

  fishes-07-00361




fishes-07-00361







Fishes 2022, 7(6), 361; doi:10.3390/fishes7060361




Article



Elevated Winter Stream Temperatures below Wastewater Treatment Plants Shift Reproductive Development of Female Johnny Darter Etheostoma nigrum: A Field and Histologic Approach



Catherine M. Adams 1,*[image: Orcid], Dana L. Winkelman 2[image: Orcid], Paula A. Schaffer 3[image: Orcid], Daniel L. Villeneuve 4[image: Orcid], Jenna E. Cavallin 4[image: Orcid], Michael Ellman 5, Kelvin Santana Rodriguez 5 and Ryan M. Fitzpatrick 6[image: Orcid]





1



Colorado Cooperative Fish and Wildlife Research Unit, Department of Fish, Wildlife, and Conservation Biology, Colorado State University, Fort Collins, CO 80523, USA






2



U.S. Geological Survey, Colorado Cooperative Fish and Wildlife Research Unit, Colorado State University, Fort Collins, CO 80523, USA






3



CVMBS Microbiology, Immunology & Pathology Department, Veterinary Diagnostic Laboratory, Colorado State University, Fort Collins, CO 80523, USA






4



Environmental Protection Agency, Great Lakes Toxicology and Ecology Division, Duluth, MN 55804, USA






5



Oak Ridge Institute for Science and Education, Environmental Protection Agency, Duluth, MN 55804, USA






6



Colorado Parks and Wildlife, Research, Policy, and Planning Section, Fort Collins, CO 80526, USA









*



Correspondence: Cat.Adams@colostate.edu







Academic Editor: Constantinos C. Mylonas



Received: 21 October 2022 / Accepted: 28 November 2022 / Published: 29 November 2022



Abstract

:

River water temperatures are increasing globally, particularly in urban systems. In winter, wastewater treatment plant (WWTP) effluent inputs are of particular concern because they increase water temperatures from near freezing to ~7–15 °C. Recent laboratory studies suggest that warm overwinter temperatures impact the reproductive timing of some fishes. To evaluate winter water temperature’s influence in the wild, we sampled Johnny Darter Etheostoma nigrum from three urban South Platte River tributaries in Colorado upstream and downstream of WWTP effluent discharge sites. Fish were collected weekly during the spring spawning season of 2021 and reproductive development was determined from histological analysis of the gonads. Winter water temperatures were approximately 5–10 °C greater ~300 m downstream of the WWTP effluent compared to upstream sites, and approximately 3 °C warmer at sampling sites ~5000 m downstream of the effluent discharge. Females collected downstream of WWTP effluent experienced accelerated reproductive development compared to upstream by 1–2 weeks. Water quality, including total estrogenicity, and spring water temperatures did not appear to explain varying reproductive development. It appears that small increases in winter water temperature influence the reproductive timing in E. nigrum. Further investigations into how shifts in reproductive timing influence other population dynamics are warranted.
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1. Introduction


Aquatic ectotherms are sensitive to water temperature that controls and regulates important biological functions and behaviors including daily and seasonal activity, metabolism, development, and reproduction [1,2,3,4,5]. Water temperature influences the timing, duration, and quality of reproduction in a variety of freshwater fish species in both the laboratory and field [6,7,8,9,10,11]. Year-round increases in water temperature attributed to climate change and point source pollutants (e.g., powerplant cooling systems) have been shown to impact life history processes, reproductive timing, and hatching success [2,12,13,14,15]. However, little is known about the impact of elevated winter water temperatures on the reproductive development, timing, and success of fishes [11]. The impact of warmer winter thermal regimes on aquatic ecology is of particular concern in urban environments where winter water temperatures have been rising due to decreased shading from deforestation [16], runoff from impervious surfaces [17], warm water releases from water storage and diversions [18], and discharges of warm wastewater treatment plant (WWTP) effluent [19,20,21]. Of these, WWTP effluent has the greatest impact in winter months [20] increasing water temperature by 10 °C or more for up to 27 km downstream [22]. Effluent’s thermal impact on urban streams has been increasing with human population growth globally [19]. Recent studies have shown that short, warm winters cause unseasonably early reproductive development, negatively impacting subsequent spring reproduction due to a decrease in egg size, hatching success, and overall egg production compared to fish that experience longer cooler winters [4,5,23]. Increases in winter stream temperatures due to WWTP effluent may mimic artificially short and warm winters, causing shifts in native fish reproductive development within urban aquatic ecosystems.



