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Abstract

:

The effluent from municipal wastewater treatment plants is a major point source of contamination in Canadian waterways. The improvement of effluent quality to reduce contaminants, such as pharmaceuticals and personal care products, before being released into the environment is necessary to reduce the impacts on organisms that live in the river downstream. Here, we aimed to characterize the metabolic and gill physiological responses of rainbow (Etheostoma caeruleum), fantail (Etheostoma flabellare), and greenside (Etheostoma blennioides) darters to the effluent in the Grand River from the recently upgraded Waterloo municipal wastewater treatment plant. The routine metabolism of darters was not affected by effluent exposure, but some species had increased maximum metabolic rates, leading to an increased aerobic scope. The rainbow darter aerobic scope increased by 2.2 times and the fantail darter aerobic scope increased by 2.7 times compared to the reference site. Gill samples from effluent-exposed rainbow darters and greenside darters showed evidence of more pathologies and variations in morphology. These results suggest that darters can metabolically adjust to effluent-contaminated water and may also be adapting to the urban and agricultural inputs. The modification and damage to the gills provide a useful water quality indicator but does not necessarily reflect how well acclimated the species is to the environment due to a lack of evidence of poor fish health.
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1. Introduction


In the Grand River, located in Southwestern Ontario, contaminant inputs from effluent discharged by municipal wastewater treatment plants (MWWTPs) enter the water and have effects on the fish populations living downstream from the outfall. The effluent post-treatment contains contaminants of emerging concern (CECs), such as pharmaceuticals and personal care products (PPCPs), endocrine-disrupting compounds (EDCs), and other substances that can cause sub-lethal effects [1,2]. In past studies, effects on reproduction, growth, sex ratios, metabolism, and molecular signatures have all been identified as maladaptive phenotypes in downstream locations from MWWTPs in this area, which were attributed to effluent exposure [3,4,5]. Rainbow darters downstream from the MWWTPs in the Grand River have experienced changes in gene expression, skewed sex ratios, altered gonad size, and intersex or feminized fish populations are found, largely due to the presence of EDCs [6,7]. Additionally, run-off from urban developments and intense agricultural areas, along with stormwater drainages, are other sources of contamination and water quality degradation [8,9]. Due to increasing human populations, urbanization, and agriculture processes, in combination with climate change, water quality downstream from MWWTPs is at risk and may lead to impacts on the ecology of the river.



MWWTPs receive waste that contains mixed solids, inorganic, and organic contaminants, and treatment is meant to minimize the concentration of contaminants that are released back into the water. Initially, the waste is put through a primary treatment step to settle solids that will move to digestion and form biosolids. Liquids are moved to a secondary treatment, which decreases the biological oxygen demand (BOD) and nitrogenous compounds. The final step, the tertiary treatment, is more filtration or oxidation and is the most valuable step to limit contaminants and nutrients that will be released as a final effluent back into the river system. The tertiary treatment step is not a required process but many facilities are upgrading to incorporate tertiary treatment when upgrading to the required secondary treatment levels and comply with federal and provincial legislation [10,11]. Recently, the Waterloo MWWTP has undergone upgrades to improve the water quality, i.e., reduce ammonia, biological oxygen demand, total suspended solids, and chloride, by increasing the solids retention time and nitrification/aeration [6,12]. Water quality parameters, such as temperature, total suspended solids (TSS), BOD, chlorine, un-ionized ammonia and nitrogen compounds, conductivity, total phosphates, and pH extremes are all found to be highest or the most variable immediately downstream from MWWTPs and become diluted further downstream [8,13,14]. Increased TSS, BOD, and turbidity from effluent increase the water temperature and hypoxia, due to increased sunlight absorption and metabolism of microorganisms causing eutrophication [13,15]. Un-ionized ammonia and nitrogen compounds can impact the ability of organisms to survive and reproduce in their environment due to direct toxicity. Damage to gill tissue, pH imbalances, osmo- and oxy-regulatory transport disruption, and immunocompromising are all possible effects of exposure to increased levels of un-ionized ammonia and nitrogen compounds, with the effects being amplified when exposed to multiple stressors [16,17].



The upgrades greatly reduced the concentrations of many chemicals, Srikanthan et al. [12] reported that concentrations of numerous CEC’s remain detectable in the treated effluent, including EDCs (synthetic hormones, personal care products), SSRIs (selective serotonin reuptake inhibitors, i.e., antidepressants), analgesics and anti-inflammatories (non-steroidal anti-inflammatory drugs (NSAIDs), beta-blockers, antiepileptics) [12]. The remaining mixture of contaminants may have the potential to continue to alter ecosystem health and the extent of these effects are largely unknown because of the complexity of the effluent mixtures [18]. There exist provincial guidelines on the limits of concentrations of known contaminants (Provincial Water Quality Objectives) in the surface waters, which were set, in part, to minimize the disruption to aquatic life. The upgrades help to reach or exceed these guidelines by causing a reduction in the concentration of chemicals and contaminants in the effluents, but there are still many CECs that remain in the discharged effluent that can affect aquatic life [12,18]. The guideline list includes organics, pesticides, and heavy metals, but does not include CECs that are hard to degrade or settle into biomass, with the possibility of being taken up into the body. Fish, as keystone species, can serve as bioindicators to help assess the health of ecosystems [19], but the effects of wastewater on the physiology of different fish species in rivers, such as the Grand River is currently limited [19,20]. Although extensive studies have been conducted on rainbow darter in the Grand River in response to treatment plant upgrades, few studies have examined the effects of treated effluent on the physiology of a group of closely related species with varying degrees of tolerance [6].



