermectin partitioning to sediments 

where dissipation occurred from the water column with half-lives ranging 3 to 5 days and 

concentrations stabilizing at approximately 20-30 ng/kg in the sediment.  

The fate of a chemical can wary widely depending on the system analyzed. For 

example fluoxetine in distilled water will undergo photolysis when irradiated with 
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simulated sunlight with a half-life of 55 hours. In synthetic field water (various additions 

of nitrate, carbonate and DOM), fluoxetine degrades faster with a half-life ranging 

between 5 and 22 hours [48]. In water-sediment systems the half-life of fluoxetine (6 

days) was 22 times shorter than in water alone (133 days) [49]. Thus as system increases 

in complexity and more factors come into play, these half-lives will change hence the 

importance of mesocosm studies. For example, a study by Knapp et al. investigated the 

fate of alachlor in oligotrophic to hypereutrophic mesocosms over time [60].  The fate of 

alachlor decreased with increasing productivity, which was attributed to the activity of 

bacteria biodegrading the pesticide. These experiments in wetland mesocosms represent 

more reliable simulations of what actually occurs in the environment and can potentially 

be further compared to field-scale CW experiments [178, 179, 200]. The discrepancies 

between laboratory and mesocosm experiments have important implications for risk 

assessment and regulation of contaminants in the environment. 

 

1.9 Hypothesis and Objectives 

Pharmaceuticals are biologically active compounds with potentially active 

metabolites that are inconsistently and inefficiently removed by WWTP. Further 

treatment is required to remove such compounds in addition to nutrients which already 

exceed provincial guidelines. Constructed wetlands are suggested to improve effluent 

quality by the presence of aquatic macrophytes. These have been shown to remove 

pharmaceuticals and nutrients by uptake into biomass, sorption on biomass or biofilms 

found on the plants themselves or indirectly by oxygenating and supplying organic 

compounds in the rhizosphere for biodegradation to occur. Long hydraulic retention 
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times and shallow waters are other operators that affect the fate of pharmaceutical in 

treatment wetland. This favors settling of particulate bound contaminants by sorption and 

phototransformation by promoting a clear water state and possibly biodegradation under 

eutrophic conditions. The uptake of pharmaceuticals and nutrients into macrophyte 

biomass from treatment wetlands may be harvested to prevent re-release back into 

surface waters.  

Our main objectives were to determine the utility of mesocosms in removing 

pharmaceuticals by measuring their dissipation from the water column in the presence or 

absence of aquatic macrophytes. Additionally, we wanted to stimulate primary 

productivity by the addition of phosphorus to enhance the removal of pharmaceuticals 

after a pre-treatment harvest of an existing Typha spp. stand. Our specific objectives were 

to analyze water samples for the dissipation of pharmaceuticals and nutrients in addition 

to quantifying pharmaceuticals in the biomass of various aquatic macrophytes: M. 

sibiricum, Typha spp, Lemna spp. and filamentous algae by HPLC-MS/MS. Furthemore, 

as aquatic plants in treatment wetlands receive continual effluent loads, the toxicity of 

wastewater and pharmaceuticals was assessed for the macrophytes M. sibiricum and 

Typha spp.  

We hypothesized that first, macrophytes will enhance the removal of 

pharmaceuticals, nutrients, and antibiotic resistance genes in planted versus unplanted 

wetland mesocosms; and second, increased primary productivity through the addition of 

phosphorus will increase pharmaceutical and nutrient removal in addition to a pre-harvest 

of existing Typha spp. stands.  
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2 FATE AND EFFECTS OF PHARMACEUTICALS AND ARTIFICIAL 

WASTEWATER AMENDMENTS IN WETLAND MESOCOSMS  

!

ABSTRACT 

Model surface flow constructed wetland mesocosms were used to assess the role 

of wetland plants on the dissipation of wastewater nutrients and selected pharmaceuticals 

over 28 days. Outdoor mesocosms were established with and without populations of 

Typha spp. (cattails), Myriophyllum sibiricum (northern water milfoil) and Utricularia 

vulgaris (bladderwort). Treatments were a single pulse of artificial nutrient-rich 

wastewater spiked with and without the pharmaceuticals carbamazepine, clofibric acid, 

fluoxetine and naproxen each at 7.6 µg/L and sulfamethoxazole and sulfapyridine each at 

150 µg/L. Rates of pharmaceutical dissipation ranged from 0.073 to 3.0 d-1; 

corresponding to half-lives of 0.23 to 9.4 days. Pharmaceuticals were most likely 

removed through sorption and photodegradation. Carbamazepine, clofibric acid, and 

sulfamethoxazole remained detectable in the water column throughout the experiment. 

No significantly enhanced removal of nutrients or pharmaceuticals in mesocosms with 

extensive aquatic plant communities was observed.  This is likely due to two factors: 

first, the use of naïve systems with an unchallenged capacity for nutrient assimilation and 

contaminant removal; and second, nutrient sequestration by the considerable filamentous 

algae present in all mesocosms.  
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2.1 Introduction 

In the province of Manitoba, Canada, many rural communities discharge their 

municipal wastewater from lagoons once or twice per year into receiving waters which 

ultimately flow into Lake Winnipeg, one of Canada’s most stressed aquatic ecosystems 

[1]. Unfortunately, these rural sewage lagoons often release effluent that is above federal 

and provincial water quality guidelines intended to mitigate eutrophication [2, 3]. The 

province of Manitoba has basic standards for discharging effluent (25 mg/L TSS, 25 

mg/L BOD, 200 fecal coliforms/100 mL) from secondary treatment systems such as 

lagoons [3]. As of November 2011, Manitoba established a nutrient management 

strategy, setting nitrogen (N) and phosphorus (P) discharge limits at 15 mg/L and 1 mg/L, 

respectively, for new and expanding facilities discharging more than 33,000 kg of total 

nitrogen (TN) and 820 kg of total phosphorus (TP) per year. The issue of nutrient 

management on this landscape is compounded further by human alterations. Historically, 

most of southern Manitoba had a wetland-dominated landscape, 40 to 70% of which have 

been drained since European settlement for commercial, residential and agricultural 

advancement [1]. Loss of wetlands has prevented P and N assimilation into biomass by 

primary producers in aquatic systems, potentially increasing nutrient loading into surface 

waters, especially Lake Winnipeg. Therefore, many current treatment lagoons likely need 

to be improved significantly to meet the new regulations.  

In addition to nutrients, many micro-pollutants, such as pharmaceuticals and 

personal care products, are present during discharge of sewage effluent [4]. These include 

antibiotics, which are capable of promoting the development of antibiotic resistance, and 

other compounds that can impair water quality and the health of organisms downstream 
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of the effluent [5]. The occurrence of pharmaceuticals has been well documented in 

wastewaters and surface waters globally for the past 15 years [6]. It is generally accepted 

that pharmaceutical removal after standard wastewater treatment is inefficient and 

inconsistent [4, 7-11]. Although most pharmaceuticals dissipate rapidly once they enter 

the environment, their pattern of continuous use and therefore discharge allows for 

“pseudo-persistence” in receiving waters, which could lead to adverse effects on aquatic 

organisms [12]. Effluent-dominated streams, such as those in Manitoba, seldom contain 

acutely toxic concentrations of pharmaceuticals, but chronic levels may impair ecosystem 

function and individual viability over longer periods of time [13, 14]. 

Few studies have been conducted to characterize pharmaceutical and nutrient 

loadings from rural communities in the Lake Winnipeg watershed, despite ongoing media 

attention and environmental concerns [4, 13].  Recent work by Carlson et al. (2013) 

reported elevated concentrations of pharmaceuticals, pesticides, and nutrients detected in 

the Dead Horse Creek, a tributary of the Red River which drains into Lake Winnipeg 

[14]. For example, they found that P was discharged from rural municipal lagoons 

ranging between 1.1 to 5.1,and 1.5 to 2.1 mg/L during the summers of 2009 and 2010, 

respectively.  Such results exemplify the need for tertiary treatment of lagoon wastes in 

particular highlights the need for better treatment strategies for rural communities in 

Manitoba. 

One possible solution to improve effluent quality would be through the addition 

of a treatment wetland prior to discharge into the surface waters. Constructed wetlands 

are often proposed as a cost-effective means to reduce the loading of nutrients and 

micropollutants [15]. They rely on shallow water levels, long residence times, and the 



! ! 82!

presence of macrophytes, invertebrates, and microorganisms to uptake, metabolize, or 

sequester pharmaceuticals and nutrients [11]. Macrophytes can play a significant role in 

pharmaceutical and nutrient removal as already evidenced by phytoremediation studies 

involving heavy metals, pesticides and apolar hydrocarbons. Recent laboratory-scale 

experiments have been conducted for the removal of pharmaceuticals from the water 

column in planted and unplanted microcosms [16, 17] under hydroponic systems. The 

conclusions suggest that planted microcosms remove pharmaceuticals more efficiently 

compared to unplanted microcosms in part by partitioning into or onto the aquatic plants 

themselves. These systems however do not take into account the role of pharmaceutical 

sorption by sediments or particulate matter which may have an effect on maintaining 

water quality parameters. Pharmaceutical partitioning into aquatic biota is one fate 

process that has been insufficiently researched to date [18] whereas sorption, photolysis, 

hydrolysis, volatilization and microbial degradation have been heavily investigated. 

Research has been conducted for uptake of neutral compounds to the hydrophobic 

portions of plant matter, where bioaccumulation of the compounds of interest has been 

correlated with log Kow [19, 20]. However, ionized pharmaceuticals, governed by the pH 

of the system and the pKa of the compound, may enter aquatic macrophytes by diffusion, 

particularly for submerged macrophytes because they are immersed in the contaminated 

medium and are more amenable to internal transport [21]. This potential bioaccumulation 

of pharmaceuticals in macrophyte biomass poses a potential threat to organisms feeding 

on the plants. Few studies have been conducted to understand the uptake of charged 

molecules, such as pharmaceuticals, by aquatic plants and current models are based on 

apolar chemical and pesticide uptake in terrestrial plants [19, 22]. As well, while work 
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has been conducted to examine the toxic effects of individual and selected 

pharmaceutical mixtures in mesocosms that mimic shallow ponds [23-25], little work has 

examined the impacts of pharmaceuticals in wetlands that experience an effluent release 

scenario.  

There is a clear need to understand the integrated processes behind 

pharmaceutical removal in constructed wetlands intended for wastewater treatment as this 

has design and management implications for these systems [26]. Previous experiments 

have primarily focused on measuring the fate of pharmaceuticals and macrophyte 

presence under laboratory conditions [16, 17, 27]. As such, outdoor mesocosms, 

simulating a functional, surface-flow wetland ecosystem under environmentally relevant 

conditions [28] would provide realistic dissipation rates of pharmaceuticals and nutrients 

and their toxic effects while conserving the interactions between multi-trophic organisms.  

Therefore, the three main objectives of this wetland mesocosm study were: (1) to 

measure the dissipation of pharmaceuticals and nutrients from the water column, (2) to 

assess the toxicity of wastewater to the macrophytes Myriophyllum sibiricum and Typha 

spp., and (3) to quantify pharmaceuticals in macrophyte tissues. We hypothesized that 

mesocosms with extensive macrophyte communities will exhibit greater and more rapid 

removal of nutrients and pharmaceuticals over those without macrophytes, due to the 

uptake of pharmaceuticals and assimilation of nutrients by the plant communities. 
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2.2 Materials And Methods 

2.2.1 Basic Study Design and Mesocosm Setup 

Shallow wetland mesocosms were established in 2011 with and without 

macrophyte communities to examine the role of macrophytes in the dissipation of 

selected pharmaceuticals and nutrients from the water column. Planted macrophyte 

communities consisted of an assemblage of Myriophyllum sibiricum, Utricularia vulgaris 

and Typha spp. Non-planted mesocosms had filamentous algae and Potamogeton spp.  

and Lemna spp. present in considerable amounts due to inadvertent and unavoidable 

addition with the addition of other macrophytes. After an acclimation period, wetlands 

were treated with a drug mixture in synthetic wastewater and monitored for 28 days. The 

effects on Myriophyllum sibiricum and Typha spp. were assessed and the pharmaceutical 

concentrations in water, sediment and biomass were measured. 

Mesocosms were installed at the Prairie Wetland Research Facility (PWRF) at the 

University of Manitoba.  Circular, flat-bottomed, low-density polyethylene tanks (2.7 m 

diameter × 0.72 m height; total volume of 3.49 m3) were purchased from ACE 

Rotomolds (Hospers, Iowa), and installed in an array on leveled sand. The array was 

composed of paired mesocosms in three rows of six tanks, with pairs placed 0.6 m apart 

and 2 m between pairs. Each tank was set up as an individual wetland mesocosm. 

Eighteen mesocosms were randomly assigned one of six treatments:  biological and 

chemical controls, wastewater (WW), or wastewater plus drugs (WW+D) treatments 

(n=6), each then having an assemblage of macrophytes or not (n=3).  There was no 

blocking of the various treatments or mesocosms. 
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Tanks were filled with City of Winnipeg tap water on June 10th, 2011 and 

allowed to dechlorinate passively; a swimming pool test kit was used to test residual 

chlorine. The tap water contained phosphorus, which is added to prevent solubilization of 

lead from old distribution pipes.  The concentration of total phosphorus (TP) in the water 

was, on average, 0.71 ± 0.05 mg/L (n=2) based on our analyses before the experiment 

began. After dechlorination, 23 cm of topsoil (Anseeuw Brothers Ltd., Winnipeg, 

Manitoba) per tank was added on June 15th. Water additions were performed to the 

mesocosms to maintain an approximate water depth of 25 cm throughout the study. The 

mesocosms were left to allow the sediment to settle and equilibrate for three days, after 

which any floating debris was removed. Water levels were maintained using tap water 

that had dechlorinated passively in two spare outdoor mesocosms for at least 4 days.   

 To seed the mesocosms biologically, four separate collections of biota (June 17, 

21, 29 and July 7, 2011) were performed at Oak Hammock Marsh (OHM) (Stonewall, 

Manitoba, 50°11′15″N, 97°7′30″W). This site consists of natural wetlands that contain 

organisms typical of the region in which treatment wetlands would be constructed.  At 

each sampling date, at least 1 L of marsh water, 0.5 L of sediments, and aliquots of 

zooplankton and benthic organisms were retrieved. The zooplankton was collected by 

drag netting (net aperture diameter: 25 cm x length: 45 cm long) and benthic organisms 

were collected by kick netting over a 1 m2 area. The mesocosms were also open to aerial 

colonization by benthic organisms throughout the initial stabilization period and the 

actual study. 

 Three types of native macrophytes (Typha spp., Myriophyllum sibiricum and 

Utricularia vulgaris) were intentionally added the same day they were collected from 
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OHM to mesocosms assigned for macrophyte planting. These specific plants were 

selected based on local availability and represent emergent, rooted submerged, and free-

floating submerged species, respectively. Macrophytes were planted in the mesocosms as 

per Figure 2.1. Macrophyte densities for each mesocosm were approximately 15, 21, and 

11 plants m-2 for Typha spp., M. sibiricum and U. vulgaris, respectively. U. vulgaris were 

left to float freely, but appeared to remain fixed within the Typha spp. zones.  

 

!
Figure 2.1. Mesocosm grid diagram of planting zones.  Zones 1, 3, 7, 9 (0.35 m2 each, 

total area 1.40 m2 contained Typha spp.; zones 2, 4, 6, and 8 (0.73 m2 each, total 2.92 m2) 

contained Myriophyllum sibiricum; and zone 5 (area 0.84 m2) was left empty for 

experimental manipulation of potted plants.  

!
Turbidity (TSS), temperature, pH, conductivity (EC), oxidation-reduction potential 

(ORP) and dissolved oxygen (DO) were assessed daily, and photosynthetically active 

radiation (PAR) was measured weekly for 6 weeks (see section 2.2.3.2) until consistent 

values were observed within each assigned treatment group, indicating that the systems 

were stable and ready for experimentation [29]. 
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2.2.2 Mesocosm Treatment 

2.2.2.1 Pharmaceuticals 

 Carbamazepine, clofibric acid, naproxen, sulfamethoxazole, and sulfapyridine (all  

>97% chemically pure) were purchased from MP Biomedicals (Montreal, QC), and 

fluoxetine (98% pure) from Spectrum Chemical (Gardena, CA). Deuterated analogues--

carbamazepine-d10 (isotopic purity: 98%), clofibric acid-d4 (98%), naproxen-d3 (99.9%), 

sulfamethoxazole-d4 (99.5%) and sulfapyridine-d4 (99.5%)--were purchased from CDN 

Isotopes (Pointe-Claire QC), with the exception of fluoxetine-d6 oxalate (98%), which 

was purchased from Cambridge Isotopes (Andover, MA). Pharmaceutical standards, 

internal standards, and mobile phases were prepared with 18 MΩ-cm (Milli-Q) water 

(Millipore, Billerica, MA) and HPLC-grade methanol (Fisher Scientific, Ottawa, ON) 

and pH-adjusted with 90% reagent-grade formic acid (Fisher Scientific, Ottawa, ON).   

 Stock pharmaceutical solutions of carbamazepine, clofibric acid, naproxen, and 

fluoxetine were prepared in 10 mL of HPLC-grade acetone (Fisher Scientific, Ottawa, 

ON) and sulfamethoxazole and sulfapyridine were prepared in 4 L of Milli-Q (>18 MΩ-

cm; Millipore, Billerica, MA) in amber glassware. The latter required mixing on a stir-

plate at room temperature for at least 48 hours, thus both solutions were prepared three 

days in advance.  Intended spike concentrations of 5 and 100 µg/L for the four-drug 

mixture and sulfa drugs, respectively, were added to mesocosms based on a total 

estimated water volume of 1500 L. These concentrations were chosen based on 

concentrations measured in local rural sewage lagoons [13, 14], adequate quantification 

over the duration of the study [30], and to observe potential overt effects to organisms in 
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the system [31]. Acetone blanks were added to mesocosms without pharmaceutical 

additions. 

 

2.2.2.2 Artificial Wastewater 

 Synthetic wastewater was prepared in two concentrated batches, one for the 

synthetic wastewater media (100 times concentrated) and the other for trace elements 

(1000 times concentrated) using ACS grade materials [32]. The concentrated (100-fold×), 

autoclaved synthetic wastewater contained (per L): 32.0 g peptone, 19.0 g Lab Lemco 

powder meat extract, 3.0 g yeast extract, 3.0 g urea, 6.7 g (NH4)2SO4, 2.9 g K2HPO4, 2.3 

g KH2PO4, 0.27 g CaCl2·2H2O, and 0.2 g MgSO4 ·2H2O. The trace elements mixture 

contained (1000-fold×; per L): 0.45 g FeCl3, 0.075 g H3BO3, 0.015 g CuSO4·6H2O, 0.09 

g KI, 0.0382 g MnCl2, 0.0231 g Na2MoO4·2H2O, 0.06 g ZnSO4·7H2O, 0.075 g 

CoCl2·6H2O, 0.5 g EDTA and 1 mL of concentrated hydrochloric acid.  Chemical 

oxygen demand (COD) was 647 ± 2 mg/L (Hach kit TNT 822; Loveland, CO) and total 

nitrogen (TN) was 47 ± 25 mg/L (Hach kit TNT 827).  Total reactive phosphorus (TRP) 

was 23.0 ± 0.6 mg/L and was assessed using the in-house methods described below. 

Mesocosms with WW treatments received 2 L of synthetic-waste mix, 200 mL of trace 

element mix, for nominal initial nutrient concentrations of 1.1 and 1.6 mg/L for N and P 

respectively. 

  

2.2.2.3 Addition of Pharmaceuticals and Artificial Wastewater 

 Treatment occurred on July 26, 2011 and monitoring continued until August 23, 

2011 (28 days). Application of acetone blanks, wastewater, and pharmaceuticals were 
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achieved using a “T”-shaped apparatus fabricated with 6 cm outer diameter PVC pipe 

fitted with a large funnel. The dispersion section of the PVC pipe was perforated to allow 

for a gentle stream of the appropriate solution to be applied homogeneously to the 

mesocosms, minimizing disturbance of the system. Solutions were mixed in a 20 L 

plastic bucket and introduced using the device and both were rinsed at least three times 

with water from the reservoir mesocosms. Controls had a 10 mL acetone blank, while 

WW treatments had 2 L of media mix, 200 mL of trace element mix and the 10 mL 

acetone blank, for nominal initial nutrient concentrations of 1.1 and 1.6 mg/L for N and P 

respectively. The WW + Drugs treatments contained the same addition as WW above, in 

addition to the four-drug pharmaceutical mix of carbamazepine, clofibric acid, fluoxetine 

and naproxen in acetone and 4 L of sulfamethoxazole and sulfapyridine in Milli-Q water. 

This application simulated a single point source discharge from a rural sewage lagoon 

into a constructed wetland, based on discharge rates at the town of Morden, Manitoba. 

Morden is a community interested in the use of constructed wetlands for polishing its 

sewage lagoon effluent because currently, effluents fail to meet provincial and federal 

water quality guidelines [14].   

Additionally, secondary sewage lagoon water was collected from Morden, MB cell 

number 5 (9°11′31″N, 98°06′02″W) within 20 cm of the water surface to introduce 

microorganisms typically associated with lagoon discharges [14]. This water also 

included individuals of Lemna spp., which inadvertently colonized treated mesocosms. 

One litre of lagoon water was introduced separately from the other amendments to each 

mesocosm assigned for WW (n=12).  
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2.2.3 Water and Sediment Sample Collection and Processing 

2.2.3.1 Water  

 Integrated water samples starting July 4th, 2011 were taken on days -22, -12, -6, 

pre- and 0, 2, 7, 14 and 28 post-treatment. Additional samples were taken at 8 h and 30 h 

for pharmaceutical dissipation analysis after initial introduction. Water samples were 

acquired from each mesocosm using an integrative water sampler (4.5 L total capacity) 

made of PVC pipe (diameter: 6 cm × length: 1.6 m) retrofitted with flexible PVC tubing 

(outer diameter: 4 cm × length: 30 cm) using PVC threaded adapters and metal clamps 

based on a previous models [33] . Samples were pooled from a number of composites. 

The total sampling volume from each composite was approximately 1.25 L due to the 

shallow water column depth (~25 cm).  

 

2.2.3.2 Water Quality and Physical-chemical Parameters 

 General water quality parameters such as ORP, DO (mg/L), conductivity, 

chlorophyll-a, and pH were measured in situ by a YSI (Yellow Springs, IA) 6600 V2 

sonde between 08:00 and 09:00 every weekday prior to all other sampling. Similarly, 

PAR was measured mid-day at the water and sediment surfaces using an Apogee MQ-

200 quantum sensor fitted with an AL-100 sensor leveling plate (Hoskin Scientific, 

Burlington, ON). Temperature fluctuations were monitored every 30 min for the duration 

of the study using tidbits or HOBO data loggers (Hoskin Scientific) placed in each 

mesocosm 10 cm above the sediment surface and approximately 40 cm away from the 

south edge of each mesocosm. Dissolved organic carbon (DOC) concentrations were 

measured by ALS Laboratories (Winnipeg, MB) [34]. Sediment levels were measured at 
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the start of the study, and water levels were monitored before and after each sampling 

event by taking depth measurements at five random points per mesocosm using a meter 

stick. Filamentous algae was also qualitatively assessed every week on a scale of 1 to 3, 

representing low and high prevalence of filamentous algae masses, respectively. 

Uncertainty in the measure scored on a scale of 1 to 10, and scoring was conducted by 

three separate individuals [35]. Water quality and nutrient analyses followed Standard 

Methods for the Examination of Water and Wastewater [36] for total suspended solids 

(TSS; 25040-D), ammonium (ammonium-selective electrode; 4500-NH3-D), nitrate 

(copper-cadmium reduction; 4500-NO3
—E) , nitrite (sulfanilamide colourimetry 

reactions; 4500-NO2
—B), total reactive phosphorus (TRP), dissolved reactive phosphorus 

(DRP), and acid-hydrolyzable phosphorus (AHP; all P-related methods were based on the 

stannous chloride method in 4500-P-D). Water alkalinity and hardness were measured on 

day -4, 2, 7, 14 and 28 using LaMotte test kits (LaMotte Company, Chestertown, MA). 

 

2.2.3.3 Sediment  

 Composite sediment samples of approximately 100 mL were taken on day 28 

using 50 mL glass beakers. Each beaker was filled with mesocosm water and then used to 

remove the top 1-2 cm of sediment at three or more random locations throughout that 

mesocosm. Samples for bulk sediment (no plants) or near Typha spp. roots (approx. to 

within 5 cm of plant) were taken to examine dissipation of pharmaceuticals according to 

the analytical method described below. Composite soil samples were also taken at the 

beginning of the acclimation period for characterization of the soil that was used to create 

the sediment. Soils and sediments were analyzed to separate particle diameters [37] into 
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sand (0.05-2 mm), silt (0.002-0.05 mm), clay (<0.002 mm) and organic carbon fractions, 

as well as plant-available nutrients nitrate and phosphate [38]. Organic carbon was 

determined by the Walkley and Black method, in which soil carbon was oxidized to CO2 

from the reaction of excess potassium dichromate and sulfuric acid [38]. The remaining 

dichromate was back-titrated with a ferrous solution to determine the organic carbon 

content. Organic matter was estimated using the van Bemmelen factor of 1.724, which 

estimates the organic carbon fraction of organic matter at 58%. Thus, the mass of organic 

matter is 1.724 times that of organic carbon. A 1:2 soil:deionized water solution was 

shaken for 30 min and allowed to equilibrate for an additional 30 min, after which the pH 

of soil was measured using a standard electrode [39]. The resulting solution was filtered 

and the filtrate measured for electrical conductivity. Available phosphate was determined 

by the Olsen method [40] where phosphorus was extracted with sodium bicarbonate, then 

filtered and analyzed colourimetrically by the ascorbic acid method at 880 nm [41]. 

Available nitrate was extracted from soils using a dilute calcium chloride solution, was 

shaken for 30 min, then filtered [42]. Concentrations of nitrate were determined by the 

cadmium reduction method with colorimetric determination at 520 nm [36, 41]. ALS 

Environmental (Saskatoon, SK) performed all of the analyses described above. 

The soil used for sediments in this study was clay-dominated, containing 13.7 ± 

3.8, 35.4 ± 0.8, and 50.9 ± 4.7% sand, silt, and clay respectively. The organic carbon and 

organic matter content were 2.6 ± 0.1 and 4.5 ± 0.2%, respectively.  Other parameters 

such as conductivity, pH, and available P and N were 483 ± 13 µS/cm, 7.73 ± 0.01, 21.3 

± 1.9 and 33.4 ± 0.2 mg/kg, respectively. These soils are characteristic of those found in 

the Red River valley in proximity to the Red River and its tributaries [43].  
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2.2.4 Macrophyte Toxicity Assessment 

 To assess the effects of wastewater and pharmaceuticals on macrophyte growth, 

additional M. sibiricum and Typha spp. plants were collected from OHM on day -2 (July 

24 2011).  The approaches used to assess toxicity in M. sibiricum follow those described 

previously [44], while no one to our knowledge has attempted to transplant Typha spp. 

rhizomes for individual assessment prior to this study. Current methods involve seedling 

germination assays which may have limited use as Typha spp. reproduce by vegetative 

cloning through their extensive rhizome network, or Typha spp. plants can be grown from 

seed which is very time consuming [45, 46]. Typha spp. had their shoots trimmed to 

approximately 20 cm and the rhizome to 10 cm from the base of the shoot spur. Roots 

protruding from the rhizome were trimmed back to <1 cm. Each trimmed plant was 

potted in 2.8 L round (15 cm i.d. × 16 cm) with mesocosm sediment at a depth of 10 cm. 

Apical shoots of M. sibiricum were trimmed to 5 cm and planted 2 cm deep in 0.36 L 

square (6.5 × 6.5 × 8.5 cm) pots containing mesocosm sediment. Both species were 

introduced on day -1 of the experiment (July 25, 2011) during which pots were randomly 

placed in a 36-slot tray (54 × 28 × 5 cm) lying in the middle of the mesocosm (zone 5; 

Figure 1), and Typha spp. pots were immersed into the sediment down to approximately 

20 cm, positioned randomly in pairs surrounding the tray of M. sibiricum. In total, twenty 

M. sibiricum apical shoots and fifteen trimmed Typha spp. were selected for pre-exposure 

biomass measurements. 

 At each time point (i.e., day 7, 14, 21 and 28), two plants each of M. sibiricum 

and Typha spp. were sampled randomly after water sampling.  The roots and shoots were 

separated, rinsed with distilled water if necessary, and gently spun in a salad spinner. The 
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samples were immediately assessed for wet weight (ww), then dried for a minimum of 48 

h and 7 d at 65˚C for M. sibiricum and Typha spp., respectively, and dry weight taken. 

Total biomass was measured by the addition of root and shoot masses. Root/shoot (R/S) 

ratios and relative growth rates (RGR) between two time points were calculated for 

comparison with other literature [27, 47] and previously described [48]. Finally, whole 

plants of L. minor, shoots of M. sibiricum, and trimmed Typha spp. leaves were collected 

from the naturally-occurring populations and assessed for pharmaceutical content as 

described in Section 2.2.6.3.2. 

 

2.2.5 Antibiotic Resistance Gene Monitoring 

 Water and sediment samples were collected in triplicate per mesocosm on days 0, 

1, 2, 4, 7, 14, and 28 in order to quantify antibiotic resistance genes following approaches 

described previously [49]. In summary, 100 to 500 mL of water was passed through a 

sterile 0.2 µm Nalgene filter funnel apparatus (Fisher Scientific, Ottawa, ON). The filter 

paper was then rolled and placed aseptically into a 2 mL microcentrifuge tube for further 

analysis. Sediment was collected in sterile 50 mL centrifuge tubes (VWR, Mississauga, 

ON) from which two 0.5 g subsamples were placed in 2 mL microcentrifuge tubes 

(Fisher Scientific). The samples were then washed with cold (4˚C) phosphate-buffered 

saline (PBS) solution by vortexing for 10 s then centrifuging at 15,000g for 3 min. The 

process was repeated and the supernatants were stored in a separate microcentrifuge tube 

until analysis. All steps were performed aseptically using 80:20 isopropyl alcohol:water 

or flame sterilization. All samples were processed for storage within 24 h and stored at -
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20˚C until analysis.  Further analysis and discussion of antibiotic resistance are not part 

of this thesis. 

 

2.2.6 Analysis of Pharmaceuticals 

2.2.6.1 Sample Preparation  

A 100 mL water sample aliquot was filtered through a 0.45 µm Metricel cellulose 

membrane filter (Pall Life Sciences, Mississauga, ON) then loaded onto 3 cc/60 mg 

OASISTM HLB cartridges (Waters Corporation, Milford, MA) with the addition of 100 ng 

and 1,000 ng of internal standards for the 4 drug mix and sulfa drugs, respectively. The 

SPE cartridges were preconditioned with 2 mL of HPLC-grade methanol and Milli-Q 

water. Extraction was performed by eluting the cartridges with 3 mL of methanol, 

followed by evaporation to dryness under nitrogen at 40˚C, filtration through a 0.22 µm 

Teflon Luer-lock syringe filter (Restek Corporation, Bellefonte, PA), and reconstitution 

with 1 mL methanol. This solution was further diluted with 90:10 Milli-Q 

water:methanol to match initial mobile phase conditions, with subsequent analysis by 

ultra high performance liquid chromatography-tandem mass spectrometry (UHPLC-

MS/MS). 

In addition, a polar organic compound integrative sampler (POCIS) with three 

disks per sampler was placed in each mesocosm containing pharmaceuticals and in one 

control mesocosm on July 25, 2011 (day -1), to determine the sampling rate and time-

weighted average concentrations of pharmaceuticals over 28 days and contracted with 

SPE concentrations. This work was performed in order to determine how well time-

weighted average concentrations, recorded by POCIS, maybe correlated to a steadily 
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decreasing known concentration over time as measured in this study.  Deployment, 

sampling, and analysis of POCIS are described in detail elsewhere [14] but will not be 

discussed in this thesis (Data in Appendix G). 