The South Platte River basin along the Colorado Front Range supported greater than 80% of the state’s 5.8 million residents in 2020, and population growth and water consumption are expected to increase [24]. Increased population and subsequent winter WWTP effluent volume and temperature can pose a risk to Colorado South Platte tributaries. To mitigate this, the Colorado Department of Public Health and the Environment (CDPHE) has enacted winter water temperature standards limiting the temperature of point source thermal pollutants, like WWTP effluent, to protect Colorado’s aquatic ecosystems. The standard for Warm-water Tier 1 (WS-I) streams is a maximum winter (December–February) weekly average standard of 12 °C [25] and Tier 1 is partly defined by the presence of Johnny Darter Etheostoma nigrum (Rafinesque 1820) among other native fish species. However, the standard is based on laboratory-derived thermal endpoints of Colorado fishes and no research has been conducted in a field setting to assess the impact of warm winter water temperature on fishes or evaluate if the standards are protective [25]. Warm-water Tier I streams are of particular conservation concern in Colorado due to their high concentration of native species, including E. nigrum, the State Species of Concern Stonecat Noturus flavus (Rafinesque 1818), and the State Threatened Common Shiner Luxilus cornutus (Mitchell, 1817) [26,27]. Investigations into how WWTP effluent influences water temperatures and fish reproduction in Colorado South Platte tributaries, particularly in winter, are crucial for understanding management options.



In addition to being a focal species for the Colorado water temperature standard and native percid in the South Platte River basin, E. nigrum are one of the most common darters in eastern Canada and the Midwestern United States [28]. In the South Platte River, Propst and Carlson [9] noted that E. nigrum spawned later in the year at warmer temperatures (17 °C in June–July) than populations in its central range (11.7–23 °C in April–June) [29]. They hypothesized the difference in spawn timing was due to cooler spring temperatures in the western part of its range, which delayed reproductive development and initiation of spawning. Etheostoma nigrum also have unique reproductive requirements and timing in relation to other South Platte native fishes. For example, they require smooth cobble for egg disposition in shallow (<45 cm deep), slow–moderate velocity (5–50 cm/s), and moderately clear sandy reaches [30]. Recent studies have shown that familial Yellow Perch Perca flavescens (Mitchill, 1814) produced smaller eggs and had reduced hatching success after experiencing shorter warmer winters believed to be the cause of subsequent low recruitment [4]. Additionally, Firkus et al. [5] and Baum [23] found that in the laboratory, E. nigrum exposed to elevated overwintering temperatures resulted in the early onset of spawning, which in Firkus et al.’s [5] study additionally had the effect of lowering overall fecundity [5,23]. Etheostoma nigrum’s potential sensitivity to unseasonably high winter stream temperatures is why CDPHE uses its presence to designate Warm-water Tier 1 streams [25]. The CDPHE designation along with its wide native range is why we chose E. nigrum as our focal species to study the influence of increased winter water temperatures from WWTP effluent on fish reproductive development.



Our study had three goals. The main goal of our study was to identify the effects of elevated winter water temperature on the timing of reproductive development of wild E. nigrum in areas surrounding WWTP effluent discharge locations in the South Platte drainage. We hypothesize that fish in warmer winter water regimes downstream of WWTPs will display earlier reproductive development than in colder water sites above WWTPs. In addition to increasing water temperature, we recognize there are various pesticides and personal care products (PPCPs), nutrients, and the hormone estrogen commonly found in WWTP effluent which may impact aspects of fish reproductive biology and decrease fecundity [31,32,33,34]. Thus, a secondary goal was to characterize any variation in water quality, including estrogenicity, between sites and histologically inspect fish gonads for testicular oocytes and atretic follicles, which can increase in the presence of wastewater-derived contaminants [35,36]. Finally, we hypothesize distance below a WWTP effluent will mitigate the thermal influence on reproductive timing due to cooling as the water travels downstream. Therefore, a tertiary goal was to characterize the winter thermal regime surrounding WWTP effluents in these South Platte tributaries.




2. Materials and Methods


2.1. Study Area


We chose three tributaries located in the South Platte River drainage, the Big Thompson River (BT), St. Vrain Creek (SV), and the Cache la Poudre River (CP) for our study (Figure 1). All tributaries have abundant E. nigrum populations that could be repeatedly sampled [37] and the Big Thompson and St. Vrain also had WWTP effluents that allowed us to assess the influence of WWTP effluent on E. nigrum reproductive timing. All three rivers have their headwaters in the Rocky Mountains, then transition into the Great Plains ecoregion upstream of our study sites.