Some species can maintain a homeostatic balance in stressful environments better than others, but not without consequence. When a fish encounters a stressor (e.g., contaminant), a general adaptation response occurs, where alarm, resistance, and exhaustion phases may progress [21]. A fish will undergo a stress response, which includes altering its metabolism via energy substrate mobilization due to cortisol release, for example, due to increased energy demand of the gills for detoxification [22]. However, fish can be attracted to and live downstream of WWTPs, likely because there is an increase in nutrients, which allows for increased energy toward growth and reproduction, as demonstrated by the increased body condition downstream from MWWTPs, despite the presence of harmful contaminants [5,23,24]. A valuable endpoint to measure the effects of chronic exposure to contaminants is the metabolic rate, partly due to this late role in the stress response and its indicator of overall animal health [25]. In fish, aerobic scope (AS) is the difference between the maximum metabolic rate (MMR) and the routine metabolic rate (RMR); it is a measure of external environmental effects on fish and internal compensation and adjustment [26]. RMR is the minimum amount of energy required for physiological life and maintenance; major movement (swimming, food gathering, predator avoidance), growth, and reproduction require additional energy up to the maximum amount of oxygen uptake, i.e., the MMR. In the field, the field metabolic rate (FMR) is measured, which is typically higher than the RMR due to a shorter acclimation period and unknown feeding status [27]. Measuring differences in AS to understand the impacts of an environmental stressor, such as MWWTP effluent, can provide insights into how species are compensating for exposure to these stressors in wastewaters. While Mehdi et al. demonstrated a negative impact on the metabolic rate in rainbow darters, there has not been a cross-species comparison on the impacts of municipal effluent on metabolic rate [4].



In addition to metabolism, the gills are an ideal organ to study effluent effects, as they control several homeostatic functions at the whole animal level (e.g., respiration and ionoregulation) and are at the interface between the internal and external environment of the organism. There is a significant metabolic cost to respiration (10–70%), and less so for osmoregulation (2–4%), which can increase when a fish needs to divert energy toward the essential processes [28]. The gill surface can be changed either by being restructured when undergoing an osmorespiratory compromise or in poor water quality conditions to avoid becoming damaged [29]. Damage to the gills is important because it can have effects on the key functions of the organ, such as respiration, osmoregulation, acid–base regulation, and nitrogen excretion. Studies on gill physiology have looked at the impacts of different environmental stressors by looking at changes in the structure, enzyme activity, and expression of the gill [30,31]. In the gills, effluent from MWWTP can cause damage to DNA, increase the gill surface area, and affect the ability to regulate waste [32,33,34]. Gill damage can cause changes in gill structure, often found in the form of epithelial lifting, hyperplasia/hypertrophy of the gill surface, fusion of secondary lamellae, or gill aneurysms, all of which can be visualized using histological techniques [16,35,36]. In this study, the gills were used to look for markers of sublethal damage due to MWWTP effluent and determine whether recent MWWTP upgrades have decreased the amount of damage and restructuring the gills undergo in this environment.



The objectives of this study were to measure whole-body metabolism and changes in gill physiology of darters downstream from the MWWTP to determine whether the darters had increased metabolic demands and altered gill physiology in response to their exposure to effluents after the upgrades. Three darter species, namely, rainbow darter (RBD, Etheostoma caeruleum), fantail darter (FTD, Etheostoma flabellare), and greenside darter (GSD, Etheostoma blennioides), each having slightly different life histories and ecological niches, were selected for this study. The RBD has been used as a sentinel species in many studies in the Grand River due to its small body size, high abundance, and small movement patterns, but few studies have contrasted the effects on other related darter species [4,23,37].




2. Materials and Methods


In July 2019 (summer 2019) and October 2019 (fall 2019), samples of the three darter species were collected from sites surrounding the Waterloo MWWTP (US1, US2, DS1, and DS2) to capture seasonal differences in darter responses (Figure 1). All animal use and collection was approved by the University of Waterloo Animal Care Committee and followed the guidelines of animal use from the Canadian Council of Animal Care (Animal Use Protocols: #40315; #40318; #40989). Additionally, archived gill samples that were available from fish collected in October 2013 and 2014 (prior to MWWTP upgrades) were used for comparison between pre- and post-upgrades. US1 and US2 were upstream from the Waterloo MWWTP. US1 (43°35′07.54″ N, 80°28′54.08″ W) was located upstream from urban development and was an agriculturally dominated area, US2 (43°30′17.41″N, 80°28′28.61″W) was in an urban area. DS1 (43°28′24.69″ N, 80°28′23.99″ W) was immediately downstream from the MWWTP. DS2 (43°26′40.2′′ N, 80°24′02.7′′ W) was approximately 10.5 km downstream from DS1 and was also in an urban area.



At least 14 random samples of each fish species (RBD, GSD, FTD) were collected in the morning (starting at 9 a.m.) using a backpack electro-fisher and dip nets; they were then placed into buckets that were aerated and kept at river temperature. In fall 2019, no female GSDs were collected. Animal collections were approved by the Animal Care Committee at the University of Waterloo under AUPP#40318. Fish smaller than 4.0 cm were not included, as they were previously found to be immature. Fish were used for respirometry trials (detailed below) only in the summer and fall of 2019. Following the respirometry, the fish were measured for total length (±0.1 cm) and weight (±0.01 g) and sacrificed via spinal severance. Body condition (k) was calculated using k = m/(l3) × 100, where m is the mass of fish in grams and l is the length in cm. Fish were then dissected immediately on-site for gill samples in all seasons. The second and third gill arches were extracted directly into Davidson’s solution (0.0065 mM formalin, 0.0066 mM 95% ethanol, 0.0011 mM glycerol, 0.0017 mM glacial acetic acid) for histological processing.



At each site, water quality measurements (temperature, dissolved oxygen, conductivity, total dissolved solids, pH, and turbidity) were taken using a YSI Proplus multimeter (YSI Incorporated, Yellow Springs, OH, USA). In summer 2019, grab samples of river water were collected in 125 mL amber glass bottles for the analysis of nutrients and pharmaceuticals and general contaminants using LC-MS techniques, as previously described by Fuzzen et al. [5]. Samples of river water (250 mL) were preserved using 1 mL 49% sulfuric acid and measured for concentrations of total ammonia, nitrite, and nitrate by Maxxam Analytics (Mississauga, ON, Canada).