 

2.2.6.2 Pharmaceutical Analysis 

 The UHPLC/MS/MS instrument used for pharmaceutical analysis was an Agilent 

6410B with an electrospray ionization source (Agilent Technologies, Mississauga, ON), 

1200 Series Agilent UHPLC binary pump, and an Agilent Zorbax C18 column (50 mm × 

2.1 mm × 1.8 µm particle size) with a Phenomenex SecurityGuard C18 Guard Cartridge (4 

× 3.0 mm ID).  Instrument source parameters were as follows: gas temperature 300˚C, 

nebulizer gas flow 50 psi at 10.5 L min-1, capillary voltage ±4000 V (depending upon 

source mode), and capillary exit voltage 7 V.  Other source parameters are given in Table 

2.1. Calibrations were performed over a concentration range of 10-750 µg/L with 

analytes quantified by isotope dilution. Extraction efficiencies from SPE extracts ranged 

from 30-100% but were 90-110% when corrected with internal standards, based on spike-

and-recovery experiments. Relative standard deviations (RSDs) were generally below 

10% and 20 % for triplicate analysis of water and plant samples respectively. Example 

chromatograms are available for each matrix in Appendix I. 
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2.2.6.3 Quantification of Pharmaceuticals in Plant Tissues and Sediments 

2.2.6.3.1 Method Validation 

 Determination of limits of detection (LOD) and limits of quantification (LOQ) of 

water samples was performed as described in Carlson et al. [14] for plants and sediment 

by using seven extractions from internal standard spiked matrix blanks samples. The 

LOD was defined as the average plus three times the standard deviation of the 

concentration measured in the blank signal, and the LOQ was defined as 3.3 times the 

LOD. The sediment and plant matrix was fortified with 100 µg/L for spike and recovery 

analysis (Table 2.2). 

 

2.2.6.3.2 Determination of Pharmaceuticals in Macrophyte Biomass 

  M. sibiricum was sampled by manually removing shoots from the base of the 

sediment-water interface. Typha spp. were cut 5 to 10 cm above the water surface and L. 

minor was sampled manually in three random locations at the end of the study (day 28). 

The macrophyte samples were processed as above (section 2.3.4.3), freeze-dried in 

Genesis 25 LE and 25LL lyophilizers (Virtis Co, Gardiner, NY), then homogenized using 

a generic commercial blender. Sub-samples (0.5 g each) were weighed, fortified with the 

appropriate internal standards, extracted with methanol, and homogenized with a 

PowerGen 125 generator (Fisher Scientific). The solutions were then centrifuged at 

>2300 g for 15 min, after which they were filtered using 0.22 µm polytetrafluoroethylene 

syringe filters into approximately 500 mL of Milli-Q water in an amber glass jar. The 

resulting solution was then passed through 3-cc/60 mg OASISTM HLB cartridges for 

sample clean-up and extracted following the method described above. Extraction  



!

!

98!

Table 2.1. Optimized mass spectrometric parameters for measurement of selected pharmaceuticals by electrospray ionization in 

positive mode. Clofibric acid and naproxen were analyzed in negative mode. 

Compound 
Precursor Ion 

(m/z) 

Quantifier Product 

Ion (m/z) 

Qualifier Product 

Ion (m/z) 

Fragmentation 

Voltage (V) 

Collision Energy 

(V) 

Carbamazepine 237.1 194.2 179.1 145 36/18 

Carbamazepine-d10 247.1 204.2 NA 145 36 

Clofibric Acid 213.1 127 NA -82 8 

Clofibric Acid-d4 217.1 131 NA -82 8 

Fluoxetine 310.3 148.1 NA 92 5 

Fluoxetine-d6 316.2 154.2 NA 92 4 

Naproxen 229 170 185 -72 11/1 

Naproxen-d3 232 173 NA -72 11 

Sulfamethoxazole 254 156.1 108.1 110 11/22 

Sulfamethoxazole-d4 258 160.1 NA 110 12 

Sulfapyridine 250.1 156.1 145.2 110 13/13 
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Compound 
Precursor Ion 

(m/z) 

Quantifier Product 

Ion (m/z) 

Qualifier Product 

Ion (m/z) 

Fragmentation 

Voltage (V) 

Collision Energy 

(V) 

Sulfapyridine-d4 254.1 160.1 NA 110 13 

 

!

!

!

!

!

!

!

!
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Table 2.2. Recoveries (%) with standard deviations σ, limits of detection (LODs), and limits of quantification (LOQs) of selected 

pharmaceuticals for macrophyte and sediment matrices (measured in ng/g). 

 
Plant 

Matrix 
Typha spp. 

Filamentous 

Algae 
Lemna spp. M. sibiricum 

Sed. 

Matrix 
Sediment 

Compound 
Recovery 

% (σ) 
LOD LOQ LOD LOQ LOD LOQ LOD LOQ 

Recovery 

% (σ) 
LOD LOQ 

Carbamazepine 104 (7) 1.7 5.0 2.6 8.7 1.5 4.9 4.3 14 99 (0.2) 2.7 9 

Clofibric acid 98 (5) 2.2 6.7 7.3 24 14 46 13 43 87 (1) 11 36 

Fluoxetine 92 (3) 32 96 2.5 8.2 33 108 55 182 NA NA NA 

Naproxen 111 (12) 5.1 15 NA NA NA NA 12 40 97 (8) 21 68 

Sulfamethoxazole 95 (6) 131 394 39 127 5.1 17 31 102 98 (5) 225 741 

Sulfapyridine 110 (3) 1.8 5.5 2.1 7.1 5.1 17 53 174 98 (1) 38 127 

!

NA: not applicable – MeOH is inefficient at eluting fluoxetine from soil matrix, recovery is <0.05% (see Section 3.5.3).
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efficiencies ranged between 92–110% recovery after internal standard correction, with 

RSDs below 12%. 

 

2.2.6.3.3 Determination of Pharmaceuticals in Sediments 

 Sediment samples were prepared and extracted in the same manner as plant 

material, with the exception of sieving the samples through a 2 mm screen prior to 

extraction in methanol. Extraction efficiencies were between 87 and 100% recovery after 

internal standard correction for all compounds, except fluoxetine, with all RSDs below 

8%. The recovery of fluoxetine was not considered sufficient: the internal standard signal 

was not detectable (S/N < 3). The sorption of fluoxetine to sediments is strong enough 

that methanol is not a sufficiently strong eluent to extract the compound, most likely 

because the samples were not buffered to pH 10 [50]. Sediment samples were not 

analyzed for the summer experiment. 

 A separate lab experiment in 1 litre amber glass jars was performed to determine 

if an interaction occurred with the plastic material of the mesocosms; the results indicated 

that the plastic presented no significant sorption capabilities of all drugs over a time 

period of 28 days (data not shown).   

 

2.2.6.4 Macrophyte Tissue Phosphorus Concentrations 

 Samples of M. sibiricum and Typha spp. used for biomass measurements were 

then analyzed for TP concentrations based on wet oxidation [51]. The ACS-grade 

reagents used for phosphorus extraction were: concentrated sulfuric acid, 30% hydrogen 

peroxide, selenium powder (200 mesh) and lithium sulphate monohydrate, ammonium 
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molybdate tetrahydrate, antimony potassium tartrate trihydrate, and L-ascorbic acid, all 

purchased from Fisher Scientific (Ottawa, ON). The plant matter was ground using a 

3375-E10 Series (Model 4) Thomas-Wiley Mill (Thomas Scientific, Swedesboro, NJ). A 

sample of ground plant matter (0.05-0.4 g) was heated in a 40-slot aluminum block 

digester BD 20/40 (Westco Scientific Instruments, Brookfield CT) with concentrated 

H2SO4 and 30% H2O2 contained in 100 mL Kjeldahl test tubes. The digester was 

programmed to ramp up the temperature to 100˚C at 4˚C/min and kept constant for 1 h, 

then ramp to 350˚C at 4˚C/min where the temperature was kept constant for 3.5 h. The 

final solution was allowed to cool, then diluted in 50 mL centrifuge tubes (Fisher 

Scientific) and further diluted accordingly. The P analysis was performed by colorimetric 

analysis using the ascorbic acid method with an Ultrospec 3100 pro UV-Vis spectrometer 

(Biochrom LTD, Cambridge, UK) at 880 nm [41]. Digestions of certified reference 

materials (CRM) and standard reference materials (SRM) were also used for quality 

assurance and quality control. Recoveries were between 85.6-94.6% for SRMs of various 

types of leaves and pine needles (U.S. National Institute of Standards and Technology 

SRM#: 1570, 1571, 1573, 1575) and 92.2-102.9% for Agromat compost (CRM#:140-

025-111, SCP Science, Baie d’Urfé, QC).  

 

2.2.7  Statistical Analysis 

 Water quality parameters, toxicity endpoints, and total phosphorous (TP) in plant 

biomass were assessed using analysis of variance (ANOVA) followed by Tukey’s test 

where log, square root, or reciprocal-transformed data met the assumptions of normality 

and equal variance. Normality and equality of variance were assessed by Shapiro-Wilk 
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and Levene median tests, respectively, and data not meeting the assumption of normality 

were analyzed by Kruskal-Wallis rank tests.  

Observed pseudo-first order rate constants, and concentrations of pharmaceuticals 

in water and macrophytes were compared between treatments (planted vs unplanted) 

using two-way Student’s t-tests.  

All data were analyzed using GraphPad Prism 5.0 (La Jolla, CA) or SigmaPlot 11.0 

(San Jose, CA) software. Data are presented as mean ± standard deviation (SD) unless 

otherwise indicated. Differences were considered significant at p<0.05.  

 

2.3 Results and Discussion 

2.3.1 Mesocosm Performance 

Macrophyte growth in the mesocosms was dominated by Typha spp., as evidenced 

by their overtaking of most of the total mesocosm surface area by the end of the study. M. 

sibiricum, and to a lesser extent U. vulgaris, showed increased growth over 28 days. 

Lemna spp. was present in mesocosms amended with wastewater, as previously noted. 

Pondweed (Potamogeton spp.) was accidentally introduced and was present in most 

mesocosms. The latter performed best in the mesocosms without macrophyte 

communities as there was no competition from other macrophytes. Filamentous algae 

masses were observed floating on the surface or growing on the sediment surface, mostly 

in the mesocosms without macrophyte communities. In extreme cases, the algae were 

growing throughout the water column. Removal of filamentous algae and other non-

deliberately introduced macrophytes was nearly impossible, nor attempted. Filamentous 

algae have high growth rates under eutrophic conditions and often grow on the surface of 



!

! 104!

submerged plants such as M. sibiricum. Removing algae from these fragile macrophytes 

would likely damage them. An ideal control in this experiment would be the complete 

removal of macrophytes which can be either be performed physically or by adding a 

biocide. 

 

2.3.2 Water Quality 

After a six-week equilibration period, the mesocosms with planted macrophytes 

already exhibited significant differences on day 0 for some water quality parameters, e.g., 

reduced levels of EC (p<0.001), alkalinity (p<0.001), pH (p<0.001), and PAR (p<0.05) 

(Table 2.3). All these effects are likely the products of their photosynthesis and physical 

presence (e.g., shading). Differences between planted and unplanted mesocosms 

remained consistent throughout the duration of the experiment.  

To compare treatments and controls, a significant difference existed between WW 

and control for EC and PAR, and between WW+D and control for temperature, but no 

other differences were observed for any other parameter or treatment in this study, 

suggesting that observed differences were due to natural variability of the mesocosms.  

In all treated mesocosms, DO showed a sharp decrease to 0.2 ± 0.1 mg/L (n=6) on 

day 1 (Figure 2.2). By day 2 and 3, DO measurements returned to pre-treatment values 

(6.5-9.6 mg/L), at 4.9 ± 1.8 and 11.7 ± 2.2 mg/L, respectively (each n=6), as the nutrients 

dissipated in the water column. Similarly, ORP decreased on day 1 in treatment 

mesocosms, 88 ± 9 mV, but recovered to pre-treatment values (176-186 mV), indicating 

that the water-column never became anaerobic. 

!
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Table 2.3. Water quality parameters at the beginning and end of the experiment (days 0 and 28). Presented values are means of 

triplicate measurements per treatment group, with standard deviation in parentheses. EC = Conductivity, ORP = oxidative reductive 

potential, PAR = photosynthetically active radiation, M = macrophytes. † Statistically significant differences between types of 

mesocosm (with or without macrophytes); ‡ significant differences between treatments (WW or WW+D for added wastewater and 

wastewater + drugs, respectively) and control (no additions).   

!

Temp (ºC) 
 (n=3) 

EC  
(µS/cm)  

(n=3) 
pH (n=3) 

Alkalinity 
(mg/LCaCO3) 

(n=3) 

Hardness  
(mg/L CaCO3) 

(n=3) 

PAR 
(µE m-2 s-1)  

(n=3) 

ORP (mV) 
(n=3)  

Treatment 
Day 0 Day 

28† 
Day 
0† 

Day 
28† 

Day 
0† 

Day 
28† 

Day 
0† 

Day 
28† 

Day  
0 

Day 
28† 

Day 
0† 

Day 
28† 

Day 
0 

Day 
28 

Control 
19.7 

(0.2) 

21.5 

(0.2) 

835 

(40) 

856 

(159) 

8.4 

(0.2) 

9.1 

(0.3) 

362 

(33) 

340 

(69) 
NA 

360 

(104) 

229 

(52) 

911 

(99) 

165 

(20) 

94 

(4) 

Control+M 
19.5 

(0.3) 

20.9 

(0.3) 

700 

(36) 

610  

(19) 

8.2 

(0.2) 

8.3 

(0.2) 

227 

(29) 

230 

(20) 
NA 

223  

(6) 

187 

(13) 

763 

(41) 

181 

(10) 

97 

(8) 

WW 
19.7 

(0.1) 

21.8 

(0.1) 

737 

(17)‡ 

738  

(10) 

8.6 

(0.1) 

9.6 

(0.3) 

305 

(61) 

270 

(26) 

NA 257 

(61) 

493‡ 

(168) 

882 

(61) 

182 

(24) 

85 

(5) 
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Temp (ºC) 
 (n=3) 

EC  
(µS/cm)  

(n=3) 
pH (n=3) 

Alkalinity 
(mg/LCaCO3) 

(n=3) 

Hardness  
(mg/L CaCO3) 

(n=3) 

PAR 
(µE m-2 s-1)  

(n=3) 

ORP (mV) 
(n=3)  

Treatment 
Day 0 Day 

28† 
Day 
0† 

Day 
28† 

Day 
0† 

Day 
28† 

Day 
0† 

Day 
28† 

Day  
0 

Day 
28† 

Day 
0† 

Day 
28† 

Day 
0 

Day 
28 

WW+M 19.6 

(0.1) 

21.0 

(0.4) 

671  

(6)‡ 

604  

(12) 

8.2 

(0.1) 

7.9 

(0.1) 

210 

(0) 

230 

(10) 

NA 247 

(29) 

515‡ 

(169) 

645 

(238) 

179 

(11) 

97 

(5) 

WW+D 
19.6 

(0.1) 

22.3‡ 

(0.1) 

756  

(59) 

788  

(57) 

8.6 

(0.1) 

9.2 

(0.4) 

270 

(9) 

297 

(40) 
NA 

297 

(55) 

414 

(20) 

832 

(135) 

174 

(18) 

95 

(11) 

WW+D+M 
19.5 

(0.1) 

21.6‡ 

(0.5) 

682  

(13) 

613  

(21) 

8.4 

(0.1) 

7.9  

(0.1) 

211 

(10) 

250 

(30) 

NA 230 

(17) 

165 

(76) 

737 

(52) 

169 

(28) 

101 

(8) 

!
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2.3.3 Nutrient Dissipation from Mesocosms 

Concentrations of TRP peaked during the addition of wastewater (+1 h) at values of 

1.56 ± 0.22 mg/L for all treated mesocosms, then dissipated to background 

concentrations (0.11 ± 0.07 mg/L) in approximately 7 days (Figure 2.3) with a half-life of 

1.2 days. The average particulate P (calculated from TRP-TDP) and AHP 

concentrationsin treated mesocosms were 0.12 ± 0.12 and 0.07 ± 0.04 mg/L, respectively. 

These measurements approached the average TRP background concentrations of 0.11 ± 

0.07 mg/L (n=36) calculated from pre-treatment samples.  Therefore, most of the added P 

remained in its most bioavailable form as TRP (orthophosphate).  

The addition of P to the mesocosms via dechlorinated tap water (0.71 ± 0.05 mg/L) 

was consistent across all mesocosms and dissipated quickly. This dissipation was due 

either via biological assimilation, or complexation with metals and sediment, or both. 

With the latter process, P can sorb by ligand exchange with Al and Fe, co-precipitate with 

Ca at high pH and with clay minerals at high DOC concentrations under aerobic 

conditions, driving the flux into the sediments [52].  It is also most likely that tap water P 

was assimilated in the mesocosms used for holding water, as these contained visual 

evidence of periphytic and water column algal communities. 

 Ammonium concentrations increased on day 0 (+1 h) and peaked on day 2 in all 

treatment mesocosms (n=12), averaging 1.8 ± 0.4 and 5.2 ± 0.5 mg/L on days 0 and 2, 

respectively (Figure 2.4). Nitrate and nitrite measurements were below the LODs of 0.04 

and 0.01 mg/L over the duration of the study, respectively, therefore water-column 

nitrification was deemed negligible for this system. Some ammonium may have 
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volatilized in treated mesocosms due to elevated pH (pKa = 9.3, KH  = 57 M atm-1 at 

15ºC) [53].  

Consequently, nutrients were immediately assimilated by primary producers.  

Chlorophyll-a concentrations in the mesocosms increased 2 days after the initial spike, 

peaking at 87 ± 64 µg/L on day 5 for all treated mesocosms (n=12), then returning to 

background levels of 11.4 ± 2.8 µg/L (n=36) on day 7 (Figure 2.5). Therefore, 

assimilation by algae was considered a primary pathway for short term nutrient removal 

as explained by Waiser [54]. 

Local municipalities discharged up to 43 and 5.1 mg/L TN and TP, respectively, 

during summer and fall events in 2009 and 2010 into Dead Horse Creek (Carlson et al. 

2013). These contributions are well above water quality guidelines of 15 and 1 mg/L, 

respectively [3]. According to our results in our simulated treatment wetland mesocosms, 

the use of a constructed wetland in Manitoba would be useful regardless of the presence 

or absence of macrophytes in the short term. However, repeated or continuous exposures 

of artificial wastewater with or without pharmaceuticals over longer periods of time will 

likely have an effect on the removal efficiency of the wetland. Therefore, strict 

conclusions cannot be made with constructed wetland efficiency based on a single 

experiment as observed by others in the literature [28, 55].  Still, the sewage lagoon-

constructed wetland system currently operating at Grand Marais, Manitoba, is one of the 

few constructed wetlands licensed in the province for wastewater polishing.  This system 

appears to be effective at removal of nutrients remaining from treated lagoon water (e.g., 

removal of P and N to below detection limits), even after years of inputs to an 

unmanaged wetland [56].  
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2.3.4 Macrophyte Growth and P Uptake 

2.3.4.1 Macrophyte Response 

Potted Typha spp. plants experienced a high degree of decomposition, likely due 

to the selected planting regimen. By placing the trimmed Typha spp. below the surface of 

the water, this likely prevented the plants from obtaining atmospheric oxygen, which it 

requires for growth [57].  As a result, data were not analyzed or discussed further. 

M. sibiricum growth, measured as wet and dry mass in treated mesocosms, 

showed no statistical differences as compared to controls for roots, shoots and total 

biomass. Statistically, the R/S ratio was significantly less in treatments as compared to 

controls (p<0.05) (Figure 2.6), but there were no differences for RGR. The R/S ratio 

determines the plant’s energy allocation for biomass growth either favoring root or shoot 

growth; a low R/S ratio would indicate favoring of shoot formation. For a M. sibiricum 

shoot lacking roots, as in our experimental design, energy will be put towards root growth 

to access nutrients in the sediments and to anchor the plant. Studies have shown that 

submerged macrophytes may uptake 25% of their nutrients from the water column with 

the remainder coming from the sediments [58, 59]. Therefore, under the eutrophic and 

still water conditions of this experiment, a rootless shoot will be able to uptake sufficient 

nutrients from the water column, thus reducing the need to focus on root growth and 

thereby, decreasing the R/S ratio [47].  In regards to any adverse responses as a result of 

the presence of the pharmaceuticals in the treatments, we found no evidence of toxicity at 

the concentrations tested.    

Concurrently, TP was measured in roots and shoots on days 7, 14, and 28 (Figure 

2.7 and 2.8 respectively). Root %P was much greater in control mesocosms on day 7, 



!

! 110!

consistent with reduced root growth in treatment mesocosms. The TP in shoots remained 

relatively consistent until an increase on day 28, which could be attributed to visually 

observed epiphytic growth. Colman et al. determined critical phosphorus levels for M. 

aquaticum from laboratory studies in algae-free medium ranging between 0.25-0.27 %P 

[60]. Above this concentration, the accumulated P is considered luxury consumption that 

can be removed from the system by harvesting. M. sibiricum shoot concentrations 

averaged 0.44 ± 0.03 and 0.39 ± 0.05 %P in control and treatment mesocosms on day 28, 

respectively, signifying potential luxury uptake. However, a portion of the %P could be 

attributed to filamentous epiphytic algae growing on the surface of the macrophyte [54], 

which was prominent toward the second half of the experiment. As noted above, 

filamentous algae could not be removed completely without damaging the plants. 

!

2.3.5 Pharmaceutical Dissipation  

  After 28 days, carbamazepine, clofibric acid, and sulfamethoxazole had 

measurable concentrations remaining in the water column at 0.91 (88% decrease), 0.11 

(99%), and 11.0 µg/L (91%), respectively. Sulfapyridine had dissipated the fastest, 

followed by naproxen and fluoxetine with half-lives of 0.23, 0.88, and 0.94 d, 

respectively (Table 2.4). No significant differences in the dissipation rates of 

pharmaceuticals were observed between planted and unplanted mesocosms. Due to these 

results we attempted to further estimate the elimination pathways by modeling photolysis 

and sedimentation scenarios. Furthermore, a significant equilibrium period was observed  
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Table 2.4. Pseudo-first order dissipation rates and half-lives of selected pharmaceuticals 

over a 28-d summer experiment in planted and unplanted mesocosms. Values are 

presented as mean ± standard deviation. 

 Macrophytes No Macrophytes 

Compound kobs (d-1) R2 
Half-life 

(d) 
kobs (d-1) R2 

Half-

life (d) 

Carbamazepine 0.073±0.002 0.99 9.4 0.079±0.002 0.99 8.8 

Clofibric Acid 0.16±0.01 0.96 4.4 0.15±0.002 0.99 4.6 

Fluoxetine 0.70±0.15 0.89 0.99 0.78±0.17 0.87 0.89 

Naproxen 0.86±0.23 0.77 0.80 0.72±0.30 0.65 0.96 

Sulfamethoxazole 0.091±0.004 0.99 7.6 0.091±0.003 0.99 7.6 

Sulfapyridine 3.1±1.0 0.82 0.23 3.0±0.7 0.90 0.23 

 

 

for clofibric acid and sulfamethoxazole (Figure 2.9) during which concentrations 

increased between 1 and 30 h, then dissipated according to their respective rates. The 

dissipation rates were extrapolated from the point of decrease in concentration for 

pharmaceuticals exhibiting an equilibrium period (Figure 2.10). The equilibrium period 

in the first 30 h may be due to sorption to biofilms [61], although further work is 

necessary to confirm this hypothesis. Based on fouling studies, biofilms are potentially 

responsible for decreases in sampling rates for POCIS due to resistance to mass transfer 

which could be the reason for this equilibrium period [62]. In addition, a separate 

experiment showed that submerged macrophytes can quickly uptake pharmaceuticals and 
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then release them at relatively slower rates (see Chapter 3) over the following 24 h 

period.  However, the mechanisms responsible for this process are still unknown.  

For this experiment, planted mesocosms showed no statistically significant 

difference in their ability to remove pharmaceuticals compared to the unplanted 

mesocosms. This lack of difference is likely due to the naïve systems employed for our 

study. Subsequent continued loadings of the same wastewater with pharmaceuticals over 

time might generate different results, such as saturation of sorption sites, which would 

limit sorption of fluoxetine and, to a lesser extent, carbamazepine. This mechanism has 

been observed for the removal of phosphorus in constructed wetlands and could apply to 

pharmaceuticals [63]. In addition, unplanted mesocosms contained significant 

filamentous algae and Potamogeton spp. biomass due to inadvertent colonization and 

proliferated due to minimal competition from other submerged and rooted macrophytes. 

Thus, the pharmaceuticals may have been sorbed at similar rates under these conditions.  

Dissipation rates were faster in our systems than in other reported studies. For 

example, Matamoros et al. performed experiments with planted and unplanted 5 L 

microcosms using 7 microcontaminants [17]. Of these, clofibric acid and naproxen had 

half-lives ranging between 76 – 178 d and 32 – 49 d, respectively, in uncovered 

microcosms. Our values (Table 2.4) indicate that dissipation was approximately 16 and 

36 times faster for these compounds than the most rapid dissipation rates for Matamoros 

et al. [17]. The authors used hydroponic plant reactors as microcosms; these were filled 

with a full-strength growth medium in a growth chamber at 18ºC with a photon flux of 70 

µE m-2 s-1 and 12 hour light/dark cycle. These parameters are generally lower than our 

mesocosm field values (Table 2.3). For comparison, typical values on a clear summer day 
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at noon at 50ºN latitude are above 1500 µE m-2 s-1 and could possibly account for the 

discrepancy in calculated half-lives.  In addition, carbamazepine and sulfamethoxazole 

dissipation have been investigated by Lam et al. in field mesocosms with reported mean 

half-lives of 82 and 19 d, respectively [64]. Using the same systems, Johnson et al. 

assessed the fate of fluoxetine, determining a half-life of 3.8 d [65]. One possible 

explanation for the shorter half-lives in our system would be the depth of water. Our 

mesocosms had an average depth of 25 cm compared to 100 cm for the authors above 

[65], which is important for considering phototransformation processes (Section 2.3.6) as 

light penetration decreases with increasing depth. Another possible reason could be that 

Johnson et al. used low-clay sediment where multiple studies suggest that sorption of 

natural organic matter (NOM) can occur on clay soils [66, 67]. Clay particles offer high 

surface area and ideal sorption sites for NOM. Given the large quantity of clay in our 

soils, as well as the fraction of organic matter, carbamazepine may be bound by 

suspended particulate matter and within the top layer of sediments (section 2.3.6.1). 

 Our mesocosm study cannot identify which specific fate process dominated the 

removal of pharmaceuticals, but establishes the overall fate in an environmentally 

relevant setting. Most of the pharmaceuticals dissipated following pseudo-first order rate 

kinetics (Figure 2.10), with the exception of fluoxetine and naproxen, which appeared to 

be biphasic in nature. Their response may be due to the occurrence of multiple fate 

processes and is consistent with previous field studies [65]. We can predict where the 

pharmaceuticals are partitioning through either sorption to sediments, or being degraded 

by direct and indirect photolysis. Also, as described in Chapter 3, submerged 

macrophytes are able to uptake pharmaceuticals rapidly, followed by a slower release 



!

! 114!

after concentrations in water decline. This suggests that uptake may not be a one-way 

process, as was previously thought based on terrestrial plant-based uptake models. 

 

2.3.6 Predicting Pharmaceutical Fate  

The magnitude of the fate processes responsible for the removal of pharmaceuticals 

in this study were estimated using data from previous laboratory-based experiments. This 

estimation was done to determine which fate processes were likely to pay a major role in 

the observed dissipation of pharmaceuticals in this experiment. Furthermore we can 

compare these rates relative to each pharmaceutical in this study, which could attempt to 

explain which are more persistent than others.  

For pharmaceuticals, hydrolysis is generally restricted in drug design in order to 

retain a longer product half-life upon oral intake, and volatilization is a negligible process 

due to low Henry’s Law constants of pharmaceuticals (Table 1.1). Both of these 

processes have been corroborated by lab-based experiments isolating them from other 

important fate processes such as photolysis and sorption [16, 64, 68-71]. In addition, 

microbial degradation of pharmaceuticals is negligible in the water column due to a lack 

of bacterial abundance there, as bacteria are more likely found in biofilms and the 

sediments [72]. For example, Lam et al. determined microbial degradation in the water 

column to be negligible, because pharmaceutical degradation was similar in sunlit pond 

water compared to autoclaved pond water. However, in free surface water treatment 

wetlands, biodegradation may be more important due to the presence of bacteria from 

influent wastes and combined with long hydraulic retention times [73]. 
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2.3.6.1 Sorption 

Many studies commonly correlate sorption of organic compounds to the organic 

matter present in soils and sediments (log Koc), which is relevant for chemicals exhibiting 

higher hydrophobicities (log Kow ~ 4-10). The compounds under investigation in this 

study are polar compounds with a log Kow ranging between 0.35 and 4 for the neutral 

fraction. Dissociation of polar pharmaceuticals is governed by the pKa from which we 

can calculate the octanol-water distribution coefficient (log Dow) in Table 1.1. Between 

pH 7.8 and 9.5, fluoxetine has a log Dow ranging between 2.39 and 3.77 and 

carbamazepine has a log Dow of 2.45, indicating that sorption is likely to occur for these 

compounds. The other compounds had log Dow close to or below zero and consequently, 

we can anticipate sorption to play a minor role in their removal (Table 1.1). 

Estimates for sorption were calculated by determining the compound-specific 

sedimentation rates (ks
*): 

€ 

ks
* = (1− fw )ks =

foc
susrswKoc

1+ foc
susrswKoc

# 

$ 
% 

& 

' 
( ks (2.1) 

where ks is the sedimentation rate, 

€ 

foc
sus is the fraction of organic carbon within the 

suspended particles, and rsw is the solid-to-solution phase ratio, which is equivalent to the 

total suspended solids (TSS) in the water column [74]. The sedimentation rate [74] can be 

estimated from: 

€ 

ks =
vs
zmix

 (2.2) 

where vs is the particle settling velocity and zmix is the average depth of the mesocosms.  

 The following assumptions were made in estimations of sedimentation removal 

rates for the pharmaceuticals in this study: vs was estimated at 1.5 m d-1 for particulate 
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organic carbon [75] and 

€ 

foc
sus was estimated at 0.4 since most of the particulate matter is 

of plant origin [74]. Koc values in the literature can overestimate the contribution of polar 

interactions, which may be an important consideration for sorption of ionizable 

compounds such as pharmaceuticals to sediments. Therefore, we attempted to estimate 

Koc using linear free energy relationships [74]: 

€ 

logKoc = 0.74 logDow + 0.15 (2.3) 

where log Dow is the pH-dependent octanol-water distribution coefficient. 

  

The compound-specific settling rates were calculated for carbamazepine as 4.8×10-3 d-1 

for a half-life of 145 days and fluoxetine between 4.4×10-3 and 4.6×10-2 d-1 for the pH 

range of our mesocosms corresponding to half-lives of 158 and 15 days respectively. The 

rates for the other compounds were between 1.2×10-5 d-1 and 5.7×10-7 d-1, which are 

orders of magnitude lower than the values for carbamazepine and fluoxetine.  Such rates 

yield half-lives greater than 16 years for the other four compounds, and thus can be 

considered negligible. Therefore, in relation to each pharmaceutical in this study, the 

sorption potential is most important for fluoxetine, then carbamazepine, with the others 

being negligible at rates below 1.2×10-4 d-1. 