The BT is a 126 km South Platte tributary that begins in Rocky Mountain National Park (RMNP) near Estes Park, CO, and flows east through the city of Loveland, CO before it meets with the main stem South Platte River (SP) near Greely, CO [38]. The SV is a 52 km tributary that begins further south in RMNP and flows east through the city of Longmont, CO before it joins the SP near Milliken, CO [39]. The CP is a 203 km tributary with headwaters on the north side of RMNP, flowing north into the Poudre Canyon and then east through the city of Fort Collins, CO to the confluence with the SP near Greeley, CO [40]. All three rivers have WWTP effluent inputs in the center of the urban towns they flow through, though abundant populations of E. nigrum were only able to be sampled both upstream and downstream of WWTP effluent on the BT and SV. The hydrographs of these streams are characterized by low discharge baseflow from September–April and peak/high flows from May–August due to montane snowmelt runoff.



Four sampling locations were chosen on the BT and SV tributaries. Two sampling locations were selected upstream of the WWTP and two downstream. Sites were at least 500 m apart, a distance greater than E. nigrum’s known maximum range [41], to limit fish movement between sampling locations. We refer to the sites based on their location relative to the WWTP; the far upstream site (FU), upstream site (U), downstream site (D), and far downstream site (FD; Figure 1). These sites represent our hypothesized thermal gradient in relation to effluent impacted stream temperatures in the winter season, with the FU site being the coldest, but similar to the U site, the D site being the warmest, and the temperature of the FD site predicted to fall in between the U and D sites.



A ninth sampling location was selected on CP near Timnath CO, ~38 km west of the confluence with the South Platte (Figure 1). This sampling location was chosen because of its historically high population of E. nigrum [42] and its similarity to BT and SV sites. This site is ~18 km downstream from the nearest WWTP effluent in a semi-urban/agricultural area.




2.2. Fish Collection


Preliminary fish collections and histopathology identified spawning during week 18 of 2020 (late April), earlier than previous accounts of E. nigrum spawn timing in Colorado (in June) [9]. Thus, in 2021, sampling was focused on the identified spawning period (Table 1). The SV and CP were not sampled in week 18 due to high flow conditions. Generally, sampling was conducted at all sites and rivers in the same week. Thus, sampling is described temporally by the week of the year for comparison between rivers. Sampling during weeks 1 and 5 had a maximum collection of 10 fish per sampling site and increased to 20 fish per site during weeks 12–41 per our permit with Colorado Parks and Wildlife (collection permit 1865705216). For each week of sampling, all sites within a river were sampled within 8 h to limit temporal variability. An exception was week 13 on the St. Vrain during which sites were sampled within 24 h. Fish were sampled via backpack electrofishing, euthanized via immersion in a solution of MS-222 at a concentration of 250mg/L, weighed, and measured (total length; TL). Generally, the entire fish was preserved in 10% buffered formalin and submitted to Colorado State University (CSU) Veterinary Diagnostics Laboratory for histological processing and review. Exceptions to this were weeks 12/13, 16, 32, and 41 when fish were dissected post euthanization for removal of the liver for vitellogenin analysis (described below). On those weeks, the gonad was removed and individually preserved in formalin for histological analysis and review.



Vitellogenin (Vtg), an egg yolk precursor protein, typically only synthesized in female fish, can be produced by male fish when exposed to estrogens and is commonly used as a biomarker of estrogen exposure in WWTP-impacted streams [36]. Thus, during weeks 12/13, 16, 32, and 41, we also dissected fish and removed the livers for Vtg3 gene expression analysis. Liver samples were frozen on dry ice and shipped overnight to the US Environmental Protection Agency (EPA) Great Lakes Toxicology and Ecology Division (GLTED) for Vtg3 mRNA analysis. Hepatic Vtg3 transcript abundance was determined by quantitative real-time polymerase chain reaction (qPCR). Detailed methods are described in the supplemental information (SM).



Lengths and weights of fish were compared using Welch’s two-sample t-test and ANOVA as well as Games-Howell post hoc pairwise comparison tests in Program R using the package rstatix [43]. These tests were used over traditional ANOVA and post hoc tests due to equal variance and sample size assumption violations (Bartlett test of homogeneity of variances; p < 0.05).