Intermittent flow respirometry was used to quantify the FMR and MMR in the field following capture. Eight 65 mL chambers, one reserved for background respiration, were used to measure fish respiration. Water was pumped directly from the river to the reservoir and an open-loop pump moved water through the chambers and out of the reservoir; this was a modified setup like that found in Mochnacz et al. (see Appendix A Figure A1) [38]. When the open-loop pump was turned off, each chamber maintained its flow using a closed-loop pump to mix water and measure oxygen via a fiber optic oxygen probe for continuous measurements (PyroScience, Aachen, Denmark). Fish were placed in the chamber with the circulation of water from the reservoir to prevent hypoxia throughout the acclimation. The fish acclimated for 60 min since no change in FMR was observed after the acclimation of this duration. FMR was then measured for 10 min after the open-loop pump was turned off, with measurements being taken every second (modified from Mehdi et al. [4]). The MMR was measured by holding fish out of water for two minutes and immediately placing fish into the respirometer where the initial decline in O2 is the MMR. This was modified from the chase protocol due to darters not reacting to being chased [39]. The average temperature of each run was used to correct the measurements of FMR and MMR to 20 °C for comparison using:


  B /  M  20 ° C     =   B / M t  e  ∝  (  1 / 20   −   1 / t  )    ,  








where t is the body (water) temperature and α (−5.02) is the slope of the line for fish for the equation comparing the effects of temperature to the mass normalized metabolic rate [40]. Trials started at 9:30 a.m. and lasted until approximately 3 p.m. each day, spreading out the use of each species throughout the day to minimize the effects of diurnal fluctuations. There was no significant effect of sex on the metabolic rate when data were separated. Additionally, there were low sample numbers; therefore, samples were pooled together for greater power (<4% of the variance in all species).



Gill tissue was examined histologically for changes in morphology and evidence of pathologies at all sites, using US1 as the reference site. Archived gill samples from RBDs in October of 2013 and 2014 were used for comparison as a pre-upgrade reference. Gill tissue was fixed in Davidson’s solution for 24 h, then moved to 70% ethanol. Samples were embedded in paraffin wax, sliced at 5 µm until whole gill arches, filaments, and lamellae were seen, and then stained using an automated hematoxylin and eosin stain procedure. Images of the gills were captured using a Leica microscope (DM 1000 LED) and camera (MC170 HD) at 100× using Leica Application Suite (LAS version 10) software (Nußloch, Stuttgart, Germany). A random image was taken of the gill section that had at least three primary filaments present with interior cartilage visible to standardize the location of analysis. Images were randomized and measured blindly. The morphological assessment used was described by Tetreault et al. [41]. Each image had nine measurements of secondary lamellar length (SLL), secondary lamellar width/diameter (SLW), inter-lamellar diameter (ID), and basal epithelium thickness (BET) each, spread along the base, middle, and distal edge of the filament. Measurements were taken using the software Fiji (Fiji Is Just ImageJ version 1) [42]. Gills were scored for pathologies, using a scale from 1–4 on five gill pathologies to assess the degree of damage in the gill tissue (see Appendix A Table A1 and Figure A2). Hypertrophy is the increase in an individual cell’s volume, hyperplasia is cell proliferation, epithelial lifting is the peeling of the epithelium from the sinus of the gill, fusion is the (complete or partial) connecting of secondary lamellae, and edema of the lamellae is the enlargement of the sub-epithelium spaces. The gill scoring was modified from Poleksic and Mitrovic-Tutundzic [43]. Scores of all pathologies were summed and the average total score for samples at that site and species was compared to the reference site for each species.



Data were analyzed using the statistical software GraphPad Prism 8 (San Diego, CA, USA). Sex differences were calculated for body measurements but not for metabolic rate due to low n numbers. Figures present the data as means ± standard error of the mean (SEM). Each species-site group was compared using a two-way analysis of variance (two-way ANOVA) separated by season. The data were tested for equal variance and normality with Levine’s test and the Kolmogorov–Smirnov test, respectively, to determine whether they met the assumptions of an ANOVA. Dunnett’s multiple comparisons test was used to compare each species-site group to the reference site (US1) of the respective species to limit comparisons to a reference site that was largely unaffected by urbanization. Alpha was set at p < 0.05.




3. Results


3.1. Water Quality


The water quality measurements in the Grand River are recorded in Table 1. The means ± standard error of the mean (SEM) were calculated from three measurements at each site (Table 1 and Table 2, Figure 2). Missing values were due to probe calibration issues on that day. In summer 2019, there was an increase in the values at DS1 when compared to US1, which sometimes continued downstream. In the fall, US2 had changes in conditions when compared to US1 (Table 1). Temperature measurements usually varied daily. In fall 2019, ammonia, nitrite, nitrate, conductivity, and chloride concentrations (see Table 2) increased downstream from the MWWTP with detectable levels of ammonia, i.e., 0.10 mg/L, at both DS1 and DS2 relative to reference sites.




3.2. Contaminant Profile


In summer 2019, river water samples were analyzed for key contaminants at the four sites surrounding the Waterloo MWWTP (Figure 2). There was a significant increase in diclofenac, atrazine, carbamazepine, venlafaxine, sulfamethoxazole, caffeine, 11,12-epoxide carbamazepine, p-hydroxy atorvastatin, o-hydroxy atorvastatin, and desmethyl venlafaxine at DS1 when compared to US1 (p < 0.05). Diclofenac, atrazine, carbamazepine, venlafaxine, and desmethyl venlafaxine persisted downstream at DS2 and were significantly increased compared to US1 (p < 0.05). Atrazine was significantly increased at US2 compared to US1 (p < 0.05).