Clay particles play a role in sorption of cationic pharmaceuticals, such as 

fluoxetine, when there is a deficiency of organic carbon [66]. The clay proportion in these 

soils was quite high at 50.9%. Clay particles are alumino-silicate based materials with a 

small particle diameter, which typically exhibit a negative charge that can interact 

electrostatically with basic pharmaceuticals (fluoxetine), as well as NOM [76-79]. 

However, given the high organic carbon content of these soils (2.6%), the high 
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concentrations of DOC in the mesocosm water (approximately 15.7 mg oc/L), and the 

tendency for the mineral surfaces to be charged, electrostatic interactions would most 

likely occur between the clay fractions and the organic matter. Thus, it is probable that all 

mineral surfaces would be coated with negatively charged NOM. The complex 

interactions of soil and sediment with pharmaceuticals are difficult to study and predict 

because other mechanisms such as cation exchange, hydrogen bonding, surface 

complexation, and cation bridging may also be important [80]. All of these depend on the 

soil characteristics and the solid-water distribution coefficient (Kd). Given the conditions 

above and the pH range (7.7-9.5) being close to the pKa of fluoxetine (9.45), we would 

predict that the positively charged fraction and the neutral fraction will sorb to the 

negatively-charged sites and hydrophobic portions of NOM, respectively. Therefore, 

fluoxetine would be most likely to bind to sediments and particulates in suspension. This 

is corroborated by Kwon et al. where concentrations of fluoxetine were largely 

distributed to the sediments with dissipation half-lives on the order of 1.3 to 2.4 days in 

various lake water and creek water-sediment systems [71]. 

 

2.3.6.2 Direct Photolysis 

Photochemical processes are divided into two categories: direct and indirect 

photolysis. The former occurs when the compound of interest absorbs a photon, is 

promoted to an excited state, and then undergoes degradation; the latter is when other 

compounds in the system absorb photons to form reactive oxygen species such as 

hydroxyl radicals, which in turn react with the pharmaceutical. Direct photolysis rates can 

be estimated by first determining the compound’s wavelength-dependent specific rate of 
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light absorption ka(λ). In waters with high DOC, we assume that the medium will absorb 

most of the incoming radiation, in which case we can calculate ka
t(λ) [74]: 

€ 

ka
t (λ) =

W (λ)ε(λ)
zmixα(λ)

 (2.4) 

where W(λ) is the spectral photon fluence rate (Eins cm-2 s-1), ε(λ) is the molar extinction 

coefficient of the compound (M-1 cm-1), and α(λ) is the attenuation coefficient of the 

medium. The latter has been measured in a separate study by measuring the absorption of 

mesocosm water in a 1 cm quartz vial at various wavelengths [34]. The total rate of light 

absorption (ka
t) can be estimated by summing the rates over all wavelengths [74]: 

€ 

ka
t = ka

t (λ)∑ =
1
zmix

W (λ)ε (λ)
α(λ)∑  (2.5) 

Clofibric acid and fluoxetine do not absorb radiation above 290 nm and therefore, 

do not degrade via direct photolysis according to the spectra found in the literature [81, 

82]. The molar extinction coefficients for carbamazepine and naproxen were manually 

extrapolated from spectra at wavelength ranging between 297.5 to 330 nm, and 300 to 

340 nm, respectively [82, 83]. Coefficients for sulfonamide antibiotics were measured in 

a spectrophotometer between 290 to 400 nm by Challis et al. [34]. Finally, the direct 

photolysis rate constant (kD) can be calculated by: 

€ 

kD = ka
tΦ (2.6) 

where Φ is the quantum yield which can be found in the literature (Table 2.5). Photolysis 

parameters (i.e. Φ) obtained from experiments under natural sunlight, or sunlight 

simulator with a cutoff filter below 290 nm, were favored for the calculation of our 

estimates. The importance of direct photolysis for the dissipation the six selected 

pharmaceuticals appeared to increase in the order of carbamazepine < sulfamethoxazole 
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< sulfapyridine < naproxen, while clofibric acid and fluoxetine have negligible 

degradation by this pathway due to little absorption of solar radiation between 290 and 

800 nm. 

 

Table 2.5. Estimation of direct photolysis rate constant (kD) from equation 2.6. ka
t = 

compound specific absorption rate, Φ = quantum yield, NA = fluoxetine and clofibric acid 

do not absorb in the spectral range of 290 to 800 nm. 

Compound 
ka

t  

(Eins mol-1 d-1) 

Φ  

(mol Eins-1) 

kD  

(d-1) 

Carbamazepine 217 4.8×10-5a 0.010 

Clofibric acid NA 5.5×10-3a NA 

Fluoxetine NA 4.2×10-5b NA 

Naproxen 275 0.012c 3.3 

Sulfamethoxazole 100 0.027d 2.7 

Sulfapyridine 2.32×103 1.3×10-3d 3.0 

Ref: a [30], b [81], c [84], d [34] 

 

 Direct photolysis is dependent on the incoming solar radiation and the ability of the 

medium to absorb some of this radiation. A screening factor S(λmax) can be estimated 

from:!

€ 

Sλ max =
1

2.3D0αλ maxzmix
 (2.7) 
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where αλ is the wavelength specific attenuation coefficient and D0 is the distribution ratio 

of the pathlength which can be estimated as 1.2 [74] for shallow water bodies using a 

mean depth of 25 cm. For wavelengths between 290 and 400 nm, S(λmax) was calculated 

to be 0.22 and 0.67, respectively at a 25 cm depth. To compare with data from Lam et al. 

[64], their screening factor at 300 nm and a depth of 5 cm was calculated as 0.93 

compared to ours calculated at 0.70, suggesting that the presence of DOM in our 

mesocosms during this experiment significantly filters out incoming radiation at lower 

wavelengths and would affect the rates of direct and indirect photolysis compared to 

water bodies displaying lower concentrations of DOM.  

 

2.3.6.3 Indirect Photolysis 

DOM has been known to absorb incoming solar radiation, thereby reducing the 

degradation of compounds via direct photolysis [74]. However, indirect photolysis may 

occur when light is absorbed by DOM generating reactive oxygen species such as 

hydroxyl radicals (HO), singlet oxygen (1O2) and other species such as superoxide anion 

(O2
-•), hydroperoxy (HO2

•), alkylperoxy (RO2
•), and carbonate (CO3

-•) radicals. Nitrate 

and nitrite are also known to produce hydroxyl radicals.  However, they were both below 

the respective limits of detection of 0.04 and 0.01 mg/L in the mesocosms. Given the 

significant presence of DOM in our test system (15.7 mg/L), it is likely mediating the 

production of HO for indirect photolysis [85]. Furthermore, according to Vione et al. the 

source of hydroxyl radicals can be determined by calculating the nitrate to DOM ratio 

[86]. Assuming the maximum concentration of nitrate is at the LOD (0.04 mg/L) the ratio 

is approximately 6.2×10-8 (mol NO3
-) (mg C)-1.   
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Indirect photolysis was estimated by assuming that pharmaceutical degradation 

occurred by reacting with hydroxyl radicals HO: 

€ 

kI = kp⋅OH
' •OH[ ]ss (2.8) 

where k’
pOH is the second order hydroxyl radical rate constant and [OH]ss is the steady 

state concentration of HO. Second order rate constants k’
pOH have been measured in the 

literature and are displayed in Table 2.6 for each pharmaceutical. Steady-state 

concentrations of hydroxyl radicals have been measured extensively in the literature 

ranging between 1×10-15 and 1×10-17 M. For our calculations we assumed the steady state 

hydroxyl radical concentration to be 1×10-16 M in natural surface waters [87].  

 

Table 2.6. Estimation of summer indirect photolysis rate constants (kp
'
OH) due to reaction 

with hydroxyl radicals for pharmaceuticals in mesocosm water. kp
'
OH = second order 

hydroxyl radical rate constant  NA = sulfapyridine second order rate constants have not 

been determined for hydroxyl radicals. 

Compound k'
OH (M-1 s-1) kp

'
OH (d-1) 

Carbamazepine 8.8×109a 7.6×10-2 

Clofibric acid 4.7×109b 4.1×10-2 

Fluoxetine 9.0×109c 7.8×10-2 

Naproxen 9.6×109b 8.3×10-2 

Sulfamethoxazole 5.5×109a 4.8×10-2 

Sulfapyridine NA NA 

Ref: a [88], b [82], c [81]. 
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Indirect photolysis rates differ by a factor of two between all pharmaceuticals under this 

study, which is consistent with the non-selective nature of the hydroxyl radical [88]. The 

associated half-lives for the pharmaceuticals ranged between 8.4 days for 

sulfamethoxazole and 25 days for carbamazepine. Therefore, dissipation will likely vary 

based on the susceptibility of the pharmaceutical to attack by hydroxyl radical, which 

appears to increase in the order of clofibric acid  < sulfamethoxazole < carbamazepine < 

fluoxetine < naproxen (Table 2.6). Second order rate constants for the reaction of OH 

with sulfapyridine have yet to be experimentally determined however, we would 

anticipate similar rate constants as those for sulfamethoxazole. 

Carbonate radicals (CO3
-) could contribute to cleavage of sulfur-containing 

molecules, such as the sulfonamides, because of the high alkalinity in our mesocosms 

measured was 262 mg/L CaCO3 (5.24 meq/L) at an average pH of 8.9 and 20°C [89]. In 

addition, carbonates are OH scavengers, which could increase the importance of 

carbonate radicals in a system with high alkalinity. However, a large concentration of 

DOM has been shown to decrease the life times of CO3
- [90]. By assuming average 

second-order rate constants of approximately 5×105 M-1 s-1 for pharmaceuticals reacting 

with carbonate radicals (estimated from structurally similar pesticides [91]) and the 

steady state concentration of [CO3
-]ss to be approximately 5×10-14 M [91], the 

degradation rate of pharmaceuticals with carbonate radicals can be calculated as 2.5×10-8 

s-1 or 2.2 ×10-3 d-1 which corresponds to half-lives greater than of 315 days. A similar 

approach for singlet oxygen rate constants are calculated with bimolecular rate constants 

of 1×105 M-1 s-1 and steady-state concentrations at approximately 4×10-14 M resulting in a 
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half-life of approximately 5.5 years. Therefore, DOM generating hydroxyl radicals in our 

mesocosm systems likely governs the rate of indirect photolysis. 

 

Table 2.7. Comparison of the estimated photolysis rate constants (kest) with the observed 

dissipation rates (kobs) and their associated half-lives for the selected pharmaceuticals in 

our mesocosms. kest was calculated from kD + kI, where kD and kI and the direct and 

indirect photolysis rate constants. 

Compound kD (d-1) kI (d-1) kest (d-1) kobs (d-1) 
Half-life 

(est.) (d) 

Half-life 

(obs) (d) 

Carbamazepine 0.01 0.076 0.086 0.076 8.1 9.1 

Clofibric acid NA 0.041 0.041 0.16 17 4.3 

Fluoxetine NA 0.078 0.078 0.74 8.9 0.94 

Naproxen 3.3 0.083 3.4 0.79 0.20 0.88 

Sulfamethoxazole 2.7 0.048 2.7 0.091 0.25 7.6 

Sulfapyridine 3.0 NA 3.0 3.0 0.23 0.23 

 

 

We can assess whether our estimations of photolysis rate constants are reasonable 

by comparing them to the observed dissipation rates in our mesocosms in Table 2.7. 

These estimates would represent the maximum amount removed under ideal sunlight 

conditions. Carbamazepine likely dissipated via photolysis, as the calculated and 

observed half-lives are generally in agreement with each other. If we factor in the 

sedimentation rate, the half-life remains approximately similar at 7.6 days. Thus, 
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carbamazepine likely dissipated primarily by photolysis, and sorption played a minor 

role. 

This has been confirmed by De Laurentis et al. from photochemical models, 

which predicted that direct photolysis and the reaction of carbamazepine with hydroxyl 

radicals are the principal photodegradation pathways in natural waters [92]. The 

estimated degradation rate of clofibric acid and fluoxetine was much slower than the 

observed rate, probably because reactions with other transient radical species, such as 

singlet oxygen or carbonate radicals, could be important. However, if we factor in the 

sedimentation rate for fluoxetine to the overall estimated photolysis rates, the half-life 

drops to approximately 6 days. Therefore fluoxetine is likely removed via sorption and 

possibly photolysis playing a minor role. These processes are confirmed in separate 

experiments with sorption half-lives of 1.3 to 2.4 days in water-sediment systems [71] 

and 0.23 to 0.92 days in various synthetic field water systems [81]. The photodegradation 

of naproxen was overestimated, but shows that photolytic pathways are the most 

important. This has been verified recently by laboratory experiments where naproxen 

degraded via photolysis based on the differences observed between microcosms exposed 

to light and dark conditions with half-lives of 34 days [17]. 

 The direct photolysis of sulfamethoxazole was overestimated, primarily because 

of elevated concentrations of DOM filtered out the incoming sunlight. This was verified 

by experiments in synthetic field water where half-lives increased with increasing 

additions of DOM [85]. Sulfapyridine estimations were also over-estimated as compared 

to direct photolysis lab experiments in mesocosm water for a separate study suggesting a 

half-life of 57 min [34] but compared well with the observed half-life of 0.23 days. 
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However, the former value was determined in a cuvette measuring 2.8 cm in diameter, 

the half-life should be longer when considering deeper waters due to the filtering effects 

of DOM. The discrepancy between the roles of direct or indirect photolysis for these two 

compounds is for two reasons. The absorption spectrum for sulfapyridine goes up to 350 

nm where as sulfamethoxazole ends at 300 nm suggesting the former could absorb much 

more photons leading to increased photodegradation via direct photolysis. Additionally, 

sulfamthoxazole exists in its stable anionic form at pH > 5.7 where as sulfapyridine exists 

as a mixture of anionic and neutral forms in our mesocosm water (pKa2=8.5) with the 

neutral form being the most stable.  The half-life of sulfamethoxazole was 7.6 d in our 

mesocosms (pH of 7.8 to 9.5). This differs from other literature values of 19.0 d in 

microcosms [64] and 2.4 d predicted from quantum yield calculations [30] likely due to 

differences in water chemistry and DOC concentrations responsible for the production 

and consumption of radicals. 

Most larger-scale micrososm or mesocosm studies have shown that naproxen is 

photolytically degraded in aqueous environments [17, 93, 94], whereas several other 

studies have shown that sorption and microbial degradation dominate in (low light) 

environments with high organic matter or under wastewater treatment conditions with 

activated sludge [95, 96]. For example, microbes exposed to naproxen and other 

pharmaceuticals in wastewater treatment plants produced sludges, and were able to use 

pharmaceuticals such as naproxen as a carbon source [97, 98]. However, concentrations 

of pharmaceuticals are generally very low and would not offer enough selective pressure 

for microorganisms to use naproxen as a carbon source so NOM would be favored. The 

microorganisms added to the wastewater-treated mesocosms were obtained from a local 
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sewage lagoon that contained undetectable concentrations of naproxen [14]. Thus, based 

on the estimated calculations above we predict that photolysis played a major role in the 

removal of this pharmaceutical. 

 Macrophytes can play a significant role in pharmaceutical and nutrient removal 

by direct uptake, and by providing surfaces for algae and microorganisms to grow 

(biofilms), mechanical resistance to flow that promotes the settlement of particles, and an 

oxic environment in the rhizosphere for aerobic microorganisms to metabolize sediment-

bound pharmaceuticals [15, 54, 99].  Recent studies in laboratory bench-scale 

microcosms with a fortified hydroponic solution found that aquatic macrophytes are able 

to uptake and sequester pharmaceuticals to a greater degree than in unplanted 

microcosms [16, 17].  

Partitioning into biota is a process that includes sorption onto macrophyte surfaces, 

sorption into the biofilms growing on macrophyte surfaces, and active or passive uptake 

into the macrophytes themselves. Charged compounds such as pharmaceuticals, governed 

by the pKa, may enter aquatic macrophytes by diffusion, particularly for submerged 

macrophytes because they are immersed in the contaminated medium. Once diffused into 

the plant, the fractions dissociate and the ions are thought to be trapped inside the cell 

membranes due to differences in ionic strength and membrane permeability [21]. Thus, 

bioaccumulation in macrophyte biomass poses a potential risk to organisms that might 

feed on the material, as well as possible eventual re-release during senescence. 
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2.3.7 Pharmaceutical Biomass Concentrations 

 Typha spp. and L. minor were sampled for pharmaceutical quantification in plant 

tissues. Typha spp. contained detectable concentrations of carbamazepine, fluoxetine, and 

sulfapyridine, but these were below the LOQ (Table 2.2). L. minor had 7.7 ± 3.4 ng/g and 

7.0 ± 2.8 ng/g of carbamazepine and clofibric acid, respectively. Fluoxetine and 

sulfapyridine had detectable concentrations present in L. minor tissues but remained 

below the LOQ. Naproxen was the only pharmaceutical that was not detectable. It 

appears that planted systems for this experimental period during the summer do not affect 

pharmaceutical removal. Additional removal may occur by uptake from filamentous 

algae, which were present in all mesocosms and relatively abundant during the summer. 

Unfortunately, no algae samples were analyzed for pharmaceuticals or nutrients as we 

were expecting to observe significant differences in pharmaceutical dissipation half-lives. 

Furthermore, the rapid growth of Typha spp. stands yielded large quantities of biomass, 

which could account for plant dilution of the pharmaceuticals for this species. 

Conversely, it is also possible that macrophytes accumulate and eliminate 

pharmaceuticals relatively quickly, which is further discussed in Chapter 3. Thus, 

pharmaceutical accumulation may be lower than expected due to this dynamic process 

and uptake potential may be species-specific. 

 Previous studies have demonstrated the ability of aquatic plants to absorb 

pharmaceuticals in small-scale microcosms. Typha spp. were able to absorb 

carbamazepine in a spiked solution of nutrient-enriched growth media [27]. In addition, 

evidence of metabolic transformation by Typha spp. was shown by quantifying a 

common metabolite (10,11-dihydro-10,11-epoxycarbamazepine) in plant biomass. The 
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same authors indirectly determined the uptake of clofibric acid by Typha spp. in 

hydroponic solutions compared to unplanted solutions [16]. Also, L. minor accumulated 

fluoxetine, but not clofibric acid in small scale reactors in previous studies [100]. It was 

concluded that pharmaceutical removal might arise from active processes, such as uptake 

or enhanced microbial degradation in the rhizosphere, and passive processes, such as 

sorption, although few have demonstrated these mechanisms directly.    

To further establish uptake of pharmaceuticals by macrophytes, metabolic products 

are a direct indicator of this process and should be quantified. The uptake potential of 

macrophytes would help to determine which species to use for phytoremediation 

purposes. Previous studies on nutrient fate suggest that harvesting may be a useful tool 

for removing excess nutrients and potentially, for removing pharmaceuticals [101]. 

Considering filamentous algae have a high uptake rate for nutrients, quantifying 

pharmaceuticals in biomass could reveal significant accumulation for this primary 

producer.  

 

2.4 Conclusions 

The fate of pharmaceuticals or excess nutrients did not differ between planted and 

unplanted shallow wetland mesocosms. This may be a result of several factors in our 

experimental systems.  First, the presence of a clay-dominated soil and high 

concentrations of DOM produced mineral-organic sorption sites for potential 

sedimentation of fluoxetine and, to a lesser extent, carbamazepine. High DOM 

concentrations can also lead to the production of reactive oxygen species such as 

hydroxyl radicals which react non-selectively with pharmaceuticals. Second, shallow 
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water depths would favor direct photolysis, which was estimated to be important for the 

phototransformation of naproxen, sulfapyridine, sulfamethoxazole and carbamazepine. 

Third, the significant presence of algae and accidental and unavoidable seeding of 

macrophytes in unplanted mesocosms may have been sufficient in uptaking 

pharmaceuticals from the water column.  

Macrophytes exhibited no measureable toxicity to the mixture of artificial 

wastewater and pharmaceuticals. The R/S endpoint revealed that excess nutrients 

increased shoot production of M. sibiricum, although the relative growth rate of the 

whole plant was not affected when compared to control plants.  TP concentrations in 

biomass were greater at the end of the experiment, which would suggest luxury uptake of 

P; however, the presence of epiphytic algae was also extensive on the surface of these 

macrophytes meaning the algae may be the source of this extra P. 

Typha spp. and L. minor had measurable concentrations of carbamazepine, 

fluoxetine, and sulfapyridine in their biomass, which indicates possible bioaccumulation. 

Biomass production of Typha spp is likely greater than all other macrophytes over time 

and area and could account for plant dilution of pharmaceuticals within its tissues. Plant 

uptake of pharmaceuticals appears to be a minor removal process in our mesocosm 

systems as the compounds are most likely dissipated via photolysis and sorption fate 

processes under eutrophic conditions. 

These shallow wetland mesocosms were robust enough to dissipate excess nutrients 

and pharmaceuticals rapidly. The dissipation rates were faster than previously reported 

values and would suggest beneficial use of constructed wetlands for wastewater polishing 

in northern prairie climates. However, extrapolating these results to real-world systems 
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should be exercised with caution as water depth can vary as well as the composition of 

the aqueous medium (equation 2.4 and 2.5). Further research in the temporal efficacy of 

these systems would also further elucidate the role of macrophytes in dissipation and 

uptake of microcontaminants. 
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Figure 2.2. Fluctuations in DO concentrations in mesocosms between mid July and 

August. Spiking of artificial wastewater is indicated by the hatched arrow and occurred on 

July 26th (Day 0). M = Macrophytes, WW = Wastewater, WW+D = Wastewater + Drugs. 
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Figure 2.3. Mean TRP concentrations in the mesocosms. Hatched arrow indicates the 

beginning of the experiment (July 26, 2011). M = Macrophytes, WW = Wastewater, 

WW+D = Wastewater + Drugs.  
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Figure 2.4. Mean ammonium (NH4
+) concentrations in mesocosms. Hatched arrow 

indicates the beginning of the experiment (July 26, 2011). Measurements taken on Day 2 

(~5mg/L) were of TN. M = Macrophytes, WW = Wastewater, WW+D = Wastewater + 

Drugs. 
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Figure 2.5. Chlorophyll-a concentrations in mesocosms representing the growth of 

planktonic and filamentous algae. Hatched arrow indicates the beginning of the 

experiment (July 26, 2011). M = Macrophytes, WW = Wastewater, WW+D = Wastewater 

+ Drugs.  
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Figure 2.6. Mean root:shoot ratio of M. sibiricum. Error bars represent standard deviation. 

An asterisk indicates significant differences between treatments and control for each 

sampling day (p<0.05).  WW = Wastewater, WW+D = Wastewater + Drugs. 
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Figure 2.7. TP root concentration (%) in M. sibiricum. Error bars represent standard 

deviation. Statistically significant TP differences exist over time between day 28 and days 

14 and 7. No significant differences were observed between treatments on each day. WW 

= Wastewater, WW+D = Wastewater + Drugs. 

!
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Figure 2.8. TP shoot concentrations (%) in M. sibiricum. Error bars represent standard 

deviation. WW = Wastewater, WW+D = Wastewater + Drugs. Statistically significant TP 

differences exist over time between day 28 and days 14 and 7. No significant differences 

were observed between treatments on each day.   

!
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Figure 2.9. Dissipation of pharmaceuticals concentrations (µg/L) in planted versus 

unplanted mesocosms. An observable equilibrium period exists at the beginning of the 

experiment for sulfamethoxazole and clofibric acid. Error bars represent standard 

deviation. 

!
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Figure 2.10. Pseudo first-order dissipation kinetics of the selected pharmaceuticals during 

the summer of 2011. Error bars represent standard deviations. Solid lines represent the 

slopes of each pharmaceutical in planted versus unplanted mesocosms for which there 

were no significant differences. 
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3 FATE OF PHARMACEUTICALS IN WETLAND MESOCOSMS AFTER 

PRE-TREATMENT HARVESTING OF TYPHA SPP. WITH AND WITHOUT 

PHOSPHORUS ADDITION 

 

ABSTRACT 

Rural communities across the Canadian Prairies discharge effluent from their 

secondary treatment lagoons in pulses once or twice a year. These wastewaters typically 

contain elevated nutrients and contaminants, such as pharmaceuticals, that can pose a 

hazard to receiving waters.  Constructed wetlands may provide a cost-effective means to 

polish wastewater in rural areas prior to release. To assess the utility of these managed 

systems for contaminant removal, we studied the fate and effects of selected 

pharmaceuticals after a pre-treatment harvest of a Typha spp. community, reflecting a 

system that is managed intensively, in model constructed wetlands with and without 

phosphorous addition. Treated mesocosms (n=3, plus controls) were spiked with 

carbamazepine, clofibric acid, fluoxetine and naproxen each at 7.6 µg/L, and 

sulfamethoxazole and sulfapyridine at 150 µg/L each and with and without phosphorus at 

1.6 mg/L and fate was monitored for 28 days. The aquatic plants Typha spp. and 

Myriophyllum sibiricum, as well as filamentous algae, were assessed for growth, total 

phosphorus (TP), and pharmaceutical content after treatment.  No significant differences 

in measured growth parameters were observed in either macrophyte suggesting no overt 

toxicity from the pharmaceuticals, or enhanced growth from phosphorous addition. 

Carbamazepine, clofibric acid, and sulfamethoxazole had half-lives of 8.8, 11 and 18 and 

8.6, 11 and 17 days in treatments with and without phosphorus additions, respectively, 
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suggesting persistence under environmentally relevant conditions with no significant 

differences between treatments. Additionally, fluoxetine, naproxen, and sulfapyridine had 

half-lives of 1.5, 2.5, and 4.9 and 1.4, 2.5 and 4.7 days in treatments with and without 

phosphorus additions, respectively. Relative uptake of pharmaceuticals by primary 

producers was Typha spp. < filamentous algae < M. sibiricum. The submerged 

macrophyte (M. sibiricum) uptook pharmaceuticals at rates ranging from 0.75 and 0.98 h-

1, equivalent to half-lives between 0.71 and 1.2 h, and released them at rates between 

0.016 and 0.076 h-1, with half-lives between 9.1 and 42 h under laboratory conditions. 

Harvesting did not affect uptake of P or pharmaceuticals by macrophytes, likely because 

they were undergoing senescence in the fall.   
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3.1 Introduction 

In rural regions, pharmaceuticals can enter surface water, ground water, and 

eventually drinking water due to their inefficient and inconsistent removal from sewage 

lagoons prior to release into receiving waters [1]. Sewage lagoons are commonly used in 

Manitoba to treat wastewater for physical and biological removal of total suspended 

solids, pathogens and biological oxygen demand. Although current concentrations of 

pharmaceuticals in surface waters are typically in the ng/L range, there is potential for 

chronic toxicity in non-target organisms downstream of the effluent release [2, 3].  In 

addition to pharmaceuticals, nutrients are found in these effluents at concentrations that 

can exceed Canadian federal and provincial guidelines, currently set at 1 mg/L and 15 

mg/l for phosphorus and nitrogen, respectively [4]. Excess nutrients promote 

eutrophication of receiving and downstream water bodies and can result in algal blooms 

that impair recreational and drinking water quality [5]. Thus, there is a pressing need to 

improve the water quality of effluent from these rural wastewater lagoons.   

One cost-effective option for rural communities to deal with excess nutrients and 

contaminants are macrophyte-dominated constructed wetlands employed as a secondary 

or tertiary system for polishing wastewater [6, 7]. Currently, there are few wetlands used 

for these purposes in Canadian Prairie regions [8, 9], despite the presence of over 350 

municipal sewage lagoons in Manitoba alone [10]. Treatment wetlands rely on shallow 

depths to maintain aerobic conditions, extended hydraulic residence times, and the 

presence of aquatic plants to facilitate the removal of contaminants and nutrients [11-13]. 

The efficiency of these wetlands depends on seasonal distributions of sunlight intensity, 

temperature, and redox potential, in addition to the configuration and age of the wetland 
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[11, 12]. Aquatic plants have been used for the removal of contaminants such as heavy 

metals, polychlorinated biphenyls, polycyclic aromatic hydrocarbons, pesticides, and 

excess nutrients in constructed wetlands [14, 15], yet few have demonstrated the 

phytoremediation capabilities of aquatic macrophytes for the removal of pharmaceuticals 

[16, 17]. Macrophytes have the ability to uptake, translocate, sequester, and possibly 

biotransform contaminants within their tissues. Uptake of these compounds may occur 

primarily through the roots, as is the case for emergent species such as Typha spp., 

through the roots and shoots for submerged macrophytes such as M. sibiricum, or through 

the cell membrane for filamentous algae [18, 19]. Moreover, microorganisms that are 

associated with the root zone, or rhizosphere [20, 21] may contribute significantly to 

biodegradation for pharmaceuticals such as fluoxetine that sorb onto sediments [22].  

Studies on the organic chemical uptake by plants has focused on terrestrial species 

[23, 24], where partitioning of organic chemicals into the lipid fraction of plants has been 

correlated with the hydrophobicity of the compound (i.e., log Kow). Pharmaceuticals are 

generally charged species at ambient pH, with speciation that also depends on their pKa 

values. The neutral fraction is important for toxicity and partitioning because it is easily 

transported into cell membranes compared to charged species. These fractions can be 

calculated using the octanol-water distribution coefficients corrected for acid-base 

speciation (log Dow). Based on studies involving reclaimed wastewater and biosolid 

amended crops, those pharmaceuticals with log Dow between 1.5 and 3 would typically 

diffuse into the plant and be sequestered [25, 26]. In addition to hydrophobicity, other 

processes including electrostatic interactions, ionic exchange and complexation may also 

play a role in the uptake, sorption, or sequestration of charged compounds [27]. 
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Harvesting of emergent vegetation has been studied for removal of nutrients in 

constructed wetlands for municipal wastewater applications [28-30]. The removal of 

nutrients from aqueous environments by plant uptake is dependent upon the production of 

above-ground biomass (shoots) and below-ground biomass (roots/rhizomes), as well as 

the loading rate [29]. Since the growth rate of larger vascular macrophytes is relatively 

slow compared to non-vascular algae, removal of contaminants will be greatest if the 

loading rate is low, as in free water surface constructed wetlands [7, 31, 32]. In the case 

of emergent species, repeated harvesting may induce more plant growth for a number of 

reasons, for example less shading from harvested biomass results in greater levels of solar 

radiation available; and less competition for nutrients and space [33]. Furthermore, as 

pharmaceuticals are subject to direct and indirect photolytic degradation in shallow 

mesocosms, harvesting emergent vegetation could increase their likelihood of removal by 

photolysis.   

Macrophyte growth and hence the harvested biomass, is more significant in 

eutrophic systems where macrophytes are adapted for high nutrient requirements such as 

Typha spp. compared to oligotrophic systems [34, 35]. Pharmaceuticals can potentially 

accumulate in plant tissues, although there have been few characterizations of the uptake 

potential of various types of aquatic macrophytes [25, 36]. The fate of such compounds 

may also vary based on the productivity of an ecosystem. For example Knapp et al. 

observed differences in pesticide half-lives decreasing from oligotrophic to 

hypereutrophic mesocosm systems [35]. 

 With biomass harvesting, the expectation is that uptake of pharmaceuticals 

should be enhanced. Also, phosphorus (P) is the limiting nutrient for plant growth in 
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freshwater systems. As constructed wetlands commonly receive excess P from 

wastewater effluents, plant growth in these systems should be significantly enhanced and 

thus, the accumulation of pharmaceuticals and nutrients should also be greater in plant 

biomass. In addition, rural municipalities in Manitoba may discharge their wastewaters 

until November 1st each year [4], at which point most macrophytes have entered 

senescence. If these plants have taken up pharmaceuticals and nutrients, they could be 

released back into surface waters upon plant decomposition. In combination with the low 

flow of receiving waters, this could impair non-target organisms downstream of the 

effluent [37]. Therefore, quantification of pharmaceuticals in macrophyte biomass is 

important in understanding the hazards posed, both in furthering the use of harvested 

biomass such as bio-power production [38] and for the functioning of the wetland itself. 