2.3. Temperature Monitoring


Onset Hobo (Bourne, Massachusetts) temperature loggers were placed at FU-SV, FD-SV, U-BT, and D-BT in the spring of 2020. A logger was placed at FD-BT in December 2020 and at FU-BT in August of 2021 (Figure 1). Due to the late establishment of the FU-BT site, no winter 2020–2021 or spring 2021 temperatures were recorded for this site. Temperature data from 2020 to 2022 at U-SV and D-SV were acquired from the City of Longmont’s water temperature monitoring efforts. Supplemental temperature data for U-BT and D-BT were obtained from the City of Loveland’s water temperature monitoring efforts. Temperature data were compared using Welch’s ANOVA and Games-Howell post hoc pairwise comparison tests in Program R using the package rstatix [42]. These tests were used over traditional ANOVA and post hoc tests due to equal variance and sample size assumption violations (Bartlett test of homogeneity of variances; p < 0.05). In some cases, the presence or absence of an overlap of 95% confidence intervals between weekly average temperatures was used as a de facto significance test for comparisons [44].




2.4. Water Quality


Water samples were collected to evaluate whether any potential differences in E. nigrum reproduction could be attributed to variation in selected contaminant concentrations or water estrogenicity among the sites. Samples were collected on weeks 12, 13, 16, 32, and 41 in 1 L glass amber bottles for estrogen analysis, 40 mL glass amber volatile organic analyses (VOA) vials for PPCPs analysis, and a 60 mL LDPE bottle for nutrients (NNPs) analysis. Samples were stored on ice, and shipped to the U.S. EPA Region 8 laboratory for PPCP and NNPs analysis and the GLTED for in vitro estrogenic activity within 120 h of sampling. Analyses for PPCPs and NNPs were done following the EPA Region 8 standard operating procedures [45,46]. Principal component analysis in Program R was used to visually compare PPCP and NNPs concentrations among sites and sampling occasions. Detailed methods for measuring total in vitro estrogenic activity are provided as supplemental information (SM). Presence or absence of an overlap of 95% confidence intervals of mean 17β-estradiol equivalents was used as a de facto significance test for comparisons [44].




2.5. Histological Analysis


Immersion fixed fish were bisected on the midsagittal plane, routinely processed to paraffin blocks, sectioned at 7 microns, mounted on charged slides, and stained routinely with hematoxylin and eosin for evaluation. Fish were classified as male, female, or unknown sex if the gonad was not present in the histologic section or was present but immature. Male gonads were staged according to the Organisation for Economic Co-operation and Development (OECD) guidance document for the diagnosis of endocrine-related histopathology of fish gonads (supplemental information (SM)) [47], and proportions in each stage at each site each week were calculated. Ovaries of females were photographed using a JENOPTIK GRYPHAX microscope camera and software. From these photos, perinucleolar, cortical alveolar, early vitellogenic, late vitellogenic, and mature oocytes in each female ovary as classified by the EPA [48] were identified and enumerated using the image analysis software ImageJ [49].



Because E. nigrum are fractional spawners (i.e., batch spawners), females usually contain oocytes at a variety of developmental phases at one time, and thus can contain previtellogenic oocytes, early and late vitellogenic oocytes, mature follicles, and postovulatory follicles concurrently (Figure 2). Females that have initiated gonadal development with a commitment to spawn that season are in vitellogenesis, indicated by the presence of vitellogenic oocytes [50,51]. We first classified each female as previtellogenic (no vitellogenic oocytes, only perinucleolar and/or cortical alveolar) or vitellogenic (at least one vitellogenic oocyte) to quantify the reproductive development of females. We further differentiated between females in early and late vitellogenesis based on if the most advanced oocyte present in each female was in the early or late vitellogenic phase, a method modified from Borg and Veen [52]. Differentiating between females’ oocytes in early vs. late vitellogenic phases of development is more insightful for the interpretation of developmental timing than traditional staging [53]. The presence of mature (hydrated oocytes) and post-ovulatory follicles can also provide information on spawning activity in relation to the specific timing of sampling. For example, once oocytes are hydrated, they are generally spawned within hours, and post-ovulatory follicles are thought to be reabsorbed, thus non-observable, after as little as three days [51]. While our weekly sampling frequency was not sufficient for reliable use of hydrated oocytes and post-ovulatory follicles as evidence of daily differences in the onset