3.3. Body Condition


Length, mass, and body condition are measurements of energy storage and fish health (for a summary, see Table 3). All data passed Levine’s test and the Kolmogorov–Smirnov test (p < 0.05). In summer 2019, there were no significant differences in the RBDs’ lengths in any sex at any site, compared to US1. The FTDs’ lengths displayed no significant changes in any season at any site. There was a significant increase in the length of female GSDs at DS1 in summer 2019 (p < 0.0001). There were no differences between US1 and any site in RBDs’ masses. There were no significant changes observed in FTDs’ masses in summer 2019. The mass of female GSDs at DS1 in summer 2019 was significantly larger than US1 (p = 0.0001). There were no significant differences in body condition in summer 2019 for any species.



In fall 2019, there was a significant increase in the length of male RBDs (p = 0.0062). There were no differences in the FTDs’ or GSDs’ lengths between any site compared to US1, in either sex. Male RBDs were heavier at both DS1 and DS2 compared to US1 (p = 0.002 and p = 0.027, respectively). There were no differences in the masses of FTDs when compared to US1. Female GSDs were smaller at US2 in fall 2019 (p = 0.031). Female RBDs had significantly increased body conditions at DS1 compared to US1 (p = 0.013). GSDs and FTDs did not show any differences in body condition in fall 2019.




3.4. Metabolic Rate


All data passed Levine’s test and the Kolmogorov–Smirnov test (p < 0.05). In summer 2019, the RBDs and FTDs showed significant increases in AS downstream from the MWWTP (Figure 3a). There were no significant changes in FMR, as the increase in AS observed was from an increase in MMR. Values are presented as means ± SEM. In the RBDs, there was a significant 2.2-fold increase of AS (mg O2/kg/hr) at DS2 compared to US1 (p = 0.0287, n = 14, 10, 10, 14 for US1, US2, DS1, and DS2, respectively). There were no other significant differences, but a trend of increased AS at DS1 (2.1-fold; n.s.). The RBDs’ AS at US2 was 0.9-fold lower than at US1. There were no significant differences in AS for the GSDs (n = 13, 12, 13, 14). The AS of the GSDs was 1.2-fold higher at US2, 1.0-fold at DS1, and 1.6-fold at DS2. The FTDs (n = 11, 11, 11, 13) at DS1 had a significant 2.7-fold increase in AS compared to US1 (p = 0.013). The FTDs’ AS increased 1.8-fold at US2 and 1.5 at DS2, but were not statistically significant. In fall 2019 (Figure 3b), there were no statistically significant differences in FMR, MMR, or AS.




3.5. Histology


In all seasons, only the SLW, a measurement of oxygen diffusion distance, showed significant differences between the sites (Figure 4 and Figure 5). Hyperplasia, fusion, epithelial lifting, edema, and hypertrophy were seen in samples from all sites and all years, but the severity of pathologies was most prevalent at DS1. No season or species had significant differences in SLL, BET, or ID. In 2013/2014, the RBDs showed a significantly increased SLW (p = 0.047) and pathologies (p = 0.038) at DS1. US2 and DS2 showed a trend of increased pathologies but there were no significant differences compared to US1. Overall, the most prominent pathologies were hyperplasia and fusion of the secondary lamellae. In summer 2019, there was an increase in gill lamellae diameter in the RBDs at DS1 (p = 0.019). There was a significant effect of the site on pathology in the RBDs (one-way ANOVA, F = 3.619, p = 0.044), but no significant between-site differences. The GSDs had significantly increased lamellae diameter at DS1 (p = 0.024) and DS2 (p = 0.031) and increased pathology at US2 (p = 0.022) and DS1 (p = 0.049) in summer 2019 compared to US1.





4. Discussion


The Waterloo MWWTP process upgrades included an increased solids retention time, added aeration/nitrification process, and UV disinfection, which improves effluent quality and odor and improved process efficiency. This upgrade followed guidelines set by the Fisheries Act Canada and the Ministry of Justice in 2012, requiring all MWWTPs to be upgraded to at least secondary treatment. The upgrades took place from 2009 until 2018; these measures were implemented to reduce BOD, TSS, and chlorine and ammonia levels. Although upgrades to the Waterloo MWWTP occurred prior to this study, there were measurable amounts of pharmaceuticals and personal care products detectable throughout the Grand River, where the levels increased downstream from the MWWTP (Figure 2). Of the highest contaminant concentrations detected, carbamazepine (antiepileptic), diclofenac (anti-inflammatory), and venlafaxine (antidepressant) were persistent pharmaceuticals that are not easily broken down and remain at high concentrations after release into the river, even after upgrades to the MWWTP [12,44,45]. Concentration limits for effects of CECs are difficult to set due to the potential synergistic, antagonistic, or additive effects of contaminant combinations [46,47]. Although concentrations have significantly decreased compared to pre-upgrade concentrations, they may still have the potential to cause sub-lethal effects on fish populations [12,48]. In the summer, there is a decrease in the flow in the river and this may be exposing the fishes downstream to a higher concentration of contaminants than in other seasons due to less dilution [49]. Table 1 and Table 2 demonstrate that seasonal variance caused changes throughout the river. Responses documented at US2 and DS2 may indicate that fish were responding to other stressors upstream, such as non-point sources of agricultural and urban inputs. These inputs should be considered for future studies, as effects can be hard to differentiate from the MWWTP inputs [1,48].



There were no significant changes in the FMR in any species, site, or season. RBDs could modulate their metabolic rate in response to living in effluent but perhaps the improvement in treatment has reduced their need for detoxification (lower ammonia and contaminant levels) [4]. The metabolic rates measured in this study were in the range of those of other fishes that are closely related [50]. Round Goby showed no increase in routine metabolic rate when exposed to effluent and is thought to be quite tolerant of MWWTP effluent [51]. In contrast, bluegill sunfish had an increased FMR when exposed to effluent [52]. Therefore, because the hypothesized response to effluent (i.e., contaminant) exposure was not seen, the effects of the MWWTP may have been reduced due to the upgrades. Recently, Martin et al. demonstrated that field-realistic exposure to an antidepressant (fluoxetine) disrupted foraging and aggression in mosquitofish [53]. While there may be no change in routine metabolism, a change in behavior could free up enough energy for detoxification and maintenance functions [54,55]; however, this remains to be studied for darter species found in the Grand River.