The objectives of this study were: 1) To assess the dissipation over 28 days of 

pharmaceuticals from the water column of a model treatment wetland during a simulated 

fall pulsed release with and without excess P; 2) To evaluate pharmaceutical uptake 

potential in Typha spp., M. sibiricum and filamentous algae biomass; and 3) to 

characterize the toxicity to pharmaceuticals and differences, if any, in pharmaceutical and 

P uptake in Typha spp., M. sibiricum. We hypothesized that by pre-harvesting Typha spp. 

and adding P to stimulate primary productivity would enhance pharmaceutical 

concentrations in macrophyte biomass. 
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3.2 Materials and Methods 

3.2.1 Model Wetlands 

3.2.1.1  Mesocosm Setup and Experimental Design 

Circular, flat-bottomed low-density polyethylene tanks with total volume of 3.5 

m3  (diameter: 2.7 m x height: 0.72 m) were purchased from ACE Rotomolds (Hospers, 

Iowa). This study used the same systems described in Chapter 2 of this thesis. Previously, 

these tanks had been used in a study to the removal of pharmaceuticals and nutrients in 

artificial wastewater in planted and unplanted mesocosms over 28 days. Nine of the 

original eighteen tanks containing macrophyte communities (Typha spp., M sibiricum and 

U. vulgaris) were designated as controls, drugs, or drugs plus phosphorus (Drugs + P) 

treatments in triplicate (n=3). Typha spp. are referred to as such because of hybridization 

between two species: latifolia and angustifolia [39]. The previous control mesocosms 

remained the same; the mesocosms assigned previously to wastewater in the first 

experiment were amended with more additions of pharmaceuticals and those assigned to 

wastewater and drugs were amended with additional pharmaceuticals and P.  Actual 

treatment occurred 23 days after the previous experiment ended, (September 15, 2011 

i.e., day 0) with monitoring lasting 28 days (October 13, 2011). Two spare tanks were 

filled with tap water and allowed to settle (dechlorinate) for at least a week.  Water in 

these tanks was used to keep the water volumes constant between 1000 and 1300 L 

(approximately 20-25 cm water column) in each mesocosm throughout the study period 

as a result of evaporative losses. Low P levels in aged dechlorinated tap water were 

measured (0.71 ± 0.05 mg/L); however, the addition of P to our mesocosms via this route 

was considered minimal and no spikes in P were observed throughout the study. Water 
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levels were monitored before and after each sampling event (see Chapter 2). No 

significant biological effects were observed in the systems from the previous study, so 

mesocosms were considered biologically equivalent at the start of the study.  Biota had 

been introduced previously (see Chapter 2) and as the systems are open to the 

environment, colonization by benthic organisms occurred continuously over the field 

season.   

Prior to treatment with pharmaceuticals and/or excess P, harvesting of Typha spp. 

took place.  Specifically, Typha spp. shoots were initially harvested 5-10 cm above the 

water surface on day -22 (Aug 24th, 2011) and again on day -1 (Sept 14th, 2011) with 

total harvested biomass assessed at each point as described in 3.2.4.2. The controls, 

drugs, and drugs+P treatments had a combined harvested Typha spp. biomass over both 

dates of 2.3±0.4, 2.5±0.2 and 2.1±0.2 kg before the start of the fall experiment. This was 

to promote plant growth by allowing less competition for nutrients and light which may 

lead to increased uptake of pharmaceuticals in biomass.  An ANOVA of the harvested 

biomass revealed no significant differences between treatments and control. A third 

harvest occurred at the end of the experiment (October 17th, 2011). The other 

macrophytes (M. sibiricum, U. vulgaris) were not harvested.   

 

3.2.2 Mesocosm Treatment 

3.2.2.1 Pharmaceuticals and Phosphorus 

Pharmaceutical drug standards: carbamazepine (99.1% chemical purity), clofibric 

acid (97%), naproxen (99.3%), sulfamethoxazole (99.2%), and sulfapyridine (99%) were 

purchased from MP Biomedicals (Montreal, QC) and fluoxetine (98%) from Spectrum 
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Chemical (Gardena, CA). Deuterated analogues carbamazepine-d10 (isotopic purity, 

98%), clofibric acid-d4 (98%), naproxen-d3 (99.9%), sulfamethoxazole-d4 (99.5%), and 

sulfapyridine-d4 (99.5%) were purchased from CDN Isotopes (Pointe-Claire, QC) and 

fluoxetine-d6 oxalate (98%) was purchased from Cambridge Isotopes (Andover, MA). 

Pharmaceutical standards and internal standards, as well as mobile phases, were prepared 

with Milli-Q water (18 MΩ-cm) (Millipore, Billerica, MA) and HPLC-grade methanol 

(Fisher Scientific, Ottawa, ON) and buffered with 90% reagent-grade formic acid (Fisher 

Scientific).  HPLC-grade acetone (Fisher Scientific) was used to dissolve carbamazepine, 

clofibric acid, fluoxetine, and naproxen for mesocosm treatment. The stock solution of 

this four-drug mixture was prepared in 10 mL of acetone, and the sulfa drugs 

sulfamethoxazole and sulfapyridine were prepared in 4 L of Milli-Q water in amber 

glassware. Target treatment concentrations were 7.6 and 153 µg/L for the four-drug 

mixture and sulfonamide antibiotics, respectively. Similarly, the phosphate solution was 

prepared with ACS-grade reagents (Fisher Scientific) to simulate a discharge of 

approximately 1.5 mg/L using 2.9 g/L K2HPO4 and 2.3 g/L KH2PO4. Both 

pharmaceutical and P target concentrations were the same as those in Chapter 2. 

 

3.2.2.2 Application 

Treatment application of acetone blanks, D, and D+P solutions were dispersed on 

Sept. 15, 2011 using a “T” apparatus, as explained in Chapter 2, section 2.2.2.3. Solutions 

were mixed in a 20 L bucket and allowed to flow through the apparatus followed by at 

least three rinses with dechlorinated tap water. A 10 mL acetone blank was added to 

control mesocosms, D treatments were added as a four-drug pharmaceutical mixture of 
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carbamazepine, clofibric acid, fluoxetine and naproxen in acetone and 4 L each of 

sulfamethoxazole and sulfapyridine in Milli-Q water solutions. The D+P treatments 

included the ddition of 2 L of P solution.  

 

3.2.3 Sample Collection and Processing 

3.2.3.1 Water Samples 

Integrated water samples (500 mL) for various analyses were taken on days -3, 0, 

4, 7, 14, and 28 from each mesocosm using an integrative water sampler and stored in 

amber glass jars, as described in Chapter 2. Additional samples (100 ml) were taken at 8 

h, 24 h, 30 h, and 48 h for determination of pharmaceutical dissipation kinetics, also as 

described in Chapter 2.  

 

3.2.3.2 Sediment Samples and Characterization 

Composite sediment samples of approximately 100 mL were taken on day 28 

using a 50 mL glass beaker in the same manner as in Chapter 2. Sediments were taken 

from bulk sediments and from sediments with Typha stands growing in proximity. The 

sediments were characterized by ALS laboratories (Saskatoon, SK) to separate particle 

diameters into sand, silt, clay and organic carbon fractions, as well as plant-available 

nutrients (nitrate, NO3
-) and phosphate, PO4

3-), as described in Chapter 2, section 2.2.3.3.  
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3.2.3.3 Water Quality and Physical-chemical Parameters 

General water quality parameters such as oxidation-reduction potential (ORP), 

dissolved oxygen (DO), conductivity (EC), chlorophyll-a, pH, photosynthetically active 

radiation (PAR), and temperature were measured in situ using a Yellow Springs 

Instrument 6600 V2 sonde (YSI) (Yellow Springs, IA) according to methods provided in 

Chapter 2.  

For TSS analysis, samples were filtered using 0.45 µm Metricel cellulose 

membrane filters (Pall Life Sciences, Mississauga, ON) for water collected on days 

mentioned in section 3.3.1. Water alkalinity and hardness was measured on days -2, 4, 

and 7 using LaMotte test kits (Chestertown, MA) further analysis was suspended as the 

measurements from the previous experiment (Chapter 2) did not change significantly. 

Water samples (500 mL) were analyzed immediately for total suspended solids (TSS) and 

total reactive phosphorus (TRP) following the methods described in Chapter 2, section 

2.2.3.2. 

 

3.2.4 Macrophyte P Uptake and Toxicity Assessment 

3.2.4.1 Potted Macrophytes 

The effects of treatment on selected macrophyte growth endpoints were assessed 

by measuring biomass growth over time, as described in Chapter 2. Briefly, Typha spp. 

and M. sibiricum were planted in the mesocosms on day -1. Typha pots were placed in 

the cavities made by the pots from the previous experiment, which were positioned 

randomly in pairs surrounding the tray containing M. sibiricum, but closer to the surface 

to prevent plant death. Twenty M. sibiricum apical shoots and fifteen Typha plants were 
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randomly selected for initial biomass measurements and subsequent tissue P analysis, as 

described in Chapter 2, section 2.2.4.  

Two plants of each species were randomly sampled in each mesocosm on days 7, 

14, 21, and 28. The roots and shoots were separated, rinsed, and lightly dried then 

immediately measured for wet weight. Samples were dried at 65˚C, reweighed for dry 

mass measurements, and stored in a freezer at -20˚C. Total biomass was measured by the 

addition of root and shoot masses from which root:shoot ratios (R/S) and relative growth 

rates (RGR) were calculated using the methods described in Chapter 2, section 2.2.4. 

Three additional M. sibiricum were added to each D+P treatment mesocosm at day -1 to 

determine pharmaceutical uptake over time and were sampled on Days 7, 14, and 28. 

These samples were processed by removing excess water using a salad spinner, then were 

immediately stored with aluminum foil and frozen at -20˚C until analysis. These samples 

will be analyzed in the future, pending appropriate advancements to the analytical 

procedure. 

 

3.2.4.2 Harvested Typha spp. Stands 

On days 7, 14, 21, and 28, the regrowth of pre-existing Typha spp. shoots were 

measured from the cut point. The Typha were separated into two groups: “old” plants, 

those original plants added specifically to the mesocosms during setup; and “new” plants, 

those that represented colonization growth. The mesocosms were previously divided into 

a grid system where zones 1, 3, 7, and 9 contained the “old” Typha spp. and the other 

zones (2, 4, 5, 6, and 8) contained the “new” Typha spp. (Figure 2.1). Twenty shoot 

length measurements were taken for each group in each treatment using a metre stick.  
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3.2.5 Analytical Methodology 

3.2.5.1 Sample Preparation 

Water column, sediment, and macrophyte sample preparations for offline-SPE 

were performed in the same manner as in section 2.2.6. In summary, water samples were 

loaded with internal standards onto previously conditioned OASISTM HLB cartridges 

(Waters Corporation, Milford, MA) after filtration through 0.45 µm Metricel cellulose 

membrane filters (Pall Life Sciences, Mississauga, ON). Plant and sediment samples had 

been previously freeze-dried, homogenized, centrifuged, then filtered through 0.22 µm 

Teflon Luer-lock syringe filters (Restek Corporation, Bellefonte, PA) and reconstituted in 

500 mL of water. All samples were then extracted with methanol, evaporated to dryness, 

filtered again using 0.22 µm Teflon Luer-lock syringe filters and finally reconstituted in 

methanol. Further dilutions occurred with 90:10 Milli-Q water:methanol to match initial 

mobile phase conditions.  

 

3.2.5.2 Instrumental Analysis 

Pharmaceutical analysis was carried out using an Agilent 6410B ultrahigh 

performance liquid chromatograph-tandem mass spectrometer (UHPLC-MS/MS) 

instrument with an electrospray ionization (ESI) source (Agilent Technologies, 

Mississauga, ON), 1200 Series Agilent UHPLC Binary pump, degasser, and column 

heater (Agilent Technologies), and CTC-HLS autosampler (CTC, Zwingen, Switzerland).  

The analytical column used was an Agilent Zorbax C18 column (50 mm × 2.1 mm × 1.8 
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µm particle size) with a Phenomenex SecurityGuard C18 Guard Cartridge (4 × 3.0 mm 

ID). Source parameters and optimized MS parameters for specific transitions are 

provided in Chapter 2. External calibrations were performed using standards over a 

concentration range of 10-750 µg/L with analytes quantified by isotope dilution. 

Extraction efficiencies from SPE extracts ranged from 30-100%, but when corrected with 

internal standards ranged from 90- 110%, based on spike-and-recovery experiments. 

Relative standard deviations (RSDs) were generally below 10% for SPE triplicate 

analysis of water samples. Plant and sediment efficiencies and recoveries were similar 

and are described in detail in Chapter 2, section 2.2.6.3. Example chromatograms are 

available for each matrix in Appendix I. 

 

3.2.5.3 Macrophyte Tissue P Concentrations 

Macrophytes were analyzed for TP concentrations based on methods described in 

Chapter 2. In summary, Typha spp. samples were ground in a mechanical mill, M. 

sibiricum in a mortar and pestle. A target weight of 0.4 g of ground plant matter was 

digested by wet oxidation in a 40-sample block digestor [40]. Digested samples were 

diluted accordingly and analyzed colorimetrically by the ascorbic acid method. For 

samples that were below 0.05 g dry weight (for example: M. sibiricum roots), the volume 

of digesting solution was reduced to 2.2 mL to minimize excess acid neutralization after 

the digestion process. 
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3.2.6 M. sibiricum Uptake Experiment 

Due to experimental design, M. sibiricum was subjected to two separate doses of 

pharmaceuticals: the first from the WW+D treatment in the previous experiment (Chapter 

2) and again in the current experiment (Drugs+P). Samples were collected 4 h into the 

experiment and contained unexpectedly high concentrations of pharmaceuticals in their 

biomass. We inferred from this that pharmaceuticals can quickly bioaccumulate in 

macrophyte biomass.  Thus, a separate laboratory experiment was conducted to 

determine the uptake contribution of pharmaceuticals in the macrophytes from the first 

experiment.  

Twenty whole M. sibiricum plants were collected from the control mesocosms and 

rinsed of all sediment and algae with distilled water prior to the experiment. Five 5 L 

glass jars were filled with 4 L of mesocosm water and designated as one control and four 

replicate drug treatments, each containing four plants. Water quality parameters of 

temperature, DO, pH, and conductivity were taken at 3-day intervals and whole plant 

weights (wet weight) were taken before and after the experiment. The jars were randomly 

placed under a constant fluorescent light for one week to stimulate growth which was 

visually apparent. Water quality parameters were considered stable after one week, at 

which time the jars were spiked with the same pharmaceutical concentrations as in the 

mesocosms above, with acetone as the solvent vehicle, and stirred lightly for 30 sec. The 

water was topped up to 4 L with fresh mesocosm water. Except for one treatment jar, two 

plants were sampled at 2 h and 4 h and a 10 mL water sample taken for pharmaceutical 

quantification at 4 h. Following the 4 h exposure period, the macrophytes from the fourth 

treatment jar were transferred to the control jar to observe for any mass transfer of 
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pharmaceuticals from the macrophytes back to the water. From this control jar, two 

plants were sampled after an additional 4 h and 24 h with 25 mL water samples at 2, 4 

and 24 h for pharmaceutical quantification. All M. sibiricum were rinsed with distilled 

water before processing. The plant biomass and water samples were processed and 

analyzed as described in Sections 3.2.3 and 3.2.4.  

Four-hour bioaccumulation factors (BAF) were calculated from these 

measurements by: 

€ 

BAF =
Cm

Cw  
(3.1) 

where Cm is the concentration in M. sibiricum and Cw is the concentration remaining in 

the water at 4 h. 

To determine the approximate remaining concentrations from the first experiment, 

we would need the steady state concentrations of each pharmaceutical and the time at 

which equilibrium is reached. Four hours was insufficient time for equilibrium to occur. 

However, given the uptake rates and half-lives we can first determine the number of half-

lives (# t1/2) at 4 hours (ttotal = 4 h) (Equation 3.2) and then we can calculate the initial 

amount of pharmaceuticals (Ci) by:  

€ 

# t1/ 2 =
ttotal
t1/ 2

 (3.2)  

€ 

Ci =
Cf

2# t1/2
 (3.3) 

where Cf is the final concentration at time t. 
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3.2.7 Mass Balance 

A mass balance of pharmaceuticals in our mesocosms was performed after two 

experiments for the total addition of 20 and 400 mg of the four-drug mixture and 

sulfonamide drugs, respectively. The compartments of water, sediment, and macrophytes 

were quantified for pharmaceuticals and the following assumptions were made: 1) The 

water volume used was the total volume at the end of the second experiment (Oct 13, 

2011) minus the total volume of sediment; 2) the sediment volume was determined by 

multiplying the area of the mesocosm at the depth measured on day 28 by a depth of 2 cm 

(the approximate depth taken for sampling of sediments) from the sediment-water 

interface; 3) the macrophyte mass was assessed based on the dry weight sampled. For 

example, the total mass of Typha spp. was determined by the amount of total harvested 

shoot biomass, M. sibiricum was determined as the number of introduced plants at the 

beginning of the first experiment (n=65) per mesocosm multiplied by the mass of a full 

individual plant sample taken at the end of the fall experiment (approx. 1 g). Filamentous 

algae mass was arbitrarily determined from the dry weight of one sample multiplied by a 

factor of 20. This number was chosen because the mesocosm water surface was scarcely 

covered by filamentous algae where approximately 20 equivalent samples could have 

been taken at the end of the study. 

 

3.2.8  Statistical Analysis 

Water quality parameters, somatic endpoints, and TP in plant biomass were assessed 

using analysis of variance (ANOVA) followed by Tukey’s test where, if necessary, log-, 

square root-, or reciprocal-transformed data met the assumptions of normality and equal 
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variance. Normality and equality of variance were assessed by Shapiro-Wilk and Levene 

median tests, respectively.  

Observed pseudo-first order rate constants, BAFs, and concentrations of 

pharmaceuticals in water sediment and macrophytes were compared between treatments 

(Drugs vs Drugs+P) using two-way Student’s t-tests.  

All data were analyzed using GraphPad Prism 5.0 (La Jolla, CA) or SigmaPlot 11.0 

(San Jose, CA) software. Data are presented as mean ± standard deviation (SD) unless 

otherwise indicated. Differences were considered significant at p<0.05.  

 

3.3 Results and Discussion 

3.3.1 Mesocosm Performance 

Previously harvested Typha spp. growth was limited to naturally occurring shoots 

that had not yet achieved maturity, while those that did reach maturity had begun to 

senesce. Extensive populations of aphids were situated near the harvested portion of the 

leaves and appeared to be randomly distributed throughout all mesocosms. Discolored 

masses of Lemna spp. and filamentous algae remained on the water surface. U. vulgaris 

and M. sibiricum shoots had begun to be converted to turions, suggesting that submersed 

macrophytes had begun the process of senescence [41]. Pondweed (Potamogeton spp.), 

which was accidentally and unavoidably introduced during the setup from the previous 

experiment, had overtaken the central zones of multiple mesocosms due to lack of 

competition from other macrophytes and the increased solar radiation from the harvested 

Typha spp. 
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3.3.2 Water Quality Parameters 

Lower temperatures ranging between 7 and 16 °C during the fall mesocosm 

experiment compared to that in our earlier experiment (17 to 27 °C, Chapter 2) impacted 

the growth of filamentous algae in addition to triggering the onset of senescence in larger 

macrophytes. The additions of pharmaceuticals and P to respective treatment mesocosms 

resulted in no significant differences between treatments for temperature, DO, 

conductivity, chlorophyll-a, PAR, TSS, alkalinity, and hardness before and after the 

experiment (Table 3-1). Values of ORP and pH had significant differences between 

treatments and controls at the beginning of the experiment, but not at the end. 

Temperature and conductivity increased as pH, ORP, DO decreased slightly throughout 

the experiment, with alkalinity and hardness remaining constant. Conductivity increased 

over the course of the experiment, probably due to the decomposition of organic matter 

and subsequent release of electrolytes back into the water column. The decreases in DO 

and ORP probably stemmed from the depletion of oxygen by bacteria and decreasing 

overall productivity, combined with the presence of senescing macrophytes which would 

increase soluble CO2, thus decreasing the pH. 

 

3.3.3 Nutrient Dissipation and Primary Productivity 

Because the temperature and light intensity were lower during the fall compared 

to the summer, filamentous algae growth was visually reduced. Therefore, chlorophyll-a 

did not increase sharply after the addition of phosphate, as it did in the previous 

experiment (Figure 2.5). Figure 3.1 shows an increase in chlorophyll-a on day 4 for the 

D+P treatment, but these concentrations were close to background levels (7.1 ± 4.7 µg/L, 
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n=198). This suggests that P assimilation by algae and microbes over the course of the 

current experiment was minimal. As a result, P dissipation took over 21 days to return to 

background levels (<0.1 mg/L) (Figure 3.2) with a half-life of 5.7 days, compared to 

dissipation over 7 days with a half-life of 1.2 days in the previous experiment. 

 
This difference was most likely because of senescing macrophytes [42], as noted above 

(Section 3.4.1) and that P likely sorbed onto sediments and particulate matter [43].  

 

3.3.4 Sediment Parameters 

The sediments had similar physical-chemical properties to those used for the first 

experiment (i.e., clay-dominated sediment with a low proportion of organic matter). The 

major difference was available NO3
-, which had decreased by 80% from 33.4 to 6.50 

mg/kg. Available PO4
3- decreased slightly, but not significantly, from 21.3 ± 1.7 to 19.8 ± 

4.2 mg/kg (Section 2.2.3.3, Chapter 2), with changes in nutrient availability due to 

macrophyte root uptake and/or denitrification by microbial processes. Percentages of 

sand and silt had decreased slightly to 11.2 ± 1.1 and 30.5 ± 0.5 % from 13.7 ± 3.8 and 

35.4 ± 0.8 %, respectively, as clay somewhat increased by a similar margin to 58.3 ± 

0.7% from 50.9 ± 4.7 %. This occurred because the top layer, assuming little disturbance, 

likely had a finer texture from decomposing organic matter and settling of finer 

particulates in the time since the sediment was added. There was a slight increase in 

organic matter present in waters to 4.8 ± 0.8%, which corresponds to an organic carbon 

fraction of 2.8 ± 0.5%. Sediment conductivity and pH also increased slightly to 610 ± 131 

µS/cm and 7.92 ± 0.04, respectively. 
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Table 3.1. Water quality parameters at the beginning and end of the experiment (days 0 and 28). Presented values are means of 

triplicate measurements per treatment group, with standard deviation in parentheses. EC = Conductivity; PAR = photosynthetically 

active radiation; ORP = oxidative reductive potential; DO: dissolved oxygen; Chl-a: chlorophyll-a. aAlkalinity and hardness 

(measured as mg/L CaCO3.) were averaged over three time points because the values did not change significantly over time; ‡ 

significant differences between treatments (Drugs or Drugs + P for added drugs and drugs + phosphorus, respectively) and control (no 

additions).  

Temperature 

(ºC) 

EC 

(µS/cm) 
pH 

PAR 

(µE-2s-1) Treatment 

Day 0 Day 28 Day 0 Day 28 Day 0 Day 28 Day 0 Day 28 

Control 7.1 ± 0.2 10.4 ± 0.3 573 ± 6 652 ± 37 9.5 ± 0.3 8.1 ± 0.1 638 ± 100 N/A 

Drugs 6.8 ± 0.4 9.9 ± 0.2 549 ± 18 647 ± 8 8.8 ± 0.1* 8.0 ± 0.1 652 ± 74 N/A 

Drugs+P 6.4 ± 0.3 9.7 ± 0.4 566 ± 8 659 ± 20 8.8 ± 0.1* 8.0 ± 0.1 743 ± 69 N/A 

ORP 

(mV) 

Alkalinitya 

(mg/L) 

Hardnessa 

(mg/L) 

DO 

(mg/L) 

Chl-a 

(µg/L) Treatment 

Day 0 Day 28 n=3 n=3 Day 0 Day 28§ Day 0 Day 28 

Control 46 ± 30 18 ± 3 248 ± 10 243 ± 3 11.8 ± 0.7 7.7 4.0 ± 1.1 12.0 ± 5.3 

Drugs 100 ± 8* 26 ± 2 247 ± 20 239 ± 5 11.2 ± 0.6 7.6 3.8 ± 0.8 5.9 ± 1.7 

Drugs+P 116 ± 5* 20 ± 4 262 ± 12 248 ± 6 12.1 ± 0.4 7.8 9.1 ± 6.4 8.6 ± 4.0 
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3.3.5 Macrophyte Growth and P Uptake 

3.3.5.1 Potted Macrophyte Response 

Potted Typha spp. and M. sibiricum exhibited minimal visually apparent new 

growth over the 28 days. Typha spp. roots and rhizomes at day 0 had an average weight 

of 7.0 ± 2.4 g dry weight (dw) (n=15) with new growth after 28 days averaging 3.5 ± 0.4 

g dw (n=18). New growth during the time of exposure is calculated by subtracting the 

two weight values (at time t and Day 0). In the case above, we obtain a negative value (-

3.5 g), which indicates that new root growth was minimal and not beyond the range of 

variability of the plants at the study initiation. Similar negative values were obtained for 

shoot growth and total biomass for Typha spp. at all sampling points. M. sibiricum had 

new growth ranging from 0.04 and 0.14 g dw of total biomass on day 28, which are much 

lower than those of the previous experiment, where growth ranged between 0.35 and 0.41 

g  after 28 days (Appendix C) with no significant differences between treatments and 

controls. These tests were inconclusive due to the macrophytes entering senescence 

which was visually apparent from the formation of turions in M. sibiricum and general 

plant decay. 

In order to obtain enough material for TP analysis, whole M. sibiricum were 

assessed (roots + shoots) due to the low weight of plants. There were no significant 

differences observed between treatments and controls (Table 3.2) for both days 7 or 28. 

Although TP was higher for day 7 in the D+P treatment compared to day 28, this could 

be attributed to P diffusing into the plant or adsorbing onto the surface as its 

concentration in the water column was high at that time (approximately 1 mg/L).  
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TP concentrations in Typha spp. roots and shoots varied, ranging between 0.19 – 

0.23 and 0.16-0.24 %P, respectively. No significant differences were observed among 

treatments between days 7 and 28 for roots or shoots. These shoot values are similar to 

those observed in 30 to 45 day-old immature plants at approximately 0.15 to 0.23 %P 

[44]. The authors performed lab-scale P uptake experiments with T. latifolia in artificial 

wastewater over 200 days. They observed that TP in shoots reached a maximum between 

50 and 60 days, followed by a gradual decrease until the end of the experiment.  

 

Table 3.2. Mean tissue concentrations of TP (as %P) for whole M. sibiricum and Typha 

spp. Roots and shoots following exposure to drugs or drugs + P for 7 and 28 days with 

standard deviations in parentheses. M. sibiricum had no root growth the first week; 

therefore, whole plant was used to assess TP. An asterisk indicates significant differences 

between Day 7 and 28. 

M. sibiricum %P Typha spp. Root %P Typha spp. Shoot %P 
Treatment 

Day 7 Day 28 Day 7 Day 28 Day 7 Day 28 

Control 0.27 (0.09) 0.27 (0.01) 0.23 (0.06) 0.22 (0.03) 0.24 (0.05) 0.22 (0.03) 

Drugs 0.33 (0.04) 0.26 (0.04) 0.19 (0.03) 0.23 (0.01) 0.16 (0.06) 0.22 (0.03) 

Drugs+P 0.38 (0.01)* 0.27 (0.01)* 0.19 (0.06) 0.21 (0.02) 0.16 (0.07) 0.18 (0.03) 
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Additionally, biomass production halted at approximately 150 days, suggesting T. 

latifolia had reached shoot maturity. This implies that the duration of our experiment 

would be too short to see any significant TP differences in Typha spp. biomass. 

 

3.3.5.2 Harvested Typha spp. Regrowth 

Once harvested, the original Typha spp. stands grew from zero ranging up to 4.7 

to 9.5 cm, whereas the newer stands grew ranging up to 9.4 to 24.3 cm (Figure 3.3). 

Although growth between treatments and controls revealed no significant differences in 

shoot length over time within each group of Typha spp. stands, there were significant 

differences between the two groups (original vs. new) of Typha spp. for each sampling 

day (Appendix C). This was because each of the original Typha spp. had reached its 

mature stage and was supporting several new Typha spp. plants through its extensive 

rhizome network [45]. ! 

We anticipated that P-amended mesocosms would have significantly greater 

growth and TP in Typha spp. biomass than the drugs only and control treatments. 

However, TP in Typha spp. was greater than predicted, ranging between 0.64 and 0.69 % 

for all treatments including controls. These values are significantly different than the 

previous two harvests, which ranged from 0.32 to 0.38 %P (p<0.001) (Figure 3.4). This is 

consistent with other studies where P concentrations were higher in younger, immature 

shoots compared to mature or senescent shoots [45] with maximum P concentrations 

attained between 50 and 60 days of growth [44]. Other authors have concluded that the 

ideal time to remove the maximum mass of P from macrophyte harvesting was during the 

period in which senescence was induced, as opposed to the period of new growth during 
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the spring [38, 39]. Although redistribution of P into the rhizomes occurs once the plant 

has reached maturity, it is suggested that below ground biomass be harvested for optimal 

P removal [44]. Although pre-harvesting does not affect the uptake of P or 

pharmaceuticals in macrophytes for our experiment, the fall period may be the ideal time 

for harvesting biomass for P removal in wetland treatment systems in Canada.  

 

3.3.6 Pharmaceutical Fate and Dissipation 

As this experiment occurred in the fall, we anticipated that pharmaceuticals would 

be eliminated from the water column at a slower rate compared to our previous summer 

experiment (Chapter 2) due to cooler temperatures and lower light intensities. 

Additionally, we anticipated that the removal of pharmaceuticals would be enhanced by 

stimulating primary productivity through the addition of P after a Typha spp. standing 

stock had been harvested. Previous experiments demonstrated that half-lives of the 

pesticide alachlor decreased in mesocosms with increasing productivity (oligotrophic to 

hypereutrophic) from 86 to 22 days which was linked to increased microbial activity and 

macrophyte growth [35]. As mentioned earlier (Section 3.3.2 and 3.3.3), primary 

productivity in our mesocosms did not increase, based on the fact that chlorophyll-a 

measurements were within background levels. The background TRP concentrations in 

our mesocosms were 0.07 ± 0.02 mg/L which is considered eutrophic according to the 

Canadian Council of Ministers of the Environment (CCME) guidelines [46], and the 

drugs+P treatment remained hypereutrophic (> 0.1mg/L) throughout the experiment. Our 

results show that the observed pharmaceutical dissipation rates had no significant 

differences between treatments (Table 3.3). Our experimental results are inconclusive to 
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determine if increased productivity would enhance the removal of pharmaceuticals due to 

the onset of macrophyte senescence. However, during the fall period marked by low 

primary production, pharmaceutical removal is lower compared to the summer 

experiment with the exception of carbamazepine. 

 

Table 3.3. Mean pharmaceutical dissipation rates with corresponding half-lives for 

treatment mesocosms with and without P (±SD). A Student’s two-tailed t-test revealed no 

significant differences between treatments. 

Drugs Drugs + P 

Compound kobs (d-1) 

± SD 
R2 

Half-

life (d) 

kobs (d-1) 

± SD 
R2 

Half-

life (d) 

Carbamazepine 0.080±0.012 0.88 8.6±1.3 0.078±0.012 0.88 8.7±1.3 

Clofibric acid 0.061±0.01 0.79 11±2 0.061±0.009 0.86 11±2 

Fluoxetine 0.49±0.06 0.96 1.4±0.2 0.47±0.08 0.91 1.5±0.3 

Naproxen 0.28±0.02 0.96 2.5±0.2 0.27±0.02 0.96 2.5±0.2 

Sulfamethoxazole 0.040±0.002 0.99 17±0.8 0.039±0.004 0.99 17±0.5 

Sulfapyridine 0.15±0.01 0.98 4.7±0.3 0.14±0.01 0.98 4.9±0.3 

 

 

The pharmaceuticals carbamazepine, clofibric acid, and sulfamethoxazole again 

remained present in the water column until the end of the experiment, with mean 

concentrations of 0.32, 0.97, and 64.2 µg/L (corresponding to pooled half-lives of 8.7, 11, 

and 18 days), respectively. Fluoxetine dissipated the fastest, followed by naproxen and 
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sulfapyridine with pooled half-lives of 1.5, 2.5, and 4.8, respectively. Generally, most 

pharmaceuticals dissipated 2-3 times slower than in the first experiment (Chapter 2). The 

exceptions were carbamazepine, which dissipated at similar rates and sulfapyridine, 

which dissipated 23 times slower (Table 3.4). Also, the dissipation of carbamazepine in 

the current experiment did not appear to follow pseudo-first order kinetics, which 

suggests multiple processes could be responsible for its removal. Equilibrium periods 

were present for carbamazepine, fluoxetine, sulfamethoxazole and sulfapyridine where 

aqueous concentrations increased during the first 24 h (Figure 3.5). 

 

Table 3.4. Comparison of pharmaceutical half-lives (±SD) calculated for the summer and 

fall experiments. The fall mesocosm treatment pooled values (Drugs and Drugs +P) were 

compared to the planted summer treated mesocosms (WW+Drugs+M). P = phosphorus, 

M = macrophytes * indicates significant differences between summer and fall half-lives. 

Summer Fall 
Compound 

WW+Drugs+M Drugs and Drugs+P 

Carbamazepine 9.4±0.2 8.7±1.3 

Clofibric acid* 4.4±0.4 11±2 

Fluoxetine* 0.98±0.20 1.5±0.3 

Naproxen* 0.81±0.22 2.5±0.2 

Sulfamethoxazole* 7.6±0.3 17±0.7 

Sulfapyridine* 0.23±0.07 4.8±0.3 
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The relative dissipation times of carbamazepine and clofibric acid appear to be 

consistent with other mesocosm studies that indicate their persistence. Lam et al. 

observed half lives of 82 and 19 days for carbamazepine and sulfamethoxazole in outdoor 

(12,000 L) microcosms [47]. Matamoros et al. looked into the removal efficiencies of 

sub-surface flow and free surface flow constructed wetlands for carbamazepine resulting 

in less than 5% and between 30 and 47% respectively. Clofibric acid was also 

investigated in the free surface flow wetlands with removals of 32 to 36 %.  It appeared 

that the long hydraulic retention time is important in limiting the persistence of 

carbamazepine and clofibric acid [48, 49]. However, in our mesocosm experiments, 

clofibric acid had markedly faster dissipation in the summer compared to the fall, which 

provides evidence that seasonal fate processes, such as photolysis, may affect its 

degradation. Similarly, sulfamethoxazole is generally readily dissipated in microcosm 

and photolysis experiments relative to carbamazepine or clofibric acid [47, 50], but 

remained more persistent in the fall than either of the persistent compounds. These results 

indicate that pharmaceuticals may be more persistent during cooler periods [50] and that 

dissipation rates vary depending on the system investigated. This seasonal variation was 

observed by Macleod and Wong [51] in Alberta WWTP and RSL where higher winter 

concentrations of pharmaceuticals occurred in treated effluent; and also Daneshvar et al. 

[52] observed a higher concentrations of beta blocker pharmaceuticals in the winter but 

carbamazepine remained consistent and persistent regardless of the season in a Swedish 

river-lake system. 
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3.3.7 Pharmaceutical Fate Estimation 

 A discussion of the various fate processes with comparisons to other research is 

listed and expanded upon in Chapter 2 where the important fate processes involved for 

the six selected pharmaceuticals in this study are photolysis and sorption. Hydrolysis, 

volatilization and microbial degradation were considered negligible. This current 

discussion will involve the comparison between the summer and fall pharmaceutical fates 

in our mesoscosm experiments with regards to primary productivity and harvesting.  

Due to experimental design, the observed dissipation rates are specific for our 

mesocosm systems and represent the overall rate (kobs) from all fate processes. 

Estimations can be used to determine which fate process are important in our systems, for 

direct and indirect photolysis and for sorption based on sedimentation rates, as described 

in Chapter 2. During the fall, a reduced photon flux is likely responsible for the decreased 

rates at which pharmaceuticals were degraded compared to the summer months. For 

example, summer and fall day-averaged, mid-seasonal values for solar irradiance at 300 

nm and 50°N latitude in Winnipeg are 1.50×10-4 and 8.27×10-6 mEins cm-2 d-1, 

respectively [53]. Thus there is a 95% decrease in solar irradiance at 300 nm during the 

fall which is important for the photodegradation of pharmaceuticals.  

 

3.3.7.1 Direct Photolysis 

 Direct photolysis rate constants (kD)!can be estimated by calculating the 

compound’s wavelength-dependent specific rate of light absorption ka(λ) and obtaining 

literature values for the quantum yield using equations 2.3 and 2.4 in Chapter 2. The 

values in Table 3.5 tell us that the direct photolysis will be most important for naproxen, 
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followed by sulfapyridine, sulfamethoxazole and to a lesser extent carbamazepine. 

Clofibric acid and fluoxetine have no absorption spectra above 290 nm, so degradation 

via direct photolysis is negligible.  Moreover, the high concentrations of DOM in our 

mesocosms suggest that a screening factor, calculated as per Chapter 2 (equation 2.7, 

section 2.3.6.2), would range between 0.22 and 0.67 for wavelengths between 290 and 

400 nm averaged over a depth of 25 cm. The higher energy wavelengths were likely 

attenuated by DOM in addition to lower photon fluxes accounting for longer 

pharmaceutical half-lives in our systems during the fall.  

 

Table 3.5. Estimation of direct photolysis rate constant (kD) from equation 2.4 (Chapter 

2). ka
t = compound specific absorption rate, Φ = quantum yield, NA = fluoxetine and 

clofibric acid do not absorb in the spectral range of 290 to 800 nm.. 

Compound 
ka

t  

(mEins/mol-1 d-1) 

Φ  

(mol Eins-1) 

kD  

(d-1) 

Carbamazepine 55 4.8×10-5 a 0.0026 

Clofibric acid NA 5.5×10-3 a NA 

Fluoxetine NA 4.2×10-5 b NA 

Naproxen 86 0.012c 1.0 

Sulfamethoxazole 33 0.027d 0.89 

Sulfapyridine 743 1.3×10-3 d 0.97 

Ref: a [50], b [54], c [55], d [56] 
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3.3.7.2 Indirect Photolysis 

Indirect photolysis occurs when light is absorbed by DOM generating reactive 

oxygen species such as hydroxyl radicals (HO), singlet oxygen (1O2), carbonate radicals 

(CO3
-•) and other species described in Chapter 2. From Chapter 2, we calculated the 

estimated CO3
-• and 1O2 rate constants responsible for the degradation of pharmaceuticals 

as 2.2×10-3 and 3.5×10-4 d-1 which corresponded to longer half-lives of 315 days and 5.5 

years. Furthermore, the calculated nitrate to DOM ratio is approximately 6.2×10-8 (mol 

NO3
-) (mg C)-1 indicating that DOM will be the main source of HO radicals in our 

mesocoms and the primary pathway for indirect photolysis [57]. 

The indirect photolysis rate constant kI can be estimated by multiplying the 

second order hydroxyl radial rate constant (k’
pOH , Table 3.6) by the steady state 

concentration of hydroxyl radicals assumed to be 1×10-16 M as described in Chapter 2, 

section 2.3.6.3. These values ranged between 4.1×10-2 to 8.3×10-2 d-1 (Table 3.6) for the 

indirect photolysis rate constants corresponding to half-lives ranging from 8.4 to 17 days. 

These calculated half-lives are identical to the observed summer values and we would 

anticipate that a ratio of fall to summer day average solar irradiation values would likely 

account for a decrease in the concentration of steady state hydroxyl radicals. 

The conclusions established in Chapter 2 (section 2.3.6.) on the importance of 

direct and indirect photolysis of pharmaceuticals also applies in the fall. Direct photolysis 

appears to be important in the increasing order for carbamazepine < sulfamethoxazole < 

sulfapyridine < naproxen, with fluoxetine and clofibric acid having no absorption spectra 

within 290 and 800nm; and indirect photolysis in the increasing order for clofibric acid  < 

sulfamethoxazole < carbamazepine < fluoxetine < naproxen. 
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Table 3.6. Estimation of pharmaceutical indirect photolysis rate constants (kOH) from 

hydroxyl radicals in mesocosm water during the fall. kp
'
OH = second-order hydroxyl 

radical rate constant  NA = sulfapyridine second order rate constants have not been 

determined for hydroxyl radicals. 

Compound kOH (M-1 s-1) kOH (d-1) 

Carbamazepine 8.8×109a 7.6×10-2 

Clofibric acid 4.7×109b 4.1×10-2 

Fluoxetine 9.0×109c 7.8×10-2 

Naproxen 9.6×109b 8.3×10-2 

Sulfamethoxazole 5.5×109a 4.8×10-2 

Sulfapyridine NA NA 

Ref: a [58] b [59] c [54] 

  

3.3.7.3 Sorption 

Sorption has traditionally been quantified by the normalized organic carbon 

partition coefficient (log Koc), which assumes the compound will mainly bind to the 

organic carbon content of the particle. Although this has been investigated for apolar and 

weakly monopolar compounds, pharmaceuticals are polar and often charged in aquatic 

systems. Calculated log Dow values were 2.45 for carbamazepine and for fluoxetine, 2.29 

and 3.77 at pH 7.7 and 9.5, respectively (Table 1.1 Chapter 2). The corresponding log Koc 

values were calculated using equation 2.3 (Chapter 2) and were 1.96 for carbamazepine 

and 1.92 and 2.94 for fluoxetine for the pH range of our mesocosms. The other 
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pharmaceuticals had log Dow below or approximately zero, providing evidence that 

sorption will play a minor role in their elimination.  

To measure the importance of sorption for fluoxetine and carbamazepine, we 

calculated the compound-specific sedimentation rates (ks
*) based on the average TSS for 

all mesocoms of 16 ± 14 mg/L (n=54) (equations 2.1 and 2.2, Chapter 2) over 28 days in 

the fall. Sedimentation rates were calculated as 3.5×10-3 d-1 for carbamazepine, which 

corresponds to a half-live of 198 d, and 3.2×10-3 to 3.3×10-2 d-1 for fluoxetine at pH 7.8 

and 9.5, with corresponding half-lives and 216 to 21 days respectively. The other four 

pharmaceuticals with unlikely sorption potential ranged between 8.4×10-5 and 3.8×10-7 d-

1 giving half-lives greater than 22 years. These values suggests that sorption via 

sedimentation of particulate species will be relatively important for fluoxetine and to a 

much lesser extent carbamazepine as was observed in the summer. These rates are 

slightly slower given the lower amount of suspended particles in solution during the fall 

experiment. The log Koc parameter for our pharmaceuticals was estimated from linear 

free energy relationships and perhaps a direct measure of the solid water distribution 

coefficient Kd (Kd=Koc/foc) would be more accurate for our calculation of sedimentation 

rates. Regardless, fluoxetine is most likely to be removed via sorption compared to the 

other pharmaceuticals. 

 

3.3.8 Pharmaceuticals in Macrophytes and Sediments 

3.3.8.1 Uptake 

Pharmaceuticals were quantified in Typha spp. shoots, M. sibiricum, and 

filamentous algae biomass (Table 3.7) after 28 days. Statistically, M. sibiricum had 
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accumulated significantly more pharmaceuticals per unit biomass (dry weight) than the 

other two species, followed by filamentous algae and Typha spp. The only significant 

differences between treatments occurred for carbamazepine concentrations in M. 

sibiricum only.  

!
Table 3.7. Average pharmaceutical concentrations in macrophyte samples (in ng/g dry 

weight) over 28 days in the fall with standard deviations per treatment. An asterisk 

indicates significant differences between treatments after a two-tailed t-test. ‡ = M. 

sibiricum biomass concentrations were significantly higher after ANOVA analysis of 

same treatment groups. 

Typha spp. (ng/g) M. sibiricum (ng/g) ‡ Fil. Algae (ng/g) 
Compound 

Drugs Drugs+P Drugs Drugs+P Drugs Drugs+P 

Carbamazepine 13±4 16±13 84±22* 141±14* 28±3 38±7 

Clofibric acid 20±1 23±4 110±30 270±141 <LOQ <LOQ 

Fluoxetine <LOQ <LOQ 2.3±0.8×103 2.5±0.1×103 79±16 99±24 

Naproxen 22±1 22±4 <LOQ <LOQ ND ND 

Sulfamethoxazole ND ND 142±28 239±71 146±13 147±2 

Sulfapyridine 13±4 12±3 ND ND 7.2±0.1 7.8±0.5 

ND=Non detectable with LOD of 2.1, 131, and 52.7 ng/g for naproxen, sulfamethoxazole 
and sulfapyridine respectively. 

 

Some pharmaceuticals were not detected; namely naproxen for filamentous algae, 

sulfamethoxazole for Typha spp. and sulfapyridine for M. sibiricum. Based on the 

concentrations measured in plant tissues, uptake potential appears to be most substantial 
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for M. sibiricum and least important for Typha spp. Filamentous algae and M. sibiricum 

were immersed in the medium containing the compounds of interest, hence their 

concentrations may take into account uptake as well as adsorption to the macrophyte 

surface or even within the biofilms associated with the plant surface. For Typha spp., 

shoot samples were taken above the water surface, which suggests that pharmaceuticals 

were taken up and translocated within the plant.  

The greatest pharmaceutical concentration measured was fluoxetine in M. 

sibiricum at 2.5 ± 0.1×103 ng/g, suggesting that basic compounds at the pH ranges 

observed in our experiment would have sorbed and bioaccumulated readily into biomass. 

This may pose concern for organisms feeding on M. sibiricum with such large 

concentrations of fluoxetine because this compound is known to cause effects in some 

species of fish at very low concentrations [60, 61]. Moreover, the pharmaceuticals 

accumulated in macrophyte biomass may be released upon decomposition during the fall 

and winter months. Therefore, future research may be necessary to determine the rates of 

release of pharmaceuticals by various plant species (see next section below). 
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3.3.8.2 M. sibiricum Uptake Experiment 

M. sibiricum in the Drugs+P mesocosms would have been dosed twice over two 

experiments in 2011. Unfortunately, M. sibiricum was sampled after the second treatment 

resulting in high concentrations of pharmaceuticals. Therefore, a separate lab experiment 

was designed to determine the uptake and depuration rates of pharmaceuticals and to 

estimate a ceiling value for the quantity of pharmaceuticals in biomass originating from 

the first experiment.  

 

Table 3.8. Comparison of average concentrations of pharmaceuticals (±SD) in M. 

sibiricum in ng/g dry weight measured at 4 h and 28 days in the fall mesocosm study (4h 

Fall and 28d Fall) and 4 h in the lab experiment (4h Lab).  

Compound 4 h Fall  4 h Lab  28 d Fall  

Carbamazepine 118±14 112±23 113±35 

Clofibric acid 309±61 < LOQ 190±127 

Fluoxetine 4.2±0.4×103 1.9±0.5×103 2.4±0.5×103 

Naproxen 377±69 < LOQ < LOQ 

Sulfamethoxazole 160±14 162±70 184±78 

Sulfapyridine < LOQ 336±120 < LOQ 

 

As in the sampled M. sibiricum from the mesocosms, the lab macrophytes 

exhibited high concentrations of pharmaceuticals after only 4 hours of exposure (Table 

3.8). Clofibric acid and naproxen were detected, but concentrations were below the limit 

of quantification. It should be noted that values for the 4 h fall macrophytes were 
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calculated using an assumed sample weight of 0.5 g as the original sample weights were 

lost. This weight is the target weight for both macrophyte and sediment samples. It also 

suggests that the concentrations are likely greater than reported. Thus, the concentrations 

obtained from the lab experiment are likely similar to those that may have accumulated 

during the first 4 hours of the fall experiment (Table 3.8). The initial concentrations 

remaining from the summer experiment were likely low and have been calculated for 

carbamazepine, fluoxetine, and sulfamethoxazole as 2.7, 83.3, and 16.4 ng/g in M. 

sibiricum biomass using equation 3.2 and 3.3. Initial concentrations for clofibric acid and 

naproxen were not calculated because the concentrations were too low for quantification. 

Sulfapyridine would have initial concentrations less than 7.2 ng/g based on values 

between the LOD and LOQ. 

The uptake rates ranged between 0.57 and 0.98 h-1, equivalent to half-lives 

between 0.71 and 1.2 h, which were calculated by plotting concentrations (lnC(t)) over 

time (t) using: 

€ 

lnCt = lnC0 − kt  (3.4) 

Depuration rates for carbamazepine and fluoxetine were slower than the uptake 

rates at 0.076 and 0.016 h-1, corresponding to half-lives of 9.1 and 42 h, respectively, 

from the equation above (Table 3.9). Depuration rates for the sulfonamide drugs could 

not be calculated because measured values after 4 hours post-transfer to the control water 

were below the LOQ. However, this suggests that sulfonamide antibiotics are released 

from the macrophytes more rapidly than carbamazepine and fluoxetine. It could further 

imply that these pharmaceuticals are adsorbed to the plant surface as opposed to being 
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sequestered in plant tissue; however, further research is needed to confirm this 

hypothesis. 

 

Table 3.9. Rates of uptake and depuration for pharmaceuticals in M. sibiricum during a 

lab experiment for a total of 28 hours. Clofibric acid and naproxen were detected below 

the LOQ and are not included in the table. NA=not applicable because the concentrations 

went below the detection limit. 

Pharmaceutical 
Rate const. (h-1) 

Carbamazepine Fluoxetine Sulfamethoxazole Sulfapyridine 

Uptake (ku) 0.95±0.47 0.98±0.47 0.57±0.28 0.64±0.45 

Depuration (-kd) 0.075±0.040 0.016±0.008 NA NA 

 

The increases in pharmaceutical mass in M. sibiricum tissue occurred in the first 4 

hours of the lab experiment, which then decreased after transfer to the control water 

between 4 and 24 h (Figure 3.7). Fluoxetine was accumulated the most, with 3.3% of the 

original spiked mass being taken up into biomass; the other compounds were below 

0.5%. There was an increase in pharmaceutical mass in the water column after the plants 

have been transferred to the control jar. The decrease in plant pharmaceutical mass with 

simultaneous increases in water shows evidence for pharmaceuticals being released from 

the plant with changes in the concentration gradient between the water column and the 

plant. Once released into the water column, the pharmaceuticals likely degraded 

following their respective dissipation rates (Table 3.1 and Figure 3.7).  
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Mathematical models have attempted to describe the uptake mechanism of ionic 

contaminants (i.e., pesticides) in terrestrial plants [62]. The uptake of non-ionic 

compounds has been correlated to hydrophobicity based on other studies [23, 24]. 

However, pharmaceuticals are typically charged at ambient pH governed by their pKa 

values. Once the neutral and charged fractions are calculated, we can determine the 

octanol-water distribution coefficient (log Dow) which takes into account the fraction of 

the neutral and charged species at a given pH (Equation 1.2 and 1.3). Tanoue et al. [25] 

determined the uptake potential of pea and cucumber plants exposed to a solution of 13 

pharmaceuticals over a short time period (24 to 72 h). They also observed that rapid 

uptake of pharmaceuticals was related to the log Dow, concluding that compounds 

exhibiting intermediate hydrophobicity, such as fluoxetine and carbamazepine, will 

readily be taken up and be translocated in plant biomass.  The Ion Trap Model [63, 64], 

states that weak acids and bases will diffuse into membranes across an electrochemical 

gradient maintained by proton pumps and will be sequestered in the vacuoles of 

terrestrial plants. In our lab experiment, the submerged macrophyte M. sibiricum showed 

evidence of a dynamic process involving uptake and depuration with little to no 

sequestration at a relatively rapid rate on the order of hours. Fluoxetine is the only 

exception; concentrations are relatively slow to dissipate, most likely because it is 

strongly sorbed to portions of the cell structure either through hydrophobic or 

electrostatic interactions. Therefore, models based on terrestrial species may not apply to 

wetland plants, especially those that are fully submersed.  Further work is needed to 

understand the accumulation and dissipation dynamics of drugs in macrohytes. 
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3.3.8.3 Bioaccumulation 

BAFs were calculated for the pharmaceuticals in the water column after 28 days, 

assuming that steady-state concentrations of carbamazepine, clofibric acid, and 

sulfamethoxazole existed. These steady-state concentrations were above unity for 

carbamazepine and clofibric acid, but not sulfamethoxazole, for all three species of 

macrophytes analyzed. BAFs were also calculated at 4 h during the milfoil experiment; 

for carbamazepine and fluoxetine these were 1.2±0.3 and 85±22 L/kg, respectively, and 

those for clofibric acid and sulfamethoxazole were below unity. The lower BAF of 

carbamazepine and clofibric acid at 4 h compared to 28 days suggests that these 

compounds had not yet reached equilibrium and the higher value at 4 h for fluoxetine 

means it is likely to achieve equilibrium before 28 days in plant biomass.  M. sibiricum 

had the highest BAFs and the least values were for Typha spp. This again shows evidence 

for the ability of aquatic macrophytes to accumulate pharmaceuticals rapidly within their 

tissues. The BAFs also highlight the potential for harvesting biomass as a way to remove 

the pharmaceuticals from the system. 

Tanoue et al. also observed the accumulation of pharmaceuticals in pea and 

cucumber plants grown in hydroponic solutions by measuring concentration factors in 

leaves, stems roots and cotyledons [25]. These values were also above unity, which 

confirms net plant uptake, especially in plant portions above the water such as leaves and 

stems. It was concluded that intermediate polarity pharmaceuticals such as 

carbamazepine and fluoxetine can be taken up and transported within plant biomass. 

Furthermore, hydrophilic compounds, like the sulfonamide antibiotics, tend to be 
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concentrated in the roots. It is not clear, however, whether sulfonamide concentrations 

found in roots relate to ad or absorption of the pharmaceuticals.  

 

Table 3.10. Average bioaccumulation factors (BAF) (±SD) per treatment mesocosm for 

pharmaceuticals remaining in the water column after 28 days. Values are based on wet 

weight (ww) of biomass of various macrophyte species. FA=filamentous algae, ND = not 

detected, LOQ = limit of quantification. 

BAF (L/kg ww) 

Compound Treatment FA 

M. 

sibiricum 

Typha 

spp. 

Water 

(µg/L) 

Drugs + P 10±2 38±4 4.3±3.3 0.33±0.02 
Carbamazepine 

Drugs 7.8±0.8 23±6 3.6±1.0 0.32±0.02 

Drugs + P ND 25±13 2.1±0.3 0.96±0.12 
Clofibric acid 

Drugs ND 9.8±2.7 1.8±0.1 0.99±0.19 

Drugs + P <LOQ 0.32±0.10 ND 65±9 
Sulfamethoxazole 

Drugs <LOQ 0.18±0.04 ND 63±11 

  

 

3.3.8.4 Pharmaceuticals in Sediments 

Carbamazepine was the only pharmaceutical detected and quantified in sediments. 

Carbamazepine exhibited significant differences in removal between bulk sediment and 

sediment in proximity to Typha spp. stands with concentrations of 19±8 and 34±3 ng/g, 

respectively, for the drug + P amended treatment. It is possible that carbamazepine was 
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carried over from the first experiment via sedimentation as this treatment had received 

two doses. The drugs only treatment exhibited no differences in carbamazepine 

concentrations between types of sediment, with measured concentrations of 15±2 and 

20±5 ng/g, respectively, for bulk sediment and proximal sediment.  

Sulfamethoxazole and sulfapyridine were detected, but were below the limit of 

quantification (Appendix E). We expected fluoxetine to be present in sediments based on 

other literature [65]; however, methanol alone was not able to elute the pharmaceutical 

because the sediment samples were not buffered to allow for proper extraction. With the 

pKa of fluoxetine at 9.45 and the sediment pH of 7.9, the dominant fraction of fluoxetine 

had a positive charge that could interact with the negative charge of DOM. The samples 

needed to be buffered to pH 10 to allow for the neutral fraction to be eluted with 

methanol [66]. The presence of carbamazepine in sediments suggests that sorption may 

play a minor role in the removal process for this compound, as suggested by calculation 

of the specific sedimentation rate in Section 3.3.7.3. The extraction methods need to be 

improved to further quantify the other pharmaceuticals in sediments and to evaluate 

sorption potential.  

 

3.3.8.5 Mass Balance 

To better understand which compartments the pharmaceuticals are partitioning into 

over time, we conducted a mass balance to assess the fate of pharmaceuticals.  A mass 

balance was useful in the current study, as the volume of water is somewhat constant and 

the inputs and outputs are negligible. Although poorly studied in pharmaceutical 

dissipation, macrophytes, especially submerged growth types, can also contribute via 
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sorption, as their surfaces are susceptible to filamentous algae growth and biofilm 

formation.  

 

Table 3.11. Estimated mass balance of pharmaceuticals in water, sediments, and various 

macrophytes in mesocosms. The % represents the proportion of pharmaceuticals found in 

each compartment at the end of both experiments (October 13, 2011). This was based on 

the addition of 20 mg of the 4-drug mixture and 400 mg of the sulfa drugs over two 

experiments. 

Compartment % CBZ % CLO % FLX % NAP % SMX %SPY 

M. sibiricum 0.05 0.09 0.80 <LOQ 0.004 ND 

 Algae 0.04 <LOQ 0.10 ND 0.007 0.0004 

Typha spp. 0.20 0.29 <LOQ 0.28 ND 0.008 

Sediment 17 ND NA ND <LOQ <LOQ 

Remaining Water 1.9 5.4 ND ND 18 ND 

NA: Not available, ND: Not detected, <LOQ: Below limit of quantification 

 

Based on Table 3.11, less than 2% of all pharmaceuticals were present in the 

macrophytes sampled in the mesocosms. This may be an underestimation as we did not 

analyze U. vulgaris and other accidentally-introduced macrophytes (Potamogeton spp.), 

but their contribution would also likely be minimal. These two species of macrophytes 

are submerged in the aquatic medium which we would anticipate having similar uptake 

mechanisms as M. sibiricum. Carbamazepine partitioned significantly to the sediments, 

most likely due to sedimentation with particulate matter. Carbamazepine, clofibric acid, 
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and sulfamethoxazole are persistent in wetlands based on the results of both summer and 

fall experiments. We also predict that fluoxetine was mostly removed by sorption to 

sediment, based on other studies as well as the higher calculated sedimentation rate in 

section 2.3.6.1. This likely occurred from the hydrophobic and positively charged 

moieties of fluoxetine sorbing with the hydrophobic and negatively charged moieties of 

the sediments. This mass balance assumes that the pharmaceuticals were not degrading, 

which would have occurred relatively quickly in relation to persistent organic pollutants, 

and would likely have produced reactive metabolites in the water column by photolytic 

reactions [67]. A newer area of research is the enzymatic metabolism of pharmaceuticals 

by macrophytes in addition to its uptake potential. Dordio et al. [68] showed evidence of 

metabolism of carbamazepine in Typha spp leaves by measuring detectable 

concentrations of the metabolite 10,11-dihydro-10,11-epoxycarbamazepinein leaf 

extracts. Thus concentrations of metabolites may be higher in plant biomass, some of 

which may be metabolically active and would be an area of promising research. 

 

3.4 Conclusions 

The harvesting of a pre-existing Typha standing stock or the addition of P to 

stimulate primary productivity did not influence the fate of the pharmaceuticals due to the 

onset of senescence. The rates at which the compounds were removed were slower than 

in the previous study (Chapter 2) due to reduced photon fluence rate during the fall 

season, which lessened the ability for pharmaceuticals to degrade via direct and indirect 

photolysis. Sorption was likely an important removal process for fluoxetine and, to a 

lesser extent, carbamazepine based on the estimated half-lives. Plant uptake accounted 
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for less than 2% of removal for all pharmaceuticals suggesting a minimal fate process. 

However, the pharmaceuticals may be metabolized in plant biomass or in the root zones, 

which would increase their removal from aquatic environments compared to treatment 

wetlands without macrophytes, although further research is needed to support this 

hypothesis. In addition, the submerged macrophytes had the ability to uptake 

pharmaceuticals readily followed by release back into the water column, which shows 

evidence that a dynamic process exists for these types of macrophytes. An exception 

occurred for fluoxetine, which was slower to dissipate from M. sibiricum biomass and 

therefore, accumulated readily up to 2.5 µg/g ww. Uptake into emergent macrophytes 

such as Typha spp. is governed by the evapotranspiration rate, and combined with low 

seasonal biomass production, resulted in higher biomass concentrations due to 

senescence. However, harvesting emergent macrophytes is an efficient method to prevent 

the release of accumulated micropollutants and nutrients back into the system upon 

decomposition. Ideally, constructed wetlands should involve the use of several species of 

macrophytes in their treatment design, followed by harvesting of the biomass. 
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Figure 3.1. Averaged chlorophyll-a (µg/L) measurements per treatment. Error bars 

represent standard deviations. Hatched arrow indicates the beginning of the experiment 

(Sept 15, 2011). P: phosphorus 
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Figure 3.2. Dissipation of total reactive phosphorus (TRP) in mesocosms (n=3) over a 28-

day study in the fall. Hatched arrow indicates the beginning of the experiment (Sept 15, 

2011). P: phosphorus 
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Figure 3.3. Averaged length of Typha spp. shoots in centimeters over the duration of the 

28 day experiment. Error bars represent standard deviations. Significant differences 

occurred between both groups of Typha spp. stands indicated by an asterisk. 
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Figure 3.4. Mean TP in harvested Typha spp. shoots (%P). Significant differences exist 

for TP over time between harvests on October 17 and the two previous harvests. 
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Figure 3.5. Dissipation of six pharmaceutical concentrations (µg/L) from the water 

column in treated mesocosms with error bars representing standard deviations.  
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Figure 3.6. Pseudo first-order dissipation kinetics of the six pharmaceuticals during the 

fall of 2011. Error bars represent standard deviations. Solid lines represent the slopes of 

each pharmaceutical in the treatment mesocosms for which there were no significant 

differences. 
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Figure 3.7. Mass of carbamazepine, fluoxetine and sulfamethoxazole in M. sibiricum 

(above) and remaining in the water column (below) during a 24-hour experiment in clear 

glass jars. Initial fortifying mass in water for carbamazepine and fluoxetine was 3×104 ng 

and 6×105 ng for sulfamethoxazole. 
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4 CONCLUSION 

Wetland mesocosms are complex systems that can be manipulated in a replicable 

manner to assess the removal of micropollutants under environmentally relevant 

conditions. There is a paucity of literature on the use of wetland mesocosms to explain 

the utility and efficacy of wastewater polishing in harsh northern climates. Moreover, the 

presence of macrophytes and their associated microbes have seldom been evaluated in the 

fate and effects of pharmaceuticals in treatment wetland mesocosms. However, it is 

known that macrophytes remove nutrients and other organic pollutants, provided the 

hydraulic residence time is adequate for macrophyte uptake, sorption into sediments, and 

other indirect processes to occur, including microbial degradation in the rhizosphere, and 

photolysis in water that has been promoted to a clear state [1, 2]. Therefore, our 

objectives were: first, to determine the dissipation of pharmaceuticals from the water 

column and quantification in the sediments and macrophytes if any, by HPLC-MS/MS; 

second, to assess the toxicity of wastewater with pharmaceuticals to the macrophytes 

M.sibiricum and Typha spp. using somatic endpoints; and finally to measure the total 

phosphorus content in these macrophytes.  