The aerobic scope was increased in RBDs and FTDs at DS1 and DS2 in summer 2019; additionally, there is some evidence of increased body measurements downstream from the MWWTP. Increased energy availability in fish exposed to effluent could help to explain the increase in AS [23,56]. Consistently higher temperatures or oxygen availability are possible explanations for the increase in MMR, which caused the change in AS, at DS1 and DS2 in RBDs and FTDs (Table 1). The DO and temperature may also vary in the microhabitats the darters live in, permitting an increase in oxygen availability [57,58]. Rummer et al. demonstrated that in spiny damselfish, Acanthochromis polyacanthus, AS increased in fish that were exposed to environmental perturbations, contrary to the expected decrease when faced with an environmental challenge [59]. Sunfish (Lepomis gibbosus) can vary their hematocrit levels, altering their ability to transport oxygen to the tissues, which may explain how the fish downstream from the MWWTP are compensating to increase their MMR [60]. Fishes can also increase perfusion and recruitment of the gills to increase MMR [28]. Darters may be utilizing these strategies to increase metabolic capacities.



Darters preferentially select water temperatures just above 20 °C, which may explain why there is an increase in their aerobic capacity in the summer over the fall [61]. Additionally, the food and habitat resources of darters overlap, causing intraspecific competition, specifically between RBDs and FTDs [62]. These two species are closely related and have similar prey; in the summer they may be similarly affected by ecological variability and therefore more sensitive to environmental upsets due to additional stressors [63]. Since GSDs do not face the same degree of competition, the metabolic adjustments may not be necessary. Alternatively, GSDs are more sensitive to changes in oxygen availability and temperature preferences, and therefore, have less ability to modify aerobic capacity [57,64]. Regardless, the evidence presented here does suggest there were differential species-specific responses to living in MWWTP effluent contaminated sites.



Damage due to contaminants can directly change the morphology of the gills, for example, epithelial lifting when toxic substances interact with the gills [65]. The most common pathologies associated with chronic, sublethal exposure to various xenobiotics are hyperplasia, edema, and cell proliferation [66]. The gills in this study demonstrated evidence of pathologies at all sites, but a significant increase in the presence and severity, as well as thickened lamellar epithelium, was found at the sites downstream from the MWWTP in RBDs before the upgrades. After the upgrades, there was no evidence of increased pathologies in RBDs compared to the reference site, which may indicate that the water quality has improved, which reduced the response of the gills to irritants in the water. Overall, the pathologies are thought to be defense mechanisms of the fish to limit the entry of irritants as a general stress response rather than a contaminant-specific reaction [30]. Thickening of the epithelium, hyperplasia, and epithelial lifting all increase the oxygen diffusion distance but may provide a barrier to entry for contaminants [43,67]. Increased water temperatures and decreased water quality due to lower flow during the summer can cause an increase in pollutant toxicity, which can explain the response of the gill morphology [68,69]. All three species have an epithelium that is already “thick” due to being benthic [28]. An increase in SLW due to hyperplasia causes gill fusion, which hinders oxygen uptake and decreases carbon dioxide offloading, making this maladaptive [70,71]. Over time, fish can resist the effects of contaminants if they are at sublethal concentrations via physiological modifications, for example, varying perfusion of the gills, increased respiration, increasing detoxification processes, or stimulating the immune system [67,69,72]. Overall, there was evidence of pollution effects on the gill morphology of RBDs, and in one season, on GSDs, while FTDs did not show any maladaptive response.



These results indicate that fishes could acclimate to effluent and urban contaminated water through respiratory adjustments and the improvements in water quality were reflected in reduced gill pathologies. This study provides evidence of increased metabolic capacity, even though there are modifications to gill tissue. Cumming & Herbert tested the ability of damaged gills to uptake oxygen and found there was no impairment on any metabolic endpoint, despite the increase in oxygen diffusion distance, which had previously been assumed [73]. Oxygen consumption adjustments, such as changes to blood or cardiac physiology, may have compensated for the effects of contaminant exposure and even improved the oxygen uptake ability, but this needs to be further investigated [74]. There is evidence that fishes have excess lamellae that are not perfused unless required, which is called lamellar recruitment [75]. It is possible that the fishes are increasing lamellar perfusion, thereby increasing their oxygen uptake ability due to an increase in the functional surface area of the gills, in combination with other adjustments [76]. Thus, gill physiological endpoints are useful in monitoring water quality but are not necessarily an indicator of how fishes are acclimating to their environment due to there being no evidence seen here on the impact on oxygen uptake ability.




5. Conclusions


The purpose of these experiments was to investigate the response of darters (rainbow darter, greenside darter, and fantail darter) to Waterloo municipal wastewater treatment plant effluent in the Grand River after upgrading to secondary treatment with an increased solids retention time and nitrification. These upgrades were hypothesized to reduce the biological impacts on fishes downstream, as seen after upgrades to a second municipal wastewater treatment plant in the Waterloo region [12,48]. Rainbow darters had a reduced intersex severity downstream of the Waterloo outfall after the upgrades to the treatment plant [77]. Improving municipal wastewater treatment plants to tertiary treatment to reduce the biological impacts on darters downstream is supported.