Our first mesocosm experiment in 2011 investigated the utility of aquatic 

macrophytes in enhancing the removal of pharmaceuticals and excess nutrients in 

mesocosms by comparing planted versus unplanted outdoor wetland mesocosms. Planted 

mesocosms appeared to remove pharmaceuticals equally compared to unplanted 

mesocosms.  No significant differences in the dissipation rates of the six selected 

pharmaceuticals from the water column were observed between planted or unplanted 

mesocosms. Furthermore, the dissipation of the nutrients nitrogen and phosphorus from 
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the water column were also similar across all mesocosms, which were observed to take 

place in 7 days. The presence of algae was significant in most of the mesocosms, 

especially in those that were unplanted. Additionally, pondweed (Potamogeton spp.) that 

were inadvertently planted in the unplanted mesoscosms, flourished from the lack of 

competition from other macrophytes. Therefore, the extensive growth of these species 

may be responsible for the rapid dissipation of pharmaceuticals in these mesocosms.  

Our wetland mesocosms demonstrated rapid dissipation of pharmaceuticals 

compared to previous work, with half-lives of less than 10 days. The fate processes 

responsible for pharmaceutical dissipation cannot be exactly determined by our study 

design. However, based on recent literature these systems favor removal of 

pharmaceuticals through photolysis and sorption [3]. Filamentous algae may have 

affected photolysis as they grow in large mats on the water surface and in extreme cases 

throughout the whole water column. This excessive growth would prevent sunlight from 

penetrating the water column, which would attenuate degradation of pharmaceuticals by 

photolysis [4]. The presence of suspended solids was 22±32mg/L suggesting that 

pharmaceuticals that were sorbed to the particulate phase may have been removed by 

sedimentation. Based on estimated calculations of pharmaceutical photolysis and 

sedimentation rates, the pharmaceuticals most likely to dissipate via direct photolysis in 

order of increased removal are carbamazepine < sulfapyridine < sulfamethoxazole < 

naproxen; via indirect photolysis in the order of clofibric acid  < sulfamethoxazole < 

carbamazepine < fluoxetine < naproxen and those likely to be removed by sorption are 

fluoxetine and carbamazepine. Fluoxetine and clofibric acid do not degrade by direct 

photolysis due to absorption of radiation out of the spectral range of the atmosphere and 
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the indirect photolysis of sulfapyridine could not be estimated because of a lack of data 

however we would anticipate similar rates compared to sulfamethoxazole. The half-life 

of naproxen was over estimated however it suggests that photolysis was important in its 

degradation. The predicted half-lives determined which pharmaceutical was more 

susceptible to degrade by photolysis or sedimentation in the orders described above.  

The effects of artificial wastewater were effectively evaluated for the submerged 

macrophyte M. sibiricum by measuring growth endpoints for roots, shoots and total 

biomass with root:shoot ratio and relative growth rate as secondary parameters. The 

root:shoot ratio had significantly decreased in treatment mesocosms (wastewater and 

wastewater with pharmaceuticals) compared to controls despite no significant differences 

in relative growth rate. This is likely due to nutrients assimilated directly from the water 

column.  Therefore, the availability of nutrients appeared to affect the growth of 

macrophytes rather than the pharmaceuticals.  The effect of wastewater on plants will be 

of minor biological significance, as the relative growth rates of the macrophytes did not 

change over time compared to control macrophytes. 

In addition, the potential for uptake of pharmaceuticals by Typha spp. and Lemna 

spp. was assessed by mesocosm treatment with analysis of extracts by HPLC-MS/MS.  

Pharmaceuticals did partition into plants suggesting bioaccumulation, however the 

concentrations measured were small. Lemna spp. bioaccumulated carbamazepine and 

sulfamethoxazole, for which concentrations were 5.6 to 11.8 and 105 to 324 ng/g 

respectively. Carbamazepine was detected in all Typha spp. samples, but was below the 

limit of quantification. Thus, the macrophytes present may have the potential to uptake 

certain pharmaceuticals [5, 6]. However, the concentrations measured in plant biomass 
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are too low which may be due to plant dilution of Typha spp. or that the pharmaceuticals 

are being biotransformed within the macrophytes [7]. 

Building upon our initial study, we then examined the enhanced removal of 

pharmaceuticals by stimulating primary productivity.  This took the form of adding 

pharmaceuticals with and without phosphorus and a pre-treatment of the existing Typha 

spp. plants.  We predicted that this would cause increased uptake of phosphorus and 

stimulate macrophyte growth [8]. Unfortunately, the removal of pharmaceuticals between 

treatments was inconclusive because of the onset of senescence, meaning no new large-

scale growth occurred in the harvested plants (i.e., above sediment biomass).  However, 

we were still able to evaluate the dissipation of pharmaceuticals in mesocosms during the 

fall. Manitoba sewage discharge regulations [9] allow for release until November 1st and 

with cooler temperatures and less sunshine the dissipation rates may be attenuated . 

Dissipation was found to be generally slower by a factor of 2 to 3 for the pharmaceuticals 

with the exception of carbamazepine, which exhibited no change in degradation and 

sulfapyridine, which persisted approximately 21 fold compared to the summer 

experiment. For example, half-lives for carbamazepine were approximately 9 days in the 

summer and fall experiments. Summer dissipation half-lives for clofibric acid, fluoxetine 

and naproxen ranged between 0.81 to 4.4 days compared to the fall ranging between 1.5 

and 11days. Sulfapyridine dissipated with half-lives of 5.5 hours in the summer, and 4.8 

days in the fall. 

In this study, we also examined the levels of pharmaceuticals in M. sibiricum, 

Typha spp. and filamentous algae in mesocosm wastewater systems, as we did in our 

earlier study. Pharmaceuticals had significantly accumulated into macrophyte biomass, 
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which suggests the fall being an ideal period for harvesting macrophytes. M. sibiricum 

was able to bioaccumulate fluoxetine ranging between 2.3 to 2.5×103 ng/g compared to 

79 to 99 ng/g for filamentous algae and below quantification levels in Typha spp. 

Naproxen, sulfamethoxazole and sulfapyridine were not detected in filamentous algae, 

Typha spp. and M. sibiricum, respectively.  

Growth of M. sibiricum and Typha spp. in the presence of pharmaceuticals and 

nutrients revealed no overt toxic effects when compared to controls nor did total 

phosphorus (TP) in biomass vary significantly between treatments and control. We did 

however observe TP in harvested biomass reaching 0.6 %P which is one of the highest 

reported values for this species in the literature. TP concentrations reach a maximum in 

immature Typha spp. shoots between 50 and 60 days [10]. Therefore if one would be able 

to promote the growth of immature Typha spp. over several growing periods, the 

likelihood of TP removal by macrophyte uptake would be more significant.  

In a separate lab experiment, M. sibiricum was able to rapidly uptake large 

quantities of pharmaceuticals over a short duration and once transferred to a clean water 

source, began to release pharmaceuticals back into the water column at slower rates. 

Current uptake models for ionic chemicals such as the ion trap suggest that the 

compounds will likely be taken up, translocated and sequestered in plant compartments 

driven by the evapo-transpiration rate [11, 12]. Our results for M. sibiricum suggest 

otherwise given the release of pharmaceuticals from the biomass with simultaneous 

increases in aqueous concentration in the water column. These models may be accurate 

for terrestrial plants only. However, submerged aquatic macrophytes may have different 

uptake mechanisms.  
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Based on observation in both experiments we can anticipate that pharmaceuticals 

will partition to the sediments and to plant biomass. Pharmaceuticals and nutrients will 

dissipate relatively fast from the water column which is important for treatment wetlands. 

However, there needs to be monitoring of the wetland to determine what concentrations 

are still present over the winter and spring seasons. For example, the nutrients in plants, 

and potentially pharmaceuticals may be released back into the water column upon plant 

senescence and decomposition [13]. In addition, it is difficult to make scientific decisions 

for the implementation of a field scale treatment wetland in Manitoba after one year of 

operation. Constructed wetlands are meant to receive multiple discharges of wastewater 

over many years and based on other literature the efficiency of removal can vary between 

years of operation [3, 14]. Yearly variations in sunlight intensity, water quality and water 

depth are likely to be different and this would have an impact of the removal efficiencies 

of pharmaceuticals. Thus, caution should be exercised when extrapolating a single factor 

such as water depth to larger field scale experiments or applications. We would 

recommend further research to elucidate the long-term efficiency of treatment wetlands, 

however based on these experiments short-term treatment wetland use would be 

beneficial in Manitoba. 

 

4.1 Future Research 

Our experiments are inconclusive as to whether aquatic macrophytes play a 

significant role in the removal of pharmaceuticals and excess nutrients. Given the factors 

of our experimental design in both experiments there is room to investigate this further. 

However, constructed wetlands could still benefit rural communities in Manitoba as 
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dissipation times in the mesocosms are relatively short compared to other literature [15-

17].  

The planted mesocosms would have performed better at removing 

pharmaceuticals had we started with a dense standing stock of Typha spp. and reduced 

the amount of filamentous algae and unintentional additions of macrophytes in the 

unplanted mesocosms. Furthermore extending the experiment over several years, the 

efficiency of the planted mesocosms may have been favorable for the removal of 

pharmaceuticals compared to the control mesocosms because they would have been 

already established with a healthy density and abundance of organisms capable of taking 

up micropollutants. 

Determination of the mechanisms of pharmaceutical uptake in macrophytes is a 

promising area for understanding how to remediate wastewater. Typically more 

hydrophobic compounds, such as fluoxetine, would tend to be associated with lipids, 

which are usually found in the roots, where the Casparian strips prevent transportation 

through the plant [18, 19]. However, Typha spp. shoot samples collected above the water 

surface revealed fluoxetine in biomass that would account for uptake and translocation. 

Shoots of M. sibiricum collected without roots suggested that the macrophytes are 

uptaking and releasing fluoxetine via diffusion or facilitated transport.  

Generally, we observed responses of little ecological consequences in the 

monitored macrophytes.  However, there were some issues with our experimental design, 

especially around Typha spp, which are not routinely assessed as individual plants in 

mescosms.  In the first experiment, our planting regime had the trimmed Typha spp. 

placed in pots below the water surface. Unfortunately, the Typha spp. died because they 
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required atmospheric oxygen to survive over long periods of time. In addition, the 

trimmed rhizomes did not contain enough energy to produce shoots that could break the 

water surface for oxygen. Therefore the planting regime should allow for adequate 

protrusions from the water column to compensate for water fluctuations. In the second 

experiment, the Typha spp. had begun to senesce and thus growth was minimal. In terms 

of assessing toxicity, current literature has determined Typha spp. shoot maturity is 

achieved at around 150 days suggesting that a 28-day study would be too short to assess 

for any toxic effects for this organism [10]. 

The extraction of fluoxetine in sediments had low recoveries although we had 

expected its presence based on previous sorption literature. The USEPA method 1694 

suggests extracting pharmaceuticals under acid and base fractions, which involves a very 

elaborate procedure [20]. In contrast, our methods were based on in-house methods using 

methanol as the eluent during extraction leading to a more efficient throughput of 

samples. Fluoxetine is positively charged below its pKa of 9.45 and is a molecule that 

tends to sorb well to the organic carbon fraction of sediments due to a relatively high log 

Kow (4.05). It is recommended that the samples be buffered with NH4OH to pH 10 prior 

to extraction and conversely, acidic pharmaceuticals should be buffered with HCl to pH 

2. Following such recommendations would likely improve recoveries and increase 

sensitivity. 

A considerable problem when examining the fates of pharmaceuticals in 

biological systems is their metabolism. Determination and detection of metabolites is a 

challenging aspect because most deuterated internal standards are not available. In 

addition, some metabolites may exhibit different toxicological properties or add to the 
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toxicity of the parent compound [21, 22]. The detection of metabolites would provide us 

with an indication that macrophytes are biotransforming pharmaceuticals from which the 

rates can be determined [7]. Determining how well different species of macrophytes are 

able to metabolize different compounds is useful for phytoremediation of wastewaters. 

This could be ecologically important when designing constructed wetlands with 

macrophytes that have optimal biotransformation rates for pharmaceuticals. 
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Appendix A. Listed mesocosm treatment assignments for the summer and fall experiments in 2011. 

Treatment Assignment Mesocosm 

 Experiment 1 Experiment 2 

2 Control NA 

4 Control NA 

12 Control NA 

6 Control+M Control 

9 Control+M Control 

16 Control+M Control 

3 WW NA 

17 WW NA 

18 WW NA 

7 WW+M Drugs 

8 WW+M Drugs 
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15 WW+M Drugs 

5 WW+D NA 

10 WW+D NA 

14 WW+D NA 

1 WW+D+M Drugs+P 

11 WW+D+M Drugs+P 

13 WW+D+M Drugs+P 

M: Macrophytes, WW: Wastewater, D: Drugs, P: Phosphorus 

!
!
!
!
!
!
!
!
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Appendix B. Data for water quality parameters, macrophyte growth and TP in macrophytes biomass in mesocosms during the 
summer of 2011. Mean values with standard deviations for each treatment is provided in each table. 

Table B.1. Average treatment water temperature (°C) by date measured with standard deviations (n=3). (Control: 2, 4, 12; Control+M: 
6, 9, 16; WW: 3, 17, 18; WW+M: 7, 8, 15; WW+D: 5, 10, 14 and WW+D+M: 1,11,13). M=macrophyte, WW=Wastewater, D=drugs 
(pharmaceuticals) 

Treatment 15-Jul 17-Jul 20-Jul 22-Jul 26-Jul 27-Jul 28-Jul 29-Jul 30-Jul 31-Jul 1-Aug 
2-

Aug 

Control 22.0 26.7 26.2 19.8 19.7 21.5 21.2 22.0 21.6 20.2 22.4 23.4 

St dev 0.2 0.2 0.1 0.3 0.2 0.0 0.1 0.2 0.2 0.3 0.1 0.2 

Control+M 22.3 26.8 26.6 20.3 19.5 21.5 21.2 21.7 21.6 19.9 22.2 22.9 

St dev 0.2 0.1 0.3 0.3 0.3 0.1 0.2 0.1 0.2 0.2 0.1 0.1 

WW 22.2 27.1 26.4 20.0 19.7 21.9 21.5 22.2 21.6 20.2 22.4 23.4 

St dev 0.3 0.3 0.1 0.2 0.1 0.1 0.0 0.0 0.1 0.3 0.0 0.1 

WW+M 22.1 26.8 26.5 20.3 19.6 21.7 21.4 21.9 21.4 20.0 22.0 23.0 

St dev 0.2 0.2 0.1 0.0 0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.2 

WW+D 22.1 26.9 26.4 20.1 19.6 21.6 22.1 22.5 21.7 20.6 22.6 23.8 

St dev 0.2 0.2 0.1 0.3 0.1 0.1 0.2 0.2 0.3 0.4 0.3 0.1 
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Treatment 15-Jul 17-Jul 20-Jul 22-Jul 26-Jul 27-Jul 28-Jul 29-Jul 30-Jul 31-Jul 1-Aug 
2-

Aug 

WW+D+M 22.0 26.6 26.5 20.3 19.5 21.4 21.7 22.0 21.4 20.0 22.0 23.3 

St dev 0.3 0.5 0.1 0.2 0.1 0.1 0.2 0.1 0.1 0.1 0.1 0.1 

 

Treatment 3-Aug 4-Aug 8-Aug 9-Aug 11-Aug 12-Aug 16-Aug 17-Aug 22-Aug 23-Aug 25-Aug 26-Aug 

Control 20.6 22.8 21.2 17.0 22.1 20.9 22.9 17.8 18.1 21.5 19.2 19.5 

St dev 0.3 0.1 0.2 0.3 0.1 0.4 0.2 0.4 0.2 0.2 0.5 0.3 

Control+M 20.3 22.7 20.7 16.9 21.4 20.5 22.2 17.1 17.8 20.9 18.3 19.4 

St dev 0.2 0.0 0.3 0.4 0.1 0.3 0.2 1.0 0.3 0.3 0.3 0.3 

WW 20.6 23.0 21.1 17.1 22.1 21.0 22.9 17.8 18.0 21.8 19.0 19.4 

St dev 0.1 0.0 0.2 0.2 0.1 0.1 0.1 0.5 0.4 0.1 0.3 0.3 

WW+M 20.2 22.9 20.9 17.5 21.3 20.2 22.1 17.0 18.0 21.0 18.4 19.1 

St dev 0.1 0.1 0.3 0.4 0.3 0.3 0.1 0.2 0.8 0.4 0.6 0.6 

WW+D 20.9 23.3 21.6 17.8 22.6 21.3 22.9 18.1 18.3 22.3 19.6 19.6 
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Treatment 3-Aug 4-Aug 8-Aug 9-Aug 11-Aug 12-Aug 16-Aug 17-Aug 22-Aug 23-Aug 25-Aug 26-Aug 

St dev 0.0 0.3 0.1 0.2 0.4 0.4 0.3 0.1 0.4 0.1 0.2 0.2 

WW+D+M 20.3 23.3 21.2 17.2 21.6 20.4 22.5 17.7 17.8 21.6 18.3 19.2 

St dev 0.0 0.4 0.4 0.1 0.3 0.2 0.5 0.5 0.3 0.5 0.2 0.3 
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Table B.2. Average electric conductivity values (mS/cm) per treatment by date measured with standard deviations (n=3). 

Treatment 15-Jul 17-Jul 20-Jul 22-Jul 26-Jul 27-Jul 28-Jul 29-Jul 30-Jul 31-Jul 1-Aug 2-Aug 

Control 0.936 0.878 0.949 0.948 0.835 0.836 0.845 0.864 0.872 0.914 0.918 0.912 

St dev 0.044 0.061 0.059 0.060 0.040 0.039 0.040 0.047 0.055 0.062 0.068 0.077 

Control+M 0.781 0.698 0.751 0.737 0.700 0.710 0.721 0.736 0.740 0.769 0.754 0.744 

St dev 0.053 0.041 0.043 0.027 0.036 0.036 0.035 0.039 0.039 0.037 0.043 0.043 

WW 0.881 0.802 0.857 0.849 0.737 0.808 0.834 0.818 0.779 0.750 0.742 0.733 

St dev 0.003 0.012 0.006 0.036 0.017 0.020 0.015 0.010 0.011 0.001 0.005 0.010 

WW+M 0.753 0.668 0.717 0.705 0.671 0.739 0.773 0.786 0.781 0.747 0.719 0.715 

St dev 0.071 0.023 0.010 0.006 0.006 0.008 0.006 0.006 0.015 0.031 0.020 0.015 

WW+D 0.873 0.788 0.842 0.826 0.756 0.824 0.856 0.853 0.845 0.804 0.793 0.786 

St dev 0.053 0.064 0.073 0.069 0.059 0.061 0.067 0.079 0.080 0.084 0.070 0.065 

WW+D+M 0.777 0.686 0.738 0.720 0.682 0.747 0.780 0.794 0.801 0.780 0.759 0.751 

St dev 0.049 0.004 0.021 0.021 0.013 0.016 0.018 0.021 0.017 0.021 0.023 0.017 
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Treatment 3-Aug 4-Aug 8-Aug 9-Aug 11-Aug 12-Aug 16-Aug 17-Aug 22-Aug 23-Aug 25-Aug 26-Aug 

Control 0.922 0.872 0.916 0.915 0.806 0.823 0.884 0.892 0.850 0.856 0.875 0.832 

St dev 0.083 0.099 0.129 0.131 0.124 0.132 0.150 0.149 0.153 0.159 0.145 0.091 

Control+M 0.746 0.655 0.678 0.680 0.595 0.612 0.667 0.595 0.594 0.610 0.660 0.577 

St dev 0.041 0.046 0.046 0.049 0.031 0.035 0.039 0.192 0.029 0.019 0.013 0.027 

WW 0.745 0.720 0.746 0.742 0.654 0.668 0.718 0.727 0.730 0.738 0.778 0.736 

St dev 0.009 0.030 0.022 0.019 0.015 0.012 0.004 0.008 0.011 0.010 0.017 0.032 

WW+M 0.728 0.697 0.740 0.736 0.658 0.674 0.598 0.715 0.587 0.604 0.641 0.551 

St dev 0.009 0.028 0.021 0.019 0.011 0.008 0.195 0.037 0.014 0.012 0.009 0.025 

WW+D 0.798 0.742 0.769 0.763 0.699 0.712 0.759 0.770 0.775 0.788 0.836 0.763 

St dev 0.054 0.043 0.034 0.030 0.024 0.026 0.028 0.030 0.046 0.057 0.087 0.071 

WW+D+M 0.762 0.707 0.666 0.749 0.649 0.665 0.728 0.714 0.605 0.613 0.656 0.545 

St dev 0.013 0.013 0.139 0.011 0.017 0.017 0.051 0.012 0.021 0.021 0.021 0.029 
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Table B.3. Average pH values per treatment by date measured with standard deviations (n=3). 

Treatment 15-Jul 19-Jul 20-Jul 22-Jul 26-Jul 27-Jul 28-Jul 29-Jul 30-Jul 31-Jul 01-Aug 02-Aug 

Control 8.17 8.30 8.21 8.69 8.41 8.56 8.51 8.54 8.56 8.62 8.39 8.32 

St dev 0.16 0.15 0.12 0.08 0.16 0.15 0.16 0.14 0.12 0.13 0.13 0.14 

Control+M 8.47 8.40 8.21 8.87 8.18 8.34 8.48 8.62 8.76 9.07 8.79 8.64 

St dev 0.19 0.20 0.24 0.16 0.20 0.15 0.30 0.30 0.39 0.27 0.36 0.47 

WW 8.39 8.38 8.32 8.75 8.62 8.16 8.13 8.61 9.10 9.30 9.19 8.96 

St dev 0.12 0.04 0.08 0.07 0.08 0.14 0.05 0.04 0.11 0.13 0.15 0.10 

WW+M 8.58 8.53 8.30 8.97 8.23 7.85 7.76 8.14 8.57 9.11 9.03 8.74 

St dev 0.16 0.03 0.10 0.03 0.10 0.09 0.07 0.13 0.22 0.15 0.13 0.13 

WW+D 8.33 8.32 8.30 8.81 8.61 8.18 8.02 8.45 9.10 9.10 9.02 8.82 

St dev 0.13 0.15 0.13 0.02 0.12 0.02 0.05 0.11 0.14 0.14 0.16 0.19 

WW+D+M 8.50 8.53 8.38 8.97 8.37 7.94 7.79 8.05 8.52 8.95 8.83 8.46 

St dev 0.12 0.04 0.07 0.06 0.06 0.08 0.10 0.14 0.14 0.06 0.09 0.12 
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Treatment 03-Aug 04-Aug 08-Aug 09-Aug 11-Aug 12-Aug 16-Aug 17-Aug 22-Aug 23-Aug 25-Aug 26-Aug 

Control 8.51 8.25 8.57 8.69 8.71 8.76 8.47 8.76 9.17 9.09 9.05 9.08 

St dev 0.14 0.19 0.22 0.16 0.21 0.19 0.29 0.15 0.16 0.31 0.20 0.12 

Control+M 8.89 8.66 9.08 9.17 9.12 9.09 8.56 8.68 9.08 8.27 8.56 8.47 

St dev 0.38 0.50 0.34 0.42 0.36 0.34 0.31 0.10 0.21 0.23 0.17 0.20 

WW 9.21 9.17 9.49 9.64 9.70 9.70 9.55 9.48 9.95 9.57 9.72 9.60 

St dev 0.14 0.15 0.10 0.11 0.16 0.22 0.21 0.29 0.26 0.31 0.31 0.32 

WW+M 8.78 8.67 8.65 8.68 8.60 8.53 8.34 8.38 9.30 7.90 8.44 8.51 

St dev 0.14 0.12 0.03 0.10 0.25 0.23 0.19 0.07 0.42 0.10 0.20 0.12 

WW+D 8.91 9.01 9.42 9.66 9.59 9.65 9.49 9.43 9.75 9.22 9.29 9.22 

St dev 0.18 0.12 0.03 0.06 0.08 0.16 0.34 0.25 0.16 0.36 0.65 0.68 

WW+D+M 8.66 8.62 8.82 8.94 8.76 8.62 8.57 8.57 9.21 7.88 8.54 8.62 

St dev 0.17 0.24 0.14 0.12 0.17 0.21 0.13 0.29 0.28 0.15 0.28 0.32 
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Table B.4. Average ORP values (mV) per treatment by date measured with standard deviations (n=3). 

Treatment 15-Jul 19-Jul 20-Jul 22-Jul 26-Jul 27-Jul 28-Jul 29-Jul 30-Jul 31-Jul 01-Aug 02-Aug 

Control 199 189 182 173 166 151 153 148 150 174 164 167 

St dev 6 13 14 14 20 6 29 10 9 5 2 10 

Control+M 199 195 190 177 181 123 173 151 151 171 140 165 

St dev 5 8 4 3 10 14 4 4 9 4 14 7 

WW 204 201 189 181 182 92 190 154 145 163 157 165 

St dev 9 18 13 15 24 21 2 10 3 2 2 15 

WW+M 199 193 189 176 179 74 177 157 149 155 158 165 

St dev 8 10 5 3 11 21 21 1 6 5 4 4 

WW+D 203 196 189 179 174 91 179 165 149 159 161 188 

St dev 9 8 7 6 18 23 3 2 4 6 4 2 

WW+D+M 197 187 180 168 169 94 178 166 145 158 164 196 

St dev 15 18 18 16 28 22 3 6 4 4 2 4 

 



!

240!

Treatment 03-Aug 04-Aug 08-Aug 09-Aug 11-Aug 12-Aug 16-Aug 17-Aug 22-Aug 23-Aug 25-Aug 26-Aug 

Control 158 173 116 183 154 157 131 139 118 111 88 94 

St dev 2 5 20 5 12 6 18 12 14 22 6 4 

Control+M 131 168 126 170 150 154 139 151 109 145 83 97 

St dev 15 2 4 8 7 6 5 5 4 7 8 8 

WW 152 168 135 163 147 145 120 148 96 125 67 85 

St dev 3 1 7 5 4 3 5 4 1 6 13 5 

WW+M 145 158 154 171 168 166 135 166 106 166 89 97 

St dev 3 15 2 5 8 3 6 2 6 4 17 5 

WW+D 155 163 148 163 157 152 124 151 89 122 84 95 

St dev 4 10 1 3 2 1 8 4 14 7 9 11 

WW+D+M 154 17 161 176 168 171 128 164 88 168 104 101 

St dev 6 10 6 2 4 3 18 6 1 6 10 8 
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Table B.5. Average DO values (mg/L) per treatment by date measured with standard deviations (n=3). 

Treatment 15-Jul 19-Jul 20-Jul 22-Jul 26-Jul 27-Jul 28-Jul 29-Jul 30-Jul 31-Jul 01-Aug 02-Aug 

Control 6.50 7.98 5.78 10.60 9.58 8.25 9.65 10.50 7.89 9.51 7.95 7.88 

St dev 1.26 1.25 0.66 0.35 0.78 0.84 0.93 1.29 1.39 1.58 1.43 1.52 

Control+M 8.00 8.73 5.20 11.16 5.81 6.32 8.54 9.13 6.40 9.16 7.20 7.52 

St dev 0.75 0.86 0.72 0.77 1.20 1.35 1.30 1.49 1.64 0.46 0.81 1.13 

WW 7.53 9.03 6.17 10.72 10.52 0.20 5.91 14.26 9.09 13.01 6.78 8.37 

St dev 0.20 0.46 0.44 0.66 0.32 0.04 1.70 0.81 0.46 1.14 0.55 1.91 

WW+M 9.15 9.60 5.75 11.35 6.03 0.16 2.94 10.17 5.12 12.23 6.04 5.77 

St dev 0.78 0.58 0.93 0.24 0.71 0.04 1.09 2.13 0.88 1.45 0.39 0.74 

WW+D 7.39 8.33 6.14 11.30 9.91 0.16 6.10 12.46 7.85 11.41 6.87 7.79 

St dev 1.52 1.26 0.16 1.02 0.85 0.13 1.75 1.15 1.17 2.06 1.10 0.52 

WW+D+M 8.25 9.46 5.98 11.30 6.59 0.20 4.80 10.00 5.23 11.03 6.42 7.61 

St dev 0.26 0.68 0.39 0.28 0.36 0.08 1.40 1.61 0.43 0.78 1.00 1.02 
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Treatment 
03-

Aug 

04-

Aug 
08-Aug 09-Aug 11-Aug 

12-

Aug 

16-

Aug 
17-Aug 22-Aug 

23-

Aug 
25-Aug 

26-

Aug 

Control 8.93 9.48 10.69 8.74 9.91 8.06 5.54 10.03 9.95 7.79 10.18 6.71 

St dev 1.44 1.01 1.70 0.74 0.08 0.42 0.34 0.11 0.23 0.55 0.63 0.32 

Control+M 7.81 8.74 10.90 9.13 10.33 6.33 4.37 8.65 10.09 4.71 7.29 5.13 

St dev 0.51 0.79 2.25 1.40 1.74 0.70 0.41 1.99 0.74 0.78 0.26 0.80 

WW 6.49 8.42 11.17 9.05 12.07 7.36 3.68 10.48 9.66 6.86 6.46 3.89 

St dev 0.62 1.01 1.40 0.90 1.30 0.19 0.27 1.12 0.50 0.36 1.07 0.99 

WW+M 4.91 8.17 6.90 4.79 7.54 3.71 2.43 7.36 9.32 4.52 6.06 4.92 

St dev 0.77 2.25 0.75 0.08 1.51 0.30 0.31 2.03 0.99 0.81 0.16 0.72 

WW+D 5.78 7.91 11.90 11.08 12.66 8.93 4.93 9.76 9.25 6.22 6.75 4.73 

St dev 0.11 0.66 1.04 2.14 1.41 1.39 1.67 0.56 1.52 1.87 3.06 2.04 

WW+D+M 4.74 8.49 9.79 7.09 7.25 4.47 3.34 8.88 8.57 6.37 7.34 5.38 

St dev 0.72 0.55 1.68 1.52 1.34 0.67 2.12 3.82 0.38 1.64 0.37 0.39 
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Table B.6. Average Chlorophyll-a values (µg/L) per treatment by date measured with standard deviations (n=3). 

Treatment 15-Jul 19-Jul 20-Jul 22-Jul 26-Jul 27-Jul 28-Jul 29-Jul 30-Jul 31-Jul 01-Aug 02-Aug 

Control 13.3 11.2 15.5 11.9 11.2 10.4 10.0 9.7 11.0 9.9 10.8 10.6 

St dev 1.3 1.9 3.7 3.3 1.7 0.9 0.4 0.3 1.1 1.1 1.9 0.7 

Control+M 9.3 10.1 12.2 10.6 11.0 9.7 9.8 8.3 9.2 9.5 8.9 11.7 

St dev 1.7 3.5 2.6 1.8 2.9 2.5 4.3 2.3 3.2 3.0 2.1 7.6 

WW 11.4 9.6 12.7 9.8 9.1 12.9 22.5 54.9 58.8 63.2 28.5 14.4 

St dev 1.6 2.2 2.5 3.2 1.1 0.7 2.7 11.9 21.4 31.4 7.9 2.9 

WW+M 10.5 9.2 9.6 8.2 10.9 13.7 21.5 54.4 94.6 160.3 90.2 57.0 

St dev 0.2 3.4 1.2 1.2 1.9 2.8 4.7 22.6 57.6 84.7 25.4 10.3 

WW+D 4.1 4.9 4.4 4.2 4.6 5.7 9.6 29.6 57.9 92.1 41.1 23.4 

St dev 5.6 3.7 4.5 3.6 5.4 7.0 10.3 22.1 36.6 64.8 43.4 29.3 

WW+D+M 3.3 4.0 3.4 3.0 4.0 5.2 8.2 24.8 50.7 80.5 36.6 21.0 

St dev 2.8 0.8 1.9 1.6 1.8 2.1 3.1 4.2 12.2 14.2 9.8 9.7 
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Treatment 03-Aug 04-Aug 08-Aug 09-Aug 11-Aug 12-Aug 16-Aug 17-Aug 22-Aug 23-Aug 25-Aug 26-Aug 

Control 11.8 12.5 11.7 13.2 11.8 14.0 14.1 11.2 17.6 13.6 12.1 10.7 

St dev 2.0 1.3 4.1 5.7 7.6 10.7 10.4 4.0 14.0 6.6 1.0 2.3 

Control+M 11.3 7.8 15.9 15.6 7.0 8.7 10.6 12.4 15.7 8.5 9.9 6.3 

St dev 3.7 2.9 14.6 12.5 2.6 2.4 1.5 3.5 2.2 1.4 3.2 1.4 

WW 14.8 12.5 12.2 12.1 11.2 11.3 15.5 11.6 12.1 12.9 14.0 16.3 

St dev 2.4 2.7 1.9 1.5 1.2 3.6 6.4 4.0 2.2 2.6 2.0 4.1 

WW+M 17.1 12.8 12.9 12.8 8.7 9.6 12.4 10.8 9.7 14.4 13.9 8.3 

St dev 0.1 0.9 2.5 2.1 2.3 2.0 2.1 0.4 4.1 6.8 5.3 2.5 

WW+D 6.5 5.5 5.7 5.5 4.1 5.1 7.0 5.1 5.3 7.9 7.1 5.0 

St dev 9.2 6.4 6.2 6.4 4.1 4.0 5.1 5.3 3.9 6.0 6.1 3.0 

WW+D+M 5.3 4.3 4.8 4.7 3.5 3.7 4.7 3.6 4.4 6.9 6.6 3.5 

St dev 4.7 2.9 2.0 2.2 1.0 1.6 2.4 2.8 0.8 1.0 0.6 1.3 
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Table B.7. Average PAR values (µE m-2 s-1) per treatment by date measured with standard deviations (n=3). 

Treatment 19-Jul 26-Jul 28-Jul 30-Jul 02-Aug 09-Aug 16-Aug 19-Aug 23-Aug 

Control 630.3 228.7 927.0 862.3 1024.0 1093.0 233.0 1110.3 910.7 

St dev 216.7 52.2 23.9 218.0 53.5 92.0 16.7 75.0 98.9 

Control+M 964.0 187.3 892.7 969.7 992.7 763.0 127.0 903.7 763.0 

St dev 42.0 13.3 87.5 35.4 78.9 412.6 51.4 25.6 41.3 

WW 769.0 493.0 620.3 642.0 995.0 1175.7 190.0 1076.0 882.0 

St dev 14.7 168.0 20.6 165.0 63.2 62.7 28.6 41.7 61.1 

WW+M 1002.0 515.0 758.3 486.7 789.3 883.3 135.0 967.7 645.0 

St dev 37.4 169.0 107.4 170.7 121.9 59.2 41.1 79.1 238.3 

WW+D 693.3 413.7 745.7 630.0 971.7 1007.0 200.7 1011.3 832.3 

St dev 230.3 19.6 71.1 147.8 62.1 93.1 65.4 35.9 135.1 

WW+D+M 967.3 164.7 616.0 719.3 948.0 1028.3 144.3 894.0 737.0 

St dev 122.3 76.0 41.2 237.0 147.2 139.3 14.4 87.7 51.8 
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Table B.8. Mean alkalinity and hardness values (both in mg/L CaCO3) per treatment by date measured with standard deviations (n=3). 

Alkalinity Hardness 
Treatment 

22-Jul 28-Jul 09-Aug 23-Aug 09-Aug 23-Aug 

Control 362 313 353 340 363 358 

St. Dev. 33 54 84 69 76 102 

Control+M 227 215 215 230 215 223 

St. Dev. 29 35 25 20 15 6 

WW 338 273 273 280 257 257 

St. Dev. 23 40 50 20 31 61 

WW+M 208 207 243 230 237 247 

St. Dev. 3 8 15 10 15 29 

WW+D 270 250 277 297 310 297 

St. Dev. 9 28 21 40 44 55 

WW+D+M 210 203 240 240 220 230 

St. Dev. 10 6 17 35 10 17 
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Table B.9. Average TSS values (mg/L) per treatment by date measured with standard deviations (n=3). NA = Not Available 

Treatment 04-Jul 14-Jul 19-Jul 26-Jul 28-Jul 02-Aug 09-Aug 23-Aug 

Control 101.8 28.67 33.00 9.21 13.87 7.04 7.15 13.27 

St dev 30.91 11.16 20.26 3.61 10.22 3.25 4.32 6.25 

Control+M 17.81 19.71 0.14 31.68 8.28 2.77 5.37 6.60 

St dev 7.35 15.46 NA 11.00 3.19 2.98 4.40 NA 

WW 97.72 18.21 8.89 21.62 12.33 4.77 0.38 11.70 

St dev 68.73 2.92 4.44 5.98 4.52 3.31 0.65 NA 

WW+M 52.08 30.13 1.19 34.26 15.43 8.47 4.98 6.38 

St dev 40.78 21.06 0.01 9.67 1.06 3.86 4.60 4.93 

WW+D 100.84 28.00 17.47 8.71 9.73 4.07 4.49 12.77 

St dev 81.49 28.87 6.60 1.57 2.76 1.68 1.94 7.50 

WW+D+M 52.97 75.87 12.49 32.51 15.86 5.11 4.09 11.66 

St dev 36.94 72.28 19.39 13.51 3.76 4.51 0.71 5.70 
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Table B.10. Average ammonium (NH4
+) values (mg/L) per treatment by date measured with standard deviations (n=3). Blank values 

were below the detection limit of the ion selective electrode probe (0.01mg/L). NA=not available. Values on 28 Jul are TN values 

which contain largely organic nitrogen and probably some residual ammonium. 

Treatment 04-Jul 14-Jul 20-Jul 26-Jul 28-Jul 02-Aug 09-Aug 23-Aug 

Control 0.08   0.06  0.04 0.02 0.08 

St dev NA NA NA 0.05 NA 0.01 0.00 0.01 

Control+M    0.04  0.03 0.02 0.08 

St dev NA NA NA NA NA 0.01 0.01 0.02 

WW 0.15   1.78 5.05 0.05 0.03 0.09 

St dev NA NA NA 0.30 0.33 0.03 NA 0.01 

WW+M    1.77 4.88 0.05 0.03 0.05 

St dev NA NA NA 0.63 0.43 0.02 NA 0.03 

WW+D 0.10   1.56 5.61 0.15 0.02 0.09 

St dev NA NA NA 0.36 0.74 0.07 NA NA 

WW+D+M    1.88 5.15 0.08 0.03 0.05 



!

249!

Treatment 04-Jul 14-Jul 20-Jul 26-Jul 28-Jul 02-Aug 09-Aug 23-Aug 

St dev NA NA NA 0.32 0.20 0.04 NA 0.04 
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Table B.11. Average nitrate (NO3
-) values (mg/L) per treatment by date measured with standard deviations (n=3). Blank values were 

below the detection limit (0.04mg/L). NA=not available  

Treatment 14-Jul 20-Jul 26-Jul 28-Jul 02-Aug 09-Aug 23-Aug 

Control 0.049       

St dev NA NA NA NA NA NA NA 

Control+M        

St dev NA NA NA NA NA NA NA 

WW        

St dev NA NA NA NA NA NA NA 

WW+M 0.053       

St dev NA NA NA NA NA NA NA 

WW+D      0.053  

St dev NA NA NA NA NA NA NA 

WW+D+M 0.059  0.047     

St dev NA NA NA NA NA NA NA 
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Table B.12. Average nitrite (NO2
-) values (units) per treatment by date measured with standard deviations (n=3). Blank values were 

below the detection limit (0.006 mg/L). NA=not available 

Treatment 04-Jul 14-Jul 20-Jul 26-Jul 28-Jul 02-Aug 09-Aug 23-Aug 

Control 0.0066  0.0174      

St dev 0.0007 NA NA NA NA NA NA NA 

Control+M   0.0216      

St dev NA NA 0.0060 NA NA NA NA NA 

WW   0.0184      

St dev NA NA 0.0001 NA NA NA NA NA 

WW+M   0.0173      

St dev NA NA NA NA NA NA NA NA 

WW+D 0.0110 0.0060 0.0201 0.0299     

St dev NA NA 0.0029 NA NA NA NA NA 

WW+D+M   0.0172 0.0061     

St dev NA NA 0.0003 NA NA NA NA NA 
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Table B.13. Average total reactive phosphorus (TRP, PO4
3-) values (mg/L) per treatment by date measured with standard deviations 

(n=3). Blank values were below the detection limit (0.04mg/L). NA=not available  

Treatment 14-Jul 20-Jul 26-Jul 28-Jul 02-Aug 09-Aug 23-Aug 

Control 0.14 0.17 0.05 0.03 0.03   

St dev 0.05 0.09 NA 0.00 NA NA NA 

Control+M 0.09 0.06 0.08     

St dev NA NA 0.00 NA NA NA NA 

WW 0.13 0.10 1.51 0.50    

St dev 0.03 0.04 0.02 0.08 NA NA NA 

WW+M 0.07 0.05 1.72 0.47 0.04  0.03 

St dev 0.06 0.00 0.17 0.03 0.02 NA NA 

WW+D 0.11 0.15 1.56 0.55    

St dev 0.07 0.17 0.23 0.32 NA NA NA 

WW+D+M 0.06 0.14 1.43 0.47 0.03  0.05 

St dev NA NA 0.35 0.06 NA NA 0.03 
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Table B.14. Average total dissolved phosphorus (TDP, PO4
3-) values (mg/L) per treatment by date measured with standard deviations 

(n=3). Blank values were below the detection limit (0.04mg/L). NA=not available  

Treatment 14-Jul 20-Jul 26-Jul 28-Jul 02-Aug 09-Aug 23-Aug 

Control 0.09 0.12      

St dev 0.03 0.04 NA NA NA NA NA 

Control+M   0.08     

St dev NA NA 0.01 NA NA NA NA 

WW 0.07 0.05 0.20 0.04    

St dev 0.02 0.00 0.14 NA NA NA NA 

WW+M   0.26 0.04 0.03   

St dev NA NA 0.23 0.01 NA NA NA 

WW+D 0.10 0.15 0.55 0.01    

St dev 0.05 NA NA NA NA NA NA 

WW+D+M   0.09 0.05 0.03   

St dev NA NA 0.02 0.02 NA NA NA 
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Table B.15. Average acid hydrolysable phosphorus (AHP) values (mg/L) per treatment by date measured with standard deviations 

(n=3). Blank values were below the detection limit (0.04mg/L). NA=not available  

Treatment 14-Jul 20-Jul 26-Ju-11 28-Jul 02-Aug 09-Aug 23-Aug 

Control 0.05 0.08 0.05 0.07 0.06   

St dev 0.02 0.03 0.00 0.01 0.01 NA NA 

Control+M 0.06 0.09 0.08 0.07 0.06   

St dev 0.04 0.03 0.01 0.00 0.01 NA NA 

WW 0.07 0.07 0.05  0.04   

St dev 0.01 0.01 0.03 NA 0.01 NA NA 

WW+M 0.13 0.10 0.12     

St dev 0.07 0.04 0.03 NA NA NA NA 

WW+D 0.12 0.09  0.04 0.04   

St dev 0.10 0.05 NA 0.02 0.01 NA NA 

WW+D+M 0.06 0.09 0.12     

St dev 0.01 0.03 0.04 NA NA NA NA 
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Table B.16. Water volumes (L) of mesocosms for every sampling date or top up date. Pre and post indicate water volumes before and 

after top up of mesocosms.  

Date 

Mesocosm 

# 26-Jul 27-Jul 28-Jul 30-Jul 
02-

Aug 

03-

Aug-

Pre 

03-

Aug-

Post 

09-

Aug 

10-

Aug-

Pre 

10-

Aug-

Post 

16-

Aug 

18-

Aug-

Pre 

18-

Aug-

Post 

23-

Aug 

1 1425 1440 1341 1271 1112 1122 1316 1107 1043 1241 1038 780 1053 919 

2 1202 1222 1251 1222 1023 1003 1321 1063 1023 1450 1286 1132 1132 1147 

3 1286 1296 1331 1172 1142 1137 1227 963 968 1326 1152 1048 1048 953 

4 1331 1331 1351 1266 1187 1117 1306 1142 1068 1306 1271 1102 1102 1033 

5 1375 1371 1375 1231 1157 1172 1371 1217 1107 1321 1227 1182 1182 1102 

6 1271 1291 1241 1246 1053 1018 1236 1063 939 1306 1038 824 1217 1043 

7 1326 1316 1311 1197 1073 1117 1172 914 814 1043 904 735 1048 854 

8 1316 1212 1241 1137 1018 1038 1202 958 904 1112 909 725 1102 963 

9 1271 1271 1187 1157 909 914 1281 1018 919 1241 934 795 1142 904 
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Date 

Mesocosm 

# 26-Jul 27-Jul 28-Jul 30-Jul 
02-

Aug 

03-

Aug-

Pre 

03-

Aug-

Post 

09-

Aug 

10-

Aug-

Pre 

10-

Aug-

Post 

16-

Aug 

18-

Aug-

Pre 

18-

Aug-

Post 

23-

Aug 

10 1281 1296 1301 1147 1092 1142 1311 1162 1132 1361 1256 1122 1122 1058 

11 1301 1251 1251 1172 993 1028 1167 943 889 1197 948 814 1227 1063 

12 1291 1261 1241 1222 1117 1087 1246 1083 1028 1276 1167 1028 1202 1112 

13 1172 1182 1172 1107 998 968 1172 914 849 1058 924 785 1182 939 

14 1331 1286 1400 1251 1152 1117 1316 1167 1097 1311 1217 1127 1127 1083 

15 1346 1301 1346 1217 1063 1097 1217 914 899 1261 859 760 1192 1053 

16 1281 1246 1236 1112 1063 998 1256 993 1043 1341 1112 879 1207 1048 

17 1301 1321 1316 1212 1112 1157 1346 1107 1107 1400 1246 1182 1182 1092 

18 1341 1311 1217 1222 1102 1117 1246 1083 1048 1346 1207 1107 1107 1043 
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Table B.17. Average weekly new root growth wet and dry weight per treatment with standard deviations. New growth was measured 

by subtracting root biomass by that of initial biomass (Day 0). M=macrophytes, WW=Wastewater, D=drugs (pharmaceuticals). 

Treatment mesocosms grouping were: Control+M: 6, 9, 16; WW+M: 7, 8, 15 and WW+D+M: 1, 11, 13. 

New Root Growth Wet Weight mass (g) New Root Growth Dry Weight mass (g) 
Treatment 

Day 7 Day 14 Day 21 Day 28 Day 7 Day 14 Day 21 Day 28 

Control+M 0.280 0.555 1.067 1.391 0.028 0.041 0.084 0.133 

St dev 0.074 0.191 0.571 0.831 0.005 0.015 0.044 0.061 

WW+M 0.248 0.309 0.531 1.202 0.023 0.026 0.038 0.113 

St dev 0.153 0.091 0.070 0.364 0.013 0.006 0.002 0.037 

WW+D+M 0.158 0.256 0.453 1.049 0.015 0.023 0.034 0.094 

St dev 0.060 0.012 0.074 0.264 0.006 0.001 0.009 0.022 
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Table B.18. Average weekly new shoot growth wet and dry weight per treatment with standard deviations. New growth was measured 

by subtracting shoot biomass by that of initial biomass (Day 0).   

New Shoot Growth Wet Mass (g) New Shoot Growth Dry Mass (g) 
Treatment 

Day 7 Day 14 Day 21 Day 28 Day 7 Day 14 Day 21 Day 28 

Control+M 0.046 0.495 1.469 2.130 0.015 0.062 0.174 0.258 

St dev 0.214 0.286 0.881 0.920 0.028 0.045 0.098 0.104 

WW+M 0.304 0.699 1.238 2.452 0.042 0.069 0.136 0.298 

St dev 0.281 0.383 0.415 0.598 0.028 0.030 0.042 0.073 

WW+D+M 0.070 0.502 1.254 2.211 0.014 0.052 0.139 0.256 

St dev 0.113 0.167 0.281 0.759 0.013 0.012 0.040 0.066 
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Table B.19. Average weekly new total biomass growth wet and dry weight per treatment with standard deviations. New growth was 

measured by subtracting total biomass by that of initial biomass (Day 0).   

New Total Biomass Growth Wet Mass (g) New Total Biomass Growth Dry Mass (g) 
Treatment 

Day 7 Day 14 Day 21 Day 28 Day 7 Day 14 Day 21 Day 28 

Control+M 0.326 1.050 2.535 3.520 0.043 0.103 0.257 0.391 

St dev 0.287 0.477 1.451 1.745 0.033 0.060 0.142 0.165 

WW+M 0.552 1.008 1.769 3.653 0.066 0.095 0.174 0.410 

St dev 0.433 0.471 0.437 0.960 0.040 0.037 0.043 0.110 

WW+D+M 0.228 0.758 1.707 3.260 0.029 0.074 0.172 0.350 

St dev 0.173 0.177 0.276 1.012 0.019 0.013 0.038 0.087 
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Table B.20. Average Root/Shoot ratios (R/S) for M. sibiricum per treatment with standard deviations. Values are based on dry weight 

measurements.  

R/S M. sibiricum 
Treatment 

Day 7 Day 14 Day 21 Day 28 

Control+M 0.581 0.388 0.369 0.426 

St dev 0.182 0.032 0.048 0.055 

WW+M 0.262 0.228 0.221 0.325 

St dev 0.057 0.016 0.055 0.048 

WW+D+M 0.246 0.238 0.184 0.313 

St dev 0.052 0.017 0.058 0.017 
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Table B.21. Average relative growth rates (RGR) per treatment with standard deviations. Values are based on dry weight 

measurements.    

RGR M. sibiricum (g d-1) 
Treatment 

Day 7 Day 14 Day 21 Day 28 

Control+M 0.078 0.086 0.102 0.061 

St dev 0.049 0.095 0.060 0.051 

WW+M 0.129 0.030 0.069 0.109 

St dev 0.050 0.091 0.025 0.023 

WW+D+M 0.073 0.074 0.078 0.088 

St dev 0.036 0.030 0.020 0.038 

 

!

!

!

!
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Table B.22. Average TP values (%P) for M. sibiricum roots and shoots per treatment with standard deviations.  

TP Root TP Shoot 
Treatment 

Day 7 Day 14 Day 28 Day 7 Day 14 Day 28 

Control+M 0.29 0.25 0.28 0.26 0.27 0.44 

St dev 0.05 0.02 0.02 0.03 0.06 0.03 

WW+M 0.21 0.25 0.34 0.28 0.28 0.39 

St dev NA 0.02 0.06 0.03 0.02 0.05 

WW+D+M 0.23 0.23 0.36 0.33 0.32 0.39 

St dev 0.03 0.03 0.09 0.03 0.04 0.06 
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Appendix C. Data for water quality parameters, macrophyte growth and TP in macrophytes biomass in mesocosms during the 
fall of 2011. 

Table C.1. Average treatment water temperature (°C) by date measured with standard deviations (n=3). (Control: 6, 9, 16; Drugs: 7, 8, 

15; and Drugs+P: 1, 11, 13). P=phosphorus 

Treatment 01-Sep 02-Sep 06-Sep 08-Sep 12-Sep 15-Sep 16-Sep 19-Sep 22-Sep 23-Sep 

Control 19.5 20.9 15.9 19.4 16.8 7.1 7.6 9.8 6.4 8.2 

St dev 0.1 0.2 0.3 0.3 0.4 0.2 0.1 0.1 0.1 0.1 

Drugs 19.6 20.5 16.0 19.2 16.5 6.8 7.4 9.9 6.4 8.0 

St dev 0.1 0.7 0.1 0.4 0.3 0.4 0.4 0.2 0.3 0.2 

Drugs+P 19.6 20.5 15.8 19.4 16.6 6.4 6.9 9.8 6.3 7.9 

St dev 0.2 0.1 0.2 0.1 0.3 0.3 0.2 0.1 0.1 0.2 
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Treatment 25-Sep 27-Sep 28-Sep 29-Sep 30-Sep 06-Oct 07-Oct 08-Oct 13-Oct 14-Oct 

Control 12.2 12.7 16.4 12.4 7.0 14.5 15.5 12.5 10.4 7.3 

St dev 0.5 0.1 0.8 0.3 0.4 0.3 0.3 0.2 0.3 0.2 

Drugs 12.0 12.4 16.2 12.0 6.6 14.2 15.4 12.1 9.9 7.0 

St dev 0.3 0.2 0.1 0.2 0.3 0.1 0.1 0.0 0.2 0.1 

Drugs+P 11.7 12.4 15.9 12.0 6.4 14.1 15.3 12.1 9.7 7.0 

St dev 0.1 0.2 0.2 0.2 0.3 0.2 0.2 0.2 0.3 0.2 
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Table C.2. Average electric conductivity values (mS/cm) per treatment by date measured with standard deviations (n=3). 

Treatment 01-Sep 02-Sep 06-Sep 08-Sep 12-Sep 15-Sep 16-Sep 19-Sep 22-Sep 23-Sep 

Control 0.638 0.570 0.576 0.593 0.625 0.573 0.574 0.591 0.530 0.531 

St dev 0.009 0.011 0.005 0.006 0.008 0.006 0.010 0.022 0.019 0.025 

Drugs 0.597 0.531 0.549 0.558 0.593 0.549 0.549 0.575 0.512 0.517 

St dev 0.015 0.013 0.020 0.016 0.016 0.018 0.018 0.023 0.015 0.015 

Drugs+P 0.599 0.549 0.559 0.562 0.597 0.566 0.573 0.608 0.536 0.544 

St dev 0.020 0.028 0.013 0.020 0.012 0.008 0.010 0.009 0.007 0.006 
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Treatment 25-Sep 27-Sep 28-Sep 29-Sep 30-Sep 06-Oct 07-Oct 08-Oct 13-Oct 14-Oct 

Control 0.478 0.554 0.564 0.571 0.582 0.621 0.635 0.653 0.652 0.662 

St dev 0.096 0.036 0.041 0.034 0.031 0.036 0.036 0.030 0.037 0.029 

Drugs 0.532 0.543 0.554 0.560 0.571 0.617 0.633 0.650 0.647 0.656 

St dev 0.017 0.013 0.011 0.010 0.009 0.007 0.005 0.006 0.008 0.008 

Drugs+P 0.565 0.585 0.601 0.611 0.618 0.641 0.654 0.670 0.659 0.666 

St dev 0.013 0.002 0.004 0.002 0.004 0.021 0.022 0.022 0.020 0.023 
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Table C.3. Average pH values per treatment by date measured with standard deviations (n=3). 

Treatment 01-Sep 02-Sep 06-Sep 08-Sep 12-Sep 15-Sep 16-Sep 19-Sep 22-Sep 23-Sep 

Control 8.22 8.76 8.62 8.51 8.73 9.55 8.80 8.83 8.64 8.63 

St dev 0.16 0.17 0.08 0.03 0.21 0.32 0.26 0.24 0.16 0.09 

Drugs 8.05 8.91 8.38 8.20 8.77 8.82 8.77 8.75 8.22 8.44 

St dev 0.21 0.26 0.07 0.08 0.29 0.09 0.15 0.15 0.07 0.06 

Drugs+P 8.05 8.96 8.73 8.28 8.87 8.78 8.71 9.10 8.25 8.59 

St dev 0.12 0.15 0.22 0.19 0.16 0.10 0.12 0.21 0.10 0.17 
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Treatment 25-Sep 27-Sep 28-Sep 29-Sep 30-Sep 06-Oct 07-Oct 08-Oct 13-Oct 14-Oct 

Control 8.56 8.40 8.56 8.46 8.82 8.29 8.06 8.02 8.12 8.41 

St dev 0.20 0.12 0.12 0.20 0.12 0.15 0.14 0.12 0.06 0.06 

Drugs 8.38 8.23 8.42 8.24 8.49 8.02 7.94 7.94 8.00 8.29 

St dev 0.12 0.03 0.07 0.03 0.18 0.15 0.12 0.08 0.13 0.10 

Drugs+P 8.52 8.53 8.67 8.67 8.65 8.17 8.02 8.00 8.02 8.52 

St dev 0.15 0.21 0.13 0.23 0.14 0.13 0.10 0.08 0.08 0.37 
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Table C.4. Average ORP values (mV) per treatment by date measured with standard deviations (n=3). 

Treatment 01-Sep 02-Sep 06-Sep 08-Sep 12-Sep 15-Sep 16-Sep 19-Sep 22-Sep 23-Sep 

Control 130.0 119.3 96.7 111.7 103.3 45.7 101.7 110.7 81.7 116.0 

St dev 4.6 10.7 17.0 5.9 10.8 30.4 5.5 9.2 17.2 7.0 

Drugs 142.3 128.3 110.0 131.0 95.7 100.0 116.7 129.7 116.7 134.0 

St dev 6.4 2.9 1.0 7.5 9.3 7.5 9.5 6.5 7.1 3.5 

Drugs+P 143.0 134.3 79.3 133.7 86.3 116.3 125.3 123.7 123.7 135.7 

St dev 3.5 3.5 34.5 2.1 28.3 4.5 4.2 6.4 2.5 3.2 
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Treatment 25-Sep 27-Sep 28-Sep 29-Sep 30-Sep 06-Oct 07-Oct 08-Oct 13-Oct 14-Oct 

Control 95.7 76.0 101.3 109.0 104.7 31.3 44.0 24.0 18.3 13.3 

St dev 24.6 20.0 6.4 4.6 2.9 3.2 1.0 3.6 2.9 2.1 

Drugs 104.3 101.7 111.7 119.0 119.7 44.7 52.3 30.7 25.7 23.0 

St dev 12.5 6.5 1.5 1.0 6.5 5.7 2.1 4.9 2.1 5.3 

Drugs+P 111.0 103.7 108.3 112.3 121.7 42.0 50.0 32.0 19.7 24.0 

St dev 1.0 4.7 3.1 6.1 2.5 2.0 4.4 2.0 4.2 1.7 
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Table C.5. Average DO values (mg/L) per treatment by date measured with standard deviations (n=3). 

Treatment 01-Sep 02-Sep 06-Sep 08-Sep 12-Sep 15-Sep 16-Sep 19-Sep 22-Sep 23-Sep 

Control 5.32 13.65 11.79 9.37 10.20 11.82 10.37 9.23 11.42 10.73 

St dev 1.15 0.93 1.54 1.76 1.88 0.75 0.39 0.97 0.51 0.65 

Drugs 5.46 15.42 9.81 9.04 10.73 11.23 10.09 9.00 11.22 10.75 

St dev 1.34 1.95 0.18 1.25 0.63 0.64 0.73 0.39 0.42 0.79 

Drugs+P 6.36 15.23 11.27 10.38 10.66 12.07 10.16 9.35 11.93 11.16 

St dev 1.07 1.00 0.85 2.92 0.53 0.44 0.20 0.57 0.38 0.72 
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Treatment 25-Sep 27-Sep 28-Sep 29-Sep 30-Sep 06-Oct 07-Oct 08-Oct 13-Oct 14-Oct 

Control 10.56 8.64 11.13 7.58 10.27 6.54 6.26 5.16 7.22 9.52 

St dev 0.81 0.41 1.00 0.51 0.32 0.81 0.76 1.32 1.06 0.81 

Drugs 10.30 8.40 11.10 7.21 9.99 6.24 6.02 5.30 7.60 9.66 

St dev 0.52 0.67 0.66 0.84 0.74 1.16 1.31 0.88 0.67 0.64 

Drugs+P 10.69 8.47 10.86 7.41 9.82 6.28 5.82 5.40 7.30 9.72 

St dev 1.75 0.32 1.39 0.53 0.26 0.74 0.86 0.68 0.86 0.24 
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Table C.6. Average Chlorophyll-a values (µg/L) per treatment by date measured with standard deviations (n=3). 

Treatment 01-Sep 02-Sep 06-Sep 08-Sep 12-Sep 15-Sep 16-Sep 19-Sep 22-Sep 23-Sep 

Control 6.9 5.7 5.4 7.3 7.5 4.0 6.3 5.0 3.6 3.8 

St dev 1.3 3.3 2.2 2.2 3.3 1.1 2.2 2.6 0.4 1.8 

Drugs 8.5 4.3 7.8 7.0 9.5 3.8 4.3 4.0 3.3 3.0 

St dev 2.3 2.9 3.9 2.7 5.7 0.8 0.1 0.1 0.2 0.2 

Drugs+P 17.1 15.9 13.1 14.5 20.1 9.1 9.8 15.7 4.9 5.5 

St dev 4.7 14.8 5.8 9.6 13.5 6.4 4.9 12.8 1.3 2.0 
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Treatment 25-Sep 27-Sep 28-Sep 29-Sep 30-Sep 06-Oct 07-Oct 08-Oct 13-Oct 14-Oct 

Control 4.6 4.4 7.0 6.6 7.5 7.2 4.2 7.3 12.0 9.6 

Stdev 1.5 2.1 3.1 3.3 4.0 1.7 NA 1.7 5.3 3.2 

Drugs 3.8 3.7 4.3 4.1 3.9 6.9 5.1 5.7 5.9 6.4 

Stdev 0.8 0.2 1.0 0.8 0.5 3.4 1.0 1.4 1.7 1.3 

Drugs+P 6.7 4.4 4.8 5.2 5.1 5.6 6.1 6.2 8.6 5.9 

Stdev 3.2 0.7 0.6 0.6 1.1 0.7 0.6 0.6 4.0 1.0 

 

 

 

 

 

 

 

 



!

275!

Table C.7. Average PAR values (µE m-2 s-1) per treatment by date measured with standard deviations (n=3). 

Treatment 09-Sep 15-Sep 19-Sep 22-Sep 30-Sep 06-Oct 13-Oct 

Control 774.3 637.7 801.7 868.0 666.7 514.7 NA 

St dev 25.0 99.5 88.1 57.0 112.4 65.6 NA 

Drugs 856.0 652.3 779.3 798.3 683.3 616.7 NA 

St dev 23.6 74.1 43.6 151.1 45.1 25.9 NA 

Drugs+P 759.0 742.7 739.3 781.3 666.7 586.0 NA 

St dev 148.0 68.9 61.8 62.3 41.6 56.0 NA 

surface 1458 1370 1242 1388 NA 1118 NA 
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Table C.8. Average alkalinity and hardness values (both in mg/L CaCO3) per treatment by date measured with standard deviations 

(n=3). 

 Alkalinity Hardness 

Treatment 13-Sep 19-Sep 22-Sep 13-Sep 19-Sep 22-Sep 

Control 257 237 250 247 240 243 

St. Dev. 32 35 36 15 20 31 

Drugs 267 227 247 233 240 243 

St. Dev. 6 25 15 47 26 29 

Drugs+P 273 250 263 243 243 253 

St. Dev. 15 0 15 25 12 15 
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Table C.9. Average TSS values (mg/L) per treatment by date measured with standard deviations (n=3). 

Treatment 12-Sep 15-Sep 19-Sep 22-Sep 29-Sep 13-Oct 

Control 15.6 10.9 17.5 13.9 21.0 42.8 

St dev 7.5 2.2 11.5 8.9 13.3 34.8 

Drugs 16.8 19.0 5.1 4.7 5.9 18.9 

St dev 5.2 10.9 2.4 0.9 0.4 12.5 

Drugs+P 44.7 11.8 9.8 5.4 8.5 16.3 

St dev 10.9 4.9 2.9 0.3 3.8 12.1 
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Table C.10. Average TRP (PO4-) values (mg/L) per treatment by date measured with standard deviations (n=3). Blank values were 

below the detection limit (0.04mg/L). NA=not available  

Treatment 13-Sep 16-Sep 20-Sep 23-Sep 30-Sep 14-Oct 

Control 0.06 0.08 0.03 0.03 0.04 0.06 

St dev 0.00 0.02 0.01 0.01 0.01 0.03 

Drugs 0.05 0.08 0.02 0.02 0.03 0.04 

St dev 0.01 0.03 0.00 0.01 0.02 0.03 

Drugs+P 0.09 1.75 1.06 0.65 0.26 0.06 

St dev 0.02 0.20 0.03 0.02 0.01 0.02 
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Table C.11. Water volumes (L) of mesocosms for every sampling date or top up date. Pre and post indicate water volumes taken 

before and after top up with dechlorinated tap water.  