This study aimed to characterize the metabolic and gill tissue responses of darters exposed to the improved Waterloo municipal wastewater treatment plant effluent and compare them to fish populations upstream of the outfall. However, rainbow and fantail darters showed an increased maximum metabolic rate, and therefore, an increased aerobic scope. Greenside darters were unaffected. Rainbow and fantail darters’ sizes were unaltered when metabolic adjustments were seen, while the greenside darters were significantly larger and did not alter their aerobic scope, indicating that species-specific differences in metabolic adjustments may be occurring. Overall, there is no clear pattern in the impacts of the municipal wastewater treatment plant effluent or detrimental effects of effluent (i.e., contaminants) due to the variation in the darter’s physiological responses at the various sites. The increased aerobic scope and body measurements indicate that fish living in the urbanized areas of the Grand River may have utilized the greater nutrient (i.e., food) and oxygen availability. Additionally, there were effects of effluent on the gill morphology of darters found in the Grand River. The results were not consistent across seasons, sites, or species, which should be considered in future studies. However, the evidence presented here suggests there were species-specific responses to changing water quality conditions. This study highlights potential effects and markers of contaminant exposure and the importance of looking at multiple species when assessing contaminant effects.
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Figure A1. The respirometry set up in the field. River water was pumped directly into a reservoir where an “open” loop pump moved water through the chambers with oxygenated water for acclimation. During measurement, the “open” pump was closed off and the “closed” pump continued to circulate water through the device while the fish’s respiration was recorded by the oxygen probe and sent to the data logger and computer. 






Figure A1. The respirometry set up in the field. River water was pumped directly into a reservoir where an “open” loop pump moved water through the chambers with oxygenated water for acclimation. During measurement, the “open” pump was closed off and the “closed” pump continued to circulate water through the device while the fish’s respiration was recorded by the oxygen probe and sent to the data logger and computer.



[image: Applsci 10 08364 g0a1]







[image: Table] 





Table A1. Gill pathology scoring descriptions. The description of the five common pathologies that were scored in each histological sample. An average score of all pathologies was taken from the sum of each sample at each site and compared to the reference site’s average to test for differences.
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	Pathology
	Score
	Description





	Hypertrophy
	1
	1–2 cells swollen



	
	2
	Swollen cells on multiple lamellae



	
	3
	Multiple affected cells on many lamellae



	
	4
	Most lamellae have many affected cells



	Hyperplasia
	1
	Some lamellae (1–5) show hyperplasia



	
	2
	Most lamellae have some hyperplasia



	
	3
	All lamellae show hyperplasia, beginning to fuse



	
	4
	Lamellae are indistinguishable and all have severe hyperplasia



	Epithelial Lifting
	1
	Mild lifting at the base of the lamellae on 1–2



	
	2
	3–5 lamellae showing minor lifting



	
	3
	Many lamellae have lifted epithelium moving to the tip



	
	4
	Lamellae are lifted on the entirety of the lamellae and on most to all



	Lamellar fusion
	1
	1–2 lamellae are fused/overlapping



	
	2
	Fusion of the many tips of lamellae



	
	3
	Most of the lamellae are completely fused, otherwise tips fused



	
	4
	There are no distinguishable parts of lamellae, all fused



	Edema
	1
	One or two lamellae are mildly swollen



	
	2
	1–4 lamellae are more severely swollen, very blown up



	
	3
	4+ lamellae are affected, 1–2 are severe



	
	4
	Many lamellae are completely swollen to the filament base. At least 3+ are severe
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Figure A2. (a) Sample of morphometric measurements of the gill. BET, basal epithelium thickness; ID, interlamellar diameter; SLL, secondary lamellar length; SLW, secondary lamellar width. (b,c). Examples of the gill pathologies that were scored. Five pathologies were scored out of a scale from 1–4 for severity and summed, where (b) shows edema and fusion of the secondary lamellae and (c) shows epithelial lifting, hyperplasia, and hypertrophy. See methods and Table A1 for descriptions of the pathologies. 
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Figure 1. Map of the sampling locations used for collecting the darters used for this study. Orange markers indicate the general locations of capture, green indicates the general location of the effluent outfall. US1, upstream 1; US2, upstream 2; MWWTP, municipal wastewater treatment plant; DS1, downstream 1; DS2, downstream 2 (Google MyMaps; Map data ©2020, CNES/Airbus, First Base Solutions, Landsat/Copernicus, Maxar Technologies). 
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Figure 2. Pharmaceuticals and contaminants measured in the Grand River in summer 2019. Data are presented as mean ± SEM (n = 3 per site). Concentrations (ng/L) of many pharmaceuticals and personal care products were detectable throughout the watershed but usually increased downstream from the MWWTP. Abbreviations on the x-axis from left to right: naproxen (NPX), diclofenac (DCF), triclosan (TCS), atrazine (ATRZ), carbamazepine (CBZ), atorvastatin (ATOR), venlafaxine (VEN), sulfamethoxazole (SULF), trimethoprim (TRIM), caffeine (CAFF), 11,12-epoxide carbamazepine (eCBZ), p-hydroxy atorvastatin (pATOR), o-hydroxy atorvastatin (oATOR), sulfamethazine (SMZ), desmethyl venlafaxine (desVEN). US1, upstream 1; US2, upstream 2; MWWTP, municipal wastewater treatment plant; DS1, downstream 1; DS2, downstream 2. An asterisk indicates a significant difference in concentration compared to US1 (Dunnett’s multiple comparisons test, p < 0.05). 
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Figure 3. (a) Field metabolic rate (FMR) and maximum metabolic rate (MMR) of the RBDs, GSDs, and FTDs in summer 2019. (b) FMR and MMR of the RBDs, GSDs, and FTDs in fall 2019. Data are represented as means ± SEM (oxygen consumption—mg O2/kg/hr). AS is represented as the smooth area (MMR (entire bar)—FMR (checkered bar)). The Waterloo MWWTP is between US2 and DS1. An asterisk indicates a significant difference (p < 0.05) between US1 (reference site) and that location using Dunnett’s post hoc test. RBD, rainbow darter; FTD, fantail darter; GSD, greenside darter; US1, upstream 1; US2, upstream 2; DS1, downstream 1; DS2, downstream 2. 
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Figure 4. (a) Secondary lamellar width/diameter (SLW) of the RBDs in fall 2013/2014. (b) Pathology scores of the RBDs in fall 2013/2014 (p < 0.05, n = 8, 18, 16, 15). (c) SLW of the RBDs in summer 2019. (d) Pathology scores of the RBDs in summer 2019 (p < 0.05, n = 9, 11, 14, 11). An asterisk represents a significant difference compared to US1 using a one-way ANOVA and Dunnett’s multiple comparisons test. RBD, rainbow darter; US1, upstream 1; US2, upstream 2; DS1, downstream 1; DS2, downstream 2. 
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Figure 5. (a) The average SLW of the GSDs in summer 2019 (p < 0.05, n = 11, 8, 24, 11). (b) The average pathology scores of the GSDs in summer 2019 (p < 0.05, n = 11, 8, 24, 11). An asterisk represents a significant difference compared to US1 using a one-way ANOVA and Dunnett’s multiple comparisons test. GSD, greenside darter; US1, upstream 1; US2, upstream 2; DS1, downstream 1; DS2, downstream 2. 






Figure 5. (a) The average SLW of the GSDs in summer 2019 (p < 0.05, n = 11, 8, 24, 11). (b) The average pathology scores of the GSDs in summer 2019 (p < 0.05, n = 11, 8, 24, 11). An asterisk represents a significant difference compared to US1 using a one-way ANOVA and Dunnett’s multiple comparisons test. GSD, greenside darter; US1, upstream 1; US2, upstream 2; DS1, downstream 1; DS2, downstream 2.



[image: Applsci 10 08364 g005]







[image: Table] 





Table 1. A summary of the water conditions during the sampling of fishes. Data are presented as mean ± standard error of the mean (SEM; n =3 per site). Water quality measurements were taken on the same day as the sampling at that site where fish were collected from. Total dissolved solids (TDS) and pH in summer 2019 and dissolved oxygen (DO; mg/L) measurements from fall 2019 were unavailable due to instrument calibration issues on the day of sampling. An asterisk indicates a significant difference in concentration compared to US1 (Dunnett’s multiple comparisons test, p < 0.05). NTUs, nephelometric turbidity units; US1, upstream 1; US2, upstream 2; MWWTP, municipal wastewater treatment plant; DS1, downstream 1; DS2, downstream 2.
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Season

	
Site

	
Temp (°C)

	
DO (mg/L)

	
Avg. Conductivity (μS/cm)

	
TDS (ppm)

	
pH

	
Turbidity (NTUs)






	
Summer 2019

	
US1

	
23.47 ± 0.03

	
7.39 ± 0.03

	
384.70 ± 0.26

	
275.60 ± 0.00

	
8.37 ± 0.03

	
5.07 ± 0.28




	
US2

	
23.035 ± 0.03

	
* 8.43 ± 0.09

	
422.83 ± 0.41

	
-

	
-

	
4.75 ± 0.66




	
DS1

	
24.52 ± 0.03

	
* 12.86 ± 0.20

	
* 627.33 ± 27.88

	
* 416.00 ± 18.39

	
8.39 ± 0.00

	
4.68 ± 0.56




	
DS2

	
25.27 ± 0.07

	
* 10.10 ± 0.18

	
* 512.33 ± 4.84

	
* 346.67 ± 3.54

	
8.56 ± 0.04

	
4.35 ± 0.21




	
Fall 2019

	
US1

	
9.10 ± 0.19

	
-

	
268.10 ± 1.08

	
251.02 ± 0.49

	
8.5 ± 0.0

	
3.34 ± 0.48




	
US2

	
* 11.53 ± 0.07

	
-

	
* 373.07 ± 0.40

	
* 326.52 ± 0.47

	
8.46 ± 0.0

	
6.90 ± 0.76




	
DS1

	
9.20 ± 0.05

	
-

	
* 479.57 ± 7.17

	
* 446.12 ± 6.80

	
* 7.48 ± 0.1

	
5.43 ± 0.23




	
DS2

	
9.07 ± 0.05

	
-

	
* 351.77 ± 2.03

	
295.45 ± 27.23

	
8.33 ± 0.0

	
3.50 ± 0.14
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Table 2. Summary of total ammonia, nitrite, nitrate, and chloride concentrations at sites where fish were collected during this study in fall 2019. Data are presented as mean ± SEM (n = 3 per site). Concentrations were only available from the fall 2019 sampling period. The values show that there were increased, measurable amounts of nitrogenous compounds and chloride downstream from the MWWTP. An asterisk indicates a significant difference in concentration compared to US1 (Dunnett’s multiple comparisons test, p < 0.05). US1, upstream 1; US2, upstream 2; MWWTP, municipal wastewater treatment plant; DS1, downstream 1; DS2, downstream 2.
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	Site

Fall 2019
	Ammonia

(mg/L)
	Nitrite

(mg/L)
	Nitrate

(mg/L)
	Chloride

(mg/L)





	US1
	0.00 ± 0.00
	0.01 ± 0.00
	1.56 ± 0.10
	27.66 ± 1.30



	US2
	0.00 ± 0.00
	0.03 ± 0.00
	* 3.94 ± 0.00
	54.01 ± 0.30



	DS1
	* 0.10 ± 0.00
	* 0.08 ± 0.00
	* 6.50 ± 1.10
	* 77.66 ± 3.60



	DS2
	* 0.10 ± 0.00
	* 0.07 ± 0.00
	* 3.69 ± 1.00
	46.29 ± 3.60
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Table 3. Summary of the length (cm), mass (g), and body condition (k = 100 × (m/l3), m—mass in grams, l—length in cm) of three darter species collected throughout the study. Data are presented as mean ± SEM. The numbers of samples (n) are presented in the sex column, in order from US1 to DS2. An asterisk indicates the average values that were significantly different (Dunnett’s multiple comparisons test, p < 0.05) than those found at the reference site, US1. RBD, rainbow darter; FTD, fantail darter; GSD, greenside darter; F, female; M, male; US1, upstream 1; US2, upstream 2; DS1, downstream 1; DS2, downstream 2.
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Season