Date 
Mesocosm 

12-Sep 15-Sep 17-Sep 22-Sep 29-Sep 06-Oct 13-Oct 

1 1296 1122 1073 1192 1117 943 943 

6 1117 1127 1038 1187 1087 963 884 

7 1177 1102 1043 1177 1087 953 889 

8 1236 1217 1157 1261 1117 1048 963 

9 1152 1177 1117 1341 1157 998 1107 

11 1266 1152 1107 1296 1187 1097 1078 

13 1167 1102 1053 1217 1107 953 948 

15 1256 1192 1117 1251 1231 1112 1078 

16 1187 1182 1152 1341 1167 1068 1023 

!
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Table C.12. Average weekly new root growth wet and dry weight for M. sibiricum per treatment with standard deviations. New 

growth was measured by subtracting root biomass by that of initial biomass (Day 0). Treatment groups: Control: 6, 9, 16; Drugs: 7, 8, 

15 and Drugs+P: 1, 11, 13. P=phosphorus 

New Root Growth Wet Weight mass (g) New Root Growth Dry Weight mass (g) 
Treatment 

Day 7 Day 14 Day 21 Day 28 Day 7 Day 14 Day 21 Day 28 

Control 0.000 0.060 0.161 0.345 0.000 0.017 0.015 0.027 

St. Dev 0.000 0.011 0.002 0.072 0.000 0.015 0.001 0.006 

Drugs 0.000 0.043 0.251 0.197 0.000 0.003 0.021 0.017 

St. Dev 0.000 0.027 0.156 0.031 0.000 0.002 0.013 0.005 

Drugs+P 0.000 0.086 0.260 0.216 0.000 0.011 0.025 0.020 

St. Dev 0.000 0.056 0.042 0.043 0.000 0.010 0.001 0.002 
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Table C.13. Average weekly new shoot growth wet and dry weight for Typha spp. per treatment with standard deviations. New growth 

was measured by subtracting shoot biomass by that of initial biomass (Day 0).  

New Root Growth Wet Weight mass (g) New Root Growth Dry Weight mass (g) 
Treatment 

Day 7 Day 14 Day 21 Day 28 Day 7 Day 14 Day 21 Day 28 

Control -0.102 5.023 -9.333 -13.123 -2.704 -1.085 -1.384 -3.994 

St. Dev 22.014 2.853 5.791 8.216 2.322 0.711 2.263 1.382 

Drugs 1.418 -5.812 -6.296 -9.152 -1.248 -1.851 -2.693 -3.218 

St. Dev 11.260 8.529 8.252 3.033 0.493 1.176 2.163 0.614 

Drugs+P 0.372 -6.831 -3.116 -12.612 -0.841 -2.707 -1.812 -3.362 

St. Dev 18.088 9.693 8.124 6.257 0.629 1.623 2.033 0.939 

 

 

 

 

 



!

282!

Table C.14. Average weekly new shoot growth wet and dry weight for M. sibiricum per treatment with standard deviations.  

New Shoot Growth Wet Weight mass (g) New Shoot Growth Dry Weight mass (g) 
Treatment 

Day 7 Day 14 Day 21 Day 28 Day 7 Day 14 Day 21 Day 28 

Control -0.035 -0.035 0.036 0.245 0.006 0.017 0.025 0.057 

St. Dev 0.046 0.063 0.091 0.058 0.015 0.011 0.010 0.013 

Drugs 0.058 -0.098 0.092 0.006 0.008 0.014 0.016 0.025 

St. Dev 0.120 0.072 0.261 0.067 0.010 0.010 0.007 0.011 

Drugs+P 0.101 0.039 0.163 0.095 0.024 0.036 0.044 0.122 

St. Dev 0.105 0.122 0.095 0.212 0.015 0.021 0.020 0.188 
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Table C.15. Average weekly new shoot growth wet and dry weight for Typha spp. per treatment with standard deviations.  

New Shoot Growth Wet Weight mass (g) New Shoot Growth Dry Weight mass (g) 
Treatment 

Day 7 Day 14 Day 21 Day 28 Day 7 Day 14 Day 21 Day 28 

Control 3.249 7.525 -10.133 -5.097 -0.660 0.566 -0.871 -0.437 

St. Dev 15.037 8.805 3.396 4.150 1.388 0.869 0.481 0.496 

Drugs -1.538 -0.989 -3.181 -4.046 -0.335 -0.045 -0.163 -0.244 

St. Dev 9.976 10.187 6.297 7.484 0.497 0.823 0.461 0.772 

Drugs+P -1.544 1.441 -1.890 -6.897 -0.356 0.232 0.427 -0.453 

St. Dev 15.269 5.038 3.799 2.400 0.923 0.598 0.743 0.479 
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Table C.16. Average weekly total biomass growth wet and dry weight for M.sibiricum per treatment with standard deviations.  

Total Biomass Growth Wet Weight mass (g) Total Biomass Growth Dry Weight mass (g) 
Treatment 

Day 7 Day 14 Day 21 Day 28 Day 7 Day 14 Day 21 Day 28 

Control -0.035 0.025 0.197 0.590 0.006 0.034 0.040 0.085 

St. Dev 0.046 0.074 0.091 0.121 0.015 0.014 0.011 0.018 

Drugs 0.058 -0.056 0.342 0.203 0.008 0.017 0.037 0.043 

St. Dev 0.120 0.098 0.405 0.098 0.010 0.011 0.020 0.016 

Drugs+P 0.101 0.125 0.423 0.311 0.024 0.047 0.069 0.142 

St. Dev 0.105 0.179 0.136 0.254 0.015 0.031 0.021 0.190 
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Table C.17. Average weekly total biomass growth wet and dry weight for Typha spp. per treatment with standard deviations.  

Total Biomass Growth Wet Weight mass (g) Total Biomass Growth Dry Weight mass (g) 
Treatment 

Day 7 Day 14 Day 21 Day 28 Day 7 Day 14 Day 21 Day 28 

Control 3.147 12.547 -19.466 -18.220 -3.364 -0.519 -2.255 -4.431 

St. Dev 36.924 9.954 5.141 9.072 3.680 1.012 2.562 1.753 

Drugs -0.120 -6.801 -9.476 -13.198 -1.584 -1.896 -2.856 -3.462 

St. Dev 21.176 18.520 9.639 6.938 0.801 1.719 2.161 0.620 

Drugs+P -1.173 -5.390 -5.005 -19.509 -1.196 -2.475 -1.385 -3.815 

St. Dev 33.344 14.728 10.994 8.645 1.501 2.204 2.735 1.404 
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Table C.18. Average weekly Root/Shoot ratios (R/S) for M. sibiricum and Typha spp. per treatment with standard deviations. Values 

are based on dry weight measurements.  

Root/Shoot Ratios M. sibiricum Root/Shoot Ratios Typha spp. 

Treatment Day 7 Day 14 Day 21 Day 28 Day 7 Day 14 Day 21 Day 28 

Control+M 0.000 0.349 0.285 0.314 1.3292 1.7100 1.9642 0.9745 

St dev 0.000 0.345 0.060 0.037 0.3198 0.8286 0.5447 0.4216 

WW+M 0.000 0.056 0.771 0.290 1.7200 1.3556 1.2911 1.1836 

St dev 0.000 0.016 0.720 0.075 0.2785 0.4148 0.5744 0.3423 

WW+D+M 0.000 0.147 0.351 0.331 1.9362 1.1410 1.2664 1.1445 

St dev 0.000 0.119 0.090 0.193 0.2803 0.2046 0.2910 0.1086 
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Table C.19. Average weekly relative growth rates (RGR) for M. sibiricum and Typha spp. per treatment with standard deviations. 

Values are based on dry weight measurements.  

RGR for M. sibiricum Dry Mass (g d-1)  RGR for Typha spp. Dry Mass (g d-1)  

Treatment Day 7 Day 14 Day 21 Day 28 Day 7 Day 14 Day 21 Day 28 

Control+M -0.0080 0.1123 0.0177 0.0783 -0.0745 0.0693 -0.0398 -0.0290 

St dev 0.1218 0.1480 0.0644 0.0235 0.0947 0.1046 0.0377 0.0213 

WW+M 0.0150 0.0364 0.0639 0.0105 -0.0211 -0.0247 0.0026 -0.0097 

St dev 0.0711 0.1143 0.0528 0.0223 0.0087 0.0181 0.0410 0.0304 

WW+D+M 0.0794 0.0557 0.0407 0.0066 -0.0187 -0.0216 0.0215 -0.0424 

St dev 0.0511 0.1165 0.0444 0.1356 0.0241 0.0174 0.0792 0.0356 
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Table C.20. Average weekly re-growth lengths (cm) for old and new Typha spp. per treatment with standard deviations. Old Typha 

spp. represent zones 1, 3, 7, and 9; new Typha spp. represent zones 2, 4, 5, 6 and 8. 

Old Typha spp. New Typha spp. 
Treatment 

Day 7 Day 14 Day 21 Day 28 Day 7 Day 14 Day 21 Day 28 

Control 5.8 7.1 8.4 9.5 10.2 15.2 18.0 24.3 

St Dev 2.1 4.8 2.3 2.2 1.7 2.0 4.4 4.9 

Drugs 4.9 4.7 9.0 8.8 9.4 13.4 17.3 18.5 

St Dev 0.6 0.7 1.1 1.9 1.4 1.4 2.4 4.5 

Drugs+P 4.7 7.1 7.8 8.8 9.7 13.8 19.5 19.7 

St Dev 1.0 1.1 1.3 1.7 0.3 1.1 1.1 2.8 

!
!

!
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Table C.21. Average TP tissue concentrations (as %P) for M. sibiricum and Typha spp. per treatment with standard deviations. 

Sampled macrophytes for day 14 and 21 were not analyzed as there were no significant differences between day 7 and 28 values. M. 

sibiricum had no root growth the first week therefore whole plant was used to assess TP.  

M. sibiricum Whole Plant Typha Root Typha Shoot 
Treatment 

Day 7 Day 28 Day 7 Day 28 Day 7 Day 28 

Control 0.27 0.27 0.23 0.22 0.24 0.22 

St dev 0.09 0.01 0.06 0.03 0.05 0.03 

Drugs 0.33 0.26 0.19 0.23 0.16 0.22 

St dev 0.04 0.04 0.03 0.01 0.06 0.03 

Drugs+P 0.38 0.27 0.19 0.21 0.16 0.18 

St dev 0.01 0.01 0.06 0.02 0.07 0.03 
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Appendix D. Pharmaceutical Concentrations in Water  

Table D.1. Individual concentrations generated by HPLC-MS/MS during the summer 2011. Blank values are below LOD. 

Time 
Compound Mesocosm 

1h 8h 24h 30h 48h 96hr 7 Days 14 Days 21 Days 28 Days 

1 8.70 7.355 6.81 6.54 6.28 4.98 5.47 3.92 2.19 1.43 

11 9.78 7.796 7.77 6.73 6.64 6.48 5.79 3.73 2.01 1.18 

13 9.82 7.532 7.32 6.60 6.64 6.53 5.92 3.57 2.09 1.38 

5 5.33 7.148 7.00 6.82 6.41 6.04 5.32 3.01 1.78 1.15 

10 5.46 7.334 7.17 5.38 4.46 4.49 3.71 2.29 1.55 1.21 C
ar

ba
m

az
ep

in
e 

14 6.32 7.554 6.89 7.63 5.45 5.54 4.72 2.26 1.21 0.687 

1 0.576 2.764 3.53 7.16 6.63 4.99 5.02 2.76 NA 0.175 

11 1.28 4.03 4.10 7.81 7.56 6.78 5.62 1.39 0.978 0.090 

13 1.89 1.8 3.31 7.29 7.00 6.12 4.60 2.74 0.835 0.067 

5 0.800 3.046 3.55 6.96 6.44 5.14 3.41 0.702 0.351 0.040 C
lo

fib
ric

 a
ci

d 

10 0.567 1.989 4.34 6.91 6.15 5.65 4.50 2.07 NA 0.386 
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Time 
Compound Mesocosm 

1h 8h 24h 30h 48h 96hr 7 Days 14 Days 21 Days 28 Days 

 14 0.663 3.059 4.12 9.14 6.49 4.84 2.93 0.450 0.663 0.074 

1 8.66 4.954 2.05 0.922 0.791 0.270 0.215 0.207   

11 10.9 4.535 1.35 0.990 0.777 0.328 0.180 0.202   

13 10.8 4.272 1.97 0.920 0.739 0.267 0.205 0.198   

5 4.55 5.589 1.27 0.472 0.242 0.267 0.202 0.196   

10 5.4 6.166 2.21 1.11 0.936 0.261 0.203 0.189   

Fl
uo

xe
tin

e 

14 6.43 4.951 2.14 1.32 0.641 0.245 0.226 0.194   

1 12.1 8.378 4.77 1.44 1.14 0.600 0.466 NA   

11 12.4 7.773 5.13 1.14 0.796 0.547 0.606 0.241   

13 11.9 7.745 3.47 1.59 0.883 0.674 0.461 0.252   

5 6.52 7.504 3.84 1.22 1.15 0.639 0.380 0.238   

10 6.16 6.254 3.31 0.564 0.181 0.326 0.309 0.227   

N
ap

ro
xe

n 

14 6.91 6.693 3.23 0.293 0.222 0.309 0.289 0.224   
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Time 
Compound Mesocosm 

1h 8h 24h 30h 48h 96hr 7 Days 14 Days 21 Days 28 Days 

1 9.39 35.6 57.4 132.2 121.8 87.7 107.3 65.1 30.3 15.6 

11 18.5 26.6 78.3 130.8 146.1 113.3 118.1 64.9 30.9 13.1 

13 26.8 24.1 62.8 128.5 126.4 114.1 117.4 62.3 33.6 16.5 

5 7.01 26.2 63.3 114.2 112.6 110.7 99.4 44.6 20.2 9.5 

10 9.58 20.5 58.1 115.0 109.3 101.4 105.0 56.9 33.2 20.8 Su
lfa

m
et

ho
xa

zo
le

 

14 9.29 26.0 74.1 NA 109.8 101 95.7 39.0 15.7 8.7 

1 209.3 84.3 50.7 2.82 2.05 1.39     

11 228.5 NA 41.4 2.53 2.10 1.52     

13 241.2 85.2 37.9 2.98 2.29 1.55     

5 113.8 73.0 27.4 2.75 2.21 1.48     

10 112.5 62.2 18.8 1.64 1.65 1.35     Su
lfa

py
rid

in
e 

14 129.4 67.1 22.1 1.53 1.72 1.31     
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Table D.2. Individual pharmaceutical concentrations measured by HPLC-MS/MS during the fall 2011. Blank values are below LOD. 

Time 
Compound Mesocosm 

1h 8h 22h 30h 48h 96hr 7 Days 14 Days 20 Days 28 Days 

1 5.46 5.19 5.96 3.58 3.22 2.16 1.61 1.30 1.27 0.385 

11 5.90 5.27 5.72 3.41 3.14 2.25 1.67 1.39 1.29 0.376 

13 6.43 5.62 6.08 3.72 2.88 2.24 1.52 1.42 1.35 0.382 

7 6.13 5.25 6.59 3.80 3.16 2.29 1.75 1.28 1.32 0.369 

8 5.01 5.90 5.39 3.80 2.84 2.44 1.62 1.43 1.36 0.395 C
ar

ba
m

az
ep

in
e 

15 6.66 4.93 5.78 4.05 3.24 1.93 1.43 1.39 1.21 0.371 

1 6.85 6.76 3.74 3.60 3.64 3.41 2.5 2.02 1.39 0.970 

11 7.86 7.10 3.87 3.72 3.85 3.64 2.66 2.52 1.54 1.08 

13 8.39 8.03 4.06 4.00 3.87 3.41 2.92 2.00 1.81 1.21 

7 9.23 7.76 4.01 3.79 3.19 2.84 2.47 2.10 1.83 1.15 C
lo

fib
ric

 a
ci

d 

8 8.08 8.86 3.33 3.57 3.71 4.05 2.62 2.03 1.40 1.05 
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Time 
Compound Mesocosm 

1h 8h 22h 30h 48h 96hr 7 Days 14 Days 20 Days 28 Days 

 15 9.66 6.99 4.06 3.98 3.60 4.26 2.66 2.20 1.65 1.33 

1 6.15 7.07 6.2 2.27 2.16 1.32 0.213    

11 6.62 6.26 6.93 2.37 2.84 1.64 0.202    

13 6.23 6.52 7.57 2.46 2.31 1.11 0.214    

7 6.51 6.92 7.99 3.82 2.85 1.68 0.274    

8 6.74 6.76 7.09 4.36 2.39 1.99 0.161    

Fl
uo

xe
tin

e 

15 7.51 7.62 7.64 4.24 3.57 1.79 0.346    

1 7.52 4.27 3.55 2.99 2.26 2.02 0.847 0.104   

11 8.93 4.17 3.67 3.03 2.92 1.92 0.860 0.094   

13 8.30 4.01 3.46 2.87 2.49 1.87 0.961 0.111   

7 9.62 4.37 3.44 2.99 3.20 1.49 0.970 0.090   

8 8.30 4.81 3.12 2.96 3.45 1.90 0.640 0.115   

N
ap

ro
xe

n 

15 10.45 4.00 3.88 2.96 2.47 1.42 0.850 0.137   
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Time 
Compound Mesocosm 

1h 8h 22h 30h 48h 96hr 7 Days 14 Days 20 Days 28 Days 

1 94.5 93.9 180.9 189.6 163.2 178.6 121.9 105.6 86.6 84.8 

11 87.7 87.7 177.6 212.6 195.3 171.6 130.9 105.6 94.0 74.5 

13 77.1 100.3 185.1 185.9 179.1 175.4 139.6 105.7 106.1 64.0 

7 94.0 109.2 173.1 185.2 176.2 162.8 129.7 106.8 85.6 66.1 

8 97.1 101.1 158.7 199.7 181.9 162.9 116.5 107.8 83.0 75.3 Su
lfa

m
et

ho
xa

zo
le

 

15 94.4 92.7 187.7 194.7 191.5 163.8 128.2 108.2 83.4 84.2 

1 126.5 157.0 143.4 126.1 119.5 100.8 75.0 21.5 9.38  

11 128.7 145.3 153.7 112.6 113.3 99.5 69.8 22.3 8.05  

13 141.5 139.4 137.2 117.6 105.6 100.9 82.1 24.5 6.57  

7 142.8 170.2 134.8 112.5 113.7 90.1 62.6 17.9 8.71  

8 156.1 172.1 146.9 100.6 109.8 88.5 86.0 19.9 5.01  Su
lfa

py
rid

in
e 

15 137.8 174.5 156.3 126.5 94.4 93.7 73.4 24.6 7.88  
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Appendix E. Pharmaceutical concentrations in plant and sediment samples 

Table E.1. Pharmaceutical concentrations in Typha samples (ng/g dry weight). Blank values are below LOD. NA=Not available  

Sample Name Carbamazepine Clofibric acid Fluoxetine Naproxen Sulfamethoxazole Sulfapyridine 

S1-T1-P1 5.6  88.0   9.4 

S1-T1-P2 5.1     2.8 

S1-T1-P3 5.3 2.3 63.6   2.1 

S1-T11-P1 3.2      

S1-T11-P2 3.6  81.1    

S1-T11-P3 3.8  60.7    

S1-T13-P1 4.0      

S1-T13-P2 4.7 2.2 39.0   1.8 

S1-T13-P3 4.85     4.2 

S2-T1-P1 40.7 20.9 117.5 21.4  12.2 

S2-T1-P2 NA NA NA NA NA NA 

S2-T1-P3 20.4 33.7 80.7 32.3  17.6 
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Sample Name Carbamazepine Clofibric acid Fluoxetine Naproxen Sulfamethoxazole Sulfapyridine 

S2-T11-P1 10.2 21.7  20.3  10.4 

S2-T11-P2 NA NA NA NA NA NA 

S2-T11-P3 10.8 20.5  21.0  15.9 

S2-T13-P1 7.6 20.7  19.5  8.9 

S2-T7-P1 16.2 18.9 58.4 20.3  8.7 

S2-T7-P2 4.8 16.6  19.6  7.3 

S2-T7-P3 10.4 21.9  21.3  10.2 

S2-T8-P1 11.4 18.0 47.6 19.2  14.6 

S2-T8-P2 3.8 18.8 64.5 22.2  11.1 

S2-T8-P3 19.6 28.7 73.5 27.0  17.7 

S2-T15-P1 14.5 23.8 52.7 22.7  20.1 

S2-T15-P2 19.7 17.1 239.0 21.5  11.4 
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Table E.2. Pharmaceutical concentrations in Lemna spp. samples (ng/g dry weight). Blank values are below LOD.  

Sample Name Carbamazepine Clofibric acid Fluoxetine Naproxen Sulfamethoxazole Sulfapyridine 

S1-T1-P1 5.58  37.7  105.32  

S1-T11-P3 11.75  49.7  210.99  

S1-T13-P1 6.10    323.61  
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Table E.3. Pharmaceuticals concentrations in filamentous algae (ng/g dry weight). Blank values are below LOD.  

Sample Name Carbamazepine Clofibric acid Fluoxetine Naproxen Sulfamethoxazole Sulfapyridine 

S2-T1-P1 42.52 13.32 126.70  138.67 7.55 

S2-T1-P2 41.97 13.81 121.42  156.86 8.04 

S2-T1-P3 42.90 10.16 111.60  140.37 8.91 

S2-T11-P1 30.10 8.61 72.75  110.68 5.13 

S2-T13-P1 41.32 19.51 104.56  148.27 7.48 

S2-T7-P1 33.25 13.55 89.41  137.48 7.08 

S2-T7-P2 34.58 14.39 118.04  155.33 7.24 

S2-T7-P3 27.13 9.01 82.44  107.05 6.22 

S2-T8-P1 27.28 14.81 73.74  101.97 4.85 

S2-T15-P1 26.45 19.83 65.72  100.30 4.28 
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Table E.4. Pharmaceutical concentrations in M. sibiricum (ng/g dry weight). Values for S1 are calculated based on a target weight of 

0.5g. The initial values were lost due to the theft of my lab notebook. However most samples were of lower weight than S2 values and 

thus concentrations would generally be higher. The S1 concentrations were expected to be low after being exposed to pharmaceuticals 

for 4 hours. S=spike (S1=experiment 1), T=Tank (Mesocosm) P=Plant sample # 

Sample Name Carbamazepine Clofibric acid Fluoxetine Naproxen Sulfamethoxazole Sulfapyridine 

S1-T1-P1* 70.0 140.2 2048.0 162.6 81.0 68.3 

S1-T1-P2* 135.0 379.4 5720.8 513.7 205.3 105.9 

S1-T11-P1* 183.7 398.3 4753.0 478.7 266.0 137.6 

S1-T11-P2* 57.8 179.4 4482.4 193.6 65.5 57.5 

S1-T13-P1* 190.7 520.9 5854.3 657.3 216.2 108.4 

S1-T13-P2* 68.4 232.9 2559.6 256.6 123.2 79.5 

S2-T1-P1 161.8 283.9 3580.5 24.7 246.9 20.3 

S2-T1-P2 130.2 262.3 1983.5 21.0 229.0 19.3 

S2-T1-P3 123.5 244.9 1949.6 20.5 180.6 15.0 

S2-T11-P1 129.1 133.1 2592.6 37.5 180.4 20.3 
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Sample Name Carbamazepine Clofibric acid Fluoxetine Naproxen Sulfamethoxazole Sulfapyridine 

S2-T13-P1 156.7 414.3 2306.0 53.9 318.3 17.0 

S2-T7-P1 82.5 120.7 1060.9 12.9 120.8 10.7 

S2-T7-P2 107.7 152.9 1627.6 21.9 163.7 14.8 

S2-T7-P3 118.6 154.1 1584.7 20.5 203.0 15.6 

S2-T8-P1 88.9 103.7 2896.1 16.0 122.5 13.4 

S2-T15-P1 60.1 83.3 2585.5 14.0 100.9 6.4 
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Table E.5. Pharmaceutical concentrations in sediment samples (ng/g dry weight). Samples for spike 1 were not analyzed. Clofibric 

acid, fluoxetine and naproxen had poor recoveries and are not reported. Blank values are below LOD. 

Sample Name Carbamazepine Sulfamethoxazole Sulfapyridine 

S2-T1-P1Typha 24.89   

S2-T1-P2Typha 29.16   

S2-T1-P3Typha 26.06   

S2-T11-P1Typha 18.66   

S2-T13-P1Typha 10.01   

S2-T7-P1Typha 13.26   

S2-T7-P2Typha 16.31   

S2-T7-P3Typha 13.46   

S2-T8-P1Typha 16.16   

S2-T15-P1Typha 7.42   

S2-T7-P1Bulk 24.02   

S2-T7-P2Bulk 25.19   
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Sample Name Carbamazepine Sulfamethoxazole Sulfapyridine 

S2-T7-P3Bulk 24.04   

S2-T8-P1Bulk 22.19   

S2-T15-P1Bulk 14.44   

S2-T1-P1Bulk 34.63   

S2-T1-P2Bulk 28.03   

S2-T1-P3Bulk 39.40   

S2-T11-P1Bulk 33.01   

S2-T13-P1Bulk 23.75   

S2-T13-P2Bulk 25.47   

S2-T13-P3Bulk 37.52   

!



!

304!

Appendix F. Laboratory Milfoil Experiment.  

Table F.1. Water concentrations (µg/L) of pharmaceuticals at various time points.  

Sample Name Carbamazepine Clofibric acid Fluoxetine Naproxen Sulfamethoxazole Sulfapyridine 

C-4h 0.027 0.063 0.324 0.000 NA NA 

T1-4h 7.932 8.102 2.118 8.276 152.3 163.6 

T2-4h 8.085 8.261 1.786 6.741 143.4 159.4 

T3-4h 8.029 8.296 1.942 8.142 148.3 163.1 

T4-(DD)-4h 8.133 8.344 2.011 6.974 148.0 157.7 

DD-0h 0.013 0.025 0.128 0.001 0.905 1.006 

DD-2h 0.232 0.050 0.446 0.088 1.219 3.235 

DD-4h 0.266 0.065 0.453 0.053 1.465 3.437 

DD-24h 0.284 0.067 0.286 0.009 0.658 2.030 
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Table F.2. M. sibiricum biomass concentrations (ng/g dry weight). Blank values are below LOD. 

Sample Name Carbamazepine Clofibric acid Fluoxetine Naproxen Sulfamethoxazole Sulfapyridine 

T1-P1-2h 72.4  1191.4 12.0 119.5 1365.5 

T1-P2-2h 90.1  1242.1  140.0 262.1 

T1-P1-4h 114.3 14.0 2190.1  115.8 318.2 

T1-P2-4h 102.1  1647.8  98.7 234.1 

T2-P1-2h 95.7  2264.9  130.3 211.7 

T2-P2-2h 82.6  1031.0  129.2 244.6 

T2-P1-4h 91.6  1496.0  127.6 228.6 

T2-P2-4h 88.9 16.1 1280.1  145.3 289.1 

T3-P1-2h 105.7 18.2 1412.1  145.8 349.7 

T3-P2-2h 74.4  999.9  149.7 264.6 

T3-P1-4h 136.7 22.3 1824.5 29.5 299.4 494.3 

T3-P2-4h 136.9 13.8 2938.9 15.1 182.7 454.2 

DD-P1-4h 28.0  2100.7  69.8 143.3 
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Sample Name Carbamazepine Clofibric acid Fluoxetine Naproxen Sulfamethoxazole Sulfapyridine 

DD-P2-4h 31.4  2208.2  40.2 242.1 

DD-P1-24h 12.5  1537.9    

DD-P2-24h 12.5  1205.7  40.3 52.8 
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Appendix G. POCIS data not covered in the thesis. 

Table G.1. Average pharmaceutical concentrations in POCIS (ng/g) for treatment mesocosms. 

Mesocosm Carbamazepine Clofibric acid Fluoxetine Naproxen Sulfamethoxazole Sulfapyridine 

Tank 1-1 75489.65 38546.25 2583.32 894.37 11253.25 2954.25 

Tank 1-2 74973.24 31469.46 3045.27 948.42 11458.55 2515.35 

Tank 1-3 70168.72 34597.33 2465.56 1064.15 12110.35 3345.25 

Tank 5-1 92363.66 24449.42 1335.06 890.55 3111.41 2239.44 

Tank 5-2 76002.04 28450.49 3084.34 500.35 3046.23 2094.95 

Tank 5-3 64983.43 22961.98 3106.90 752.94 2731.15 2114.26 

Tank 10-1 64053.91 32774.48 2063.51 579.55 6123.44 2065.17 

Tank 10-2 71383.54 26465.56 1802.67 633.82 6544.06 1823.52 

Tank 10-3 65392.14 38489.23 2691.87 695.56 6310.29 2054.03 

Tank 11-1 89229.70 34315.00 2474.08 782.92 12337.30 2836.76 

Tank 11-2 64707.40 46444.47 1398.04 684.25 12953.28 3123.63 

Tank 13-1 98344.29 32534.18 3074.74 860.59 11909.98 3503.96 
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Mesocosm Carbamazepine Clofibric acid Fluoxetine Naproxen Sulfamethoxazole Sulfapyridine 

Tank 13-2 96417.25 41951.31 2486.43 826.62 13705.91 2947.50 

Tank 13-3 87792.89 33778.24 4844.71 1115.87 13565.28 3627.44 

Tank 14-1 64053.91 28320.48 3048.94 703.47 2615.74 1497.29 

Tank 14-2 71383.54 22747.64 3708.46 795.07 2594.61 1515.81 

Tank 14-3 65392.14 33967.37 1707.85 566.97 2509.78 1726.65 

 

 

 

!
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Appendix H. Pictures of the mesocosms, integrative samplers and T apparatus. 

!

 
 

Figure H.1. Mesocosm site at the Prairie Wetland Research Facility (PWRF), University of Manitoba. 
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Figure H.2. Integrated Water Sampler were constructed of poly-vinyl chloride (PVC) pipe (left) with a flexible 30cm portion (right) 

that can be cinched by pulling the aircraft cable to retain the composite water sample. 
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Figure H.3. A “T” apparatus was constructed of PVC pipe (A) and a portion of the T was perforated to distribute the wastewater 

evenly over the mesocosm and to prevent stirring up the sediments (B). Total length is approximately 1.8 × 1.25m with 6cm 

outerdiameter PVC (C). The extremity receiving the solution to disperse can be fitted with a funnel for convenience.  
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Figure H.4. Mesocosms at the beginning (left) and the end (right) of the summer experiment 2011. 
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Figure H.5. Harvested Typha spp. stand in one of the mesocosms at the beginning of the fall experiment 2011 (left), regrowth of 

Typha spp. plant during the fall experiment (right). 
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Figure H.6. Potted M. sibiricum in zone 5 of the mesocosms (left) and senescing M. sibiricum (right). The turions are overwintering 

buds that have a sharp green color and are resistant to frost. 
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Appendix I. Example chromatograms of pharmaceuticals in various matrices. 

!

Figure I.1. Chromatogram of a 500 mg/L standard calibration solution. The order of eluted peaks is sulfapyridine, sulfamethoxazole, 
carbamazepine and fluoxetine in positive mode; and clofibric acid and naproxen in negative mode. The time segments numbered 1 and 
2 are for positive and negative mode respectively. 
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Figure I.2. Chromatogram of an extracted water sample. 
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Figure I.3. Chromatogram of an extracted M. sibiricum sample. 
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!

Figure I.4. Chromatogram of an extracted filamentous algae sample. 
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!

Figure I.5. Chromatogram of an extracted Typha spp. sample. 
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!

Figure I.6. Chromatogram of an extracted Lemna spp. sample. 
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!

Figure I.7. Chromatogram of an extracted sediment sample. 