	
Species

	
Sex (n)

	
Length (cm)

	
Mass (g)

	
Body Condition (k)




	
US1

	
US2

	
DS1

	
DS2

	
US1

	
US2

	
DS1

	
DS2

	
US1

	
US2

	
DS1

	
DS2






	
Summer 2019

	
RBD

	
F

(7,7,8,8)

	
5.9 ± 2.2

	
5.6 ± 2.1

	
5.4 ± 1.7

	
5.1 ± 2.1

	
2.52 ± 0.89

	
2.47 ± 0.87

	
2.04 ± 0.64

	
1.77 ± 0.72

	
1.21 ± 0.46

	
1.32 ± 0.49

	
1.26 ± 0.40

	
1.23 ± 0.50




	

	
M

(7,7,10,6)

	
5.96 ± 2.3

	
5.99 ± 2.2

	
5.79 ± 2.05

	
5.44 ± 1.9

	
3.03 ± 1.07

	
2.97 ± 1.05

	
2.75 ± 0.97

	
2.14 ± 0.76

	
1.40 ± 0.53

	
1.33 ± 0.50

	
1.40 ± 0.50

	
1.27 ± 0.45




	
FTD

	
F

(11,9,8,4)

	
5.7 ± 2.8

	
5.7 ± 2.5

	
5.7 ± 1.5

	
5.3 ± 1.6

	
1.80 ± 0.80

	
2.02 ± 0.82

	
2.20 ± 0.59

	
1.61 ± 0.51

	
0.98 ± 0.49

	
1.08 ± 0.48

	
1.22 ± 0.33

	
1.09 ± 0.33




	

	
M

(4,5,14,11)

	
5.9 ± 1.8

	
5.5 ± 1.8

	
5.8 ± 2.1

	
6.1 ± 3.1

	
1.92 ± 0.58

	
1.82 ± 0.57

	
2.04 ± 0.72

	
2.45 ± 1.23

	
0.95 ± 0.29

	
1.07 ± 0.36

	
1.01 ± 0.36

	
1.07 ± 0.54




	
GSD

	
F

(6,6,12,9)

	
6.9 ± 2.4

	
7.0 ± 2.9

	
* 8.0 ± 2.2

	
7.3 ± 3.3

	
4.16 ± 1.38

	
4.00 ± 1.41

	
* 5.89 ± 1.70

	
4.68 ± 2.09

	
1.14 ± 0.40

	
1.12 ± 0.46

	
1.14 ± 0.33

	
1.19 ± 0.53




	

	
M

(8,6,13,5)

	
7.7 ± 3.1

	
7.3 ± 3.0

	
7.6 ± 2.2

	
8.1 ± 2.69

	
5.47 ± 2.07

	
4.57 ± 1.62

	
5.05 ± 1.52

	
4.68 ± 2.12

	
1.20 ± 0.5

	
1.1 ± 0.46

	
1.13 ± 0.33

	
1.21 ± 0.40




	
Fall 2019

	
RBD

	
F

(6,9,6,7)

	
5.2 ± 2.1

	
5.1 ± 1.7

	
5.2 ± 2.1

	
5.08 ± 1.9

	
1.54 ± 0.63

	
1.67 ± 0.56

	
1.93 ± 0.79

	
1.73 ± 0.65

	
1.08 ± 0.44

	
1.17 ± 0.39

	
* 1.27 ± 0.52

	
1.17 ± 0.44




	

	
M

(8,5,8,7)

	
5.25 ± 1.9

	
5.12 ± 2.29

	
* 6.26 ± 2.2

	
6.01 ± 2.3

	
1.83 ± 0.65

	
1.69 ± 0.75

	
3.32 ± 1.17

	
2.98 ± 1.12

	
1.25 ± 0.44

	
1.17 ± 0.53

	
1.32 ± 0.47

	
1.33 ± 0.50




	
FTD

	
F

(5,4,7,6)

	
5.02 ± 2.2

	
4.63 ± 2.3

	
4.96 ± 1.9

	
4.95 ± 2.0

	
1.34 ± 0.60

	
0.96 ± 0.48

	
1.23 ± 0.47

	
1.21 ± 0.50

	
1.04 ± 0.47

	
0.92 ± 0.46

	
0.95 ± 0.36

	
0.97 ± 0.39




	

	
M

(9,10,7,8)

	
5.64 ± 1.9

	
5.84 ± 1.9

	
5.70 ± 2.2

	
5.46 ± 1.9

	
1.69 ± 0.56

	
1.79 ± 0.57

	
2.06 ± 0.78

	
1.81 ± 0.64

	
0.93 ± 0.31

	
0.87 ± 0.27

	
0.98 ± 0.37

	
1.05 ± 0.37




	
GSD

	
F

(8,3,N/A,2)

	
6.75 ± 2.4

	
5.43 ± 3.14

	
N/A

	
5.65 ± 4.0

	
3.57 ± 1.26

	
* 1.58 ± 0.91

	
N/A

	
1.73 ± 1.23

	
1.12 ± 0.40

	
0.98 ± 0.56

	
N/A

	
0.94 ± 0.67




	

	
M

(6,11,14,12)

	
6.05 ± 2.5

	
5.98 ± 1.8

	
5.81 ± 1.6

	
6.16 ± 1.8

	
2.57 ± 1.05

	
1.95 ± 0.59

	
2.18 ± 0.58

	
2.56 ± 0.74

	
1.03 ± 0.42

	
0.93 ± 0.28

	
1.06 ± 0.28

	
1.03 ± 0.30
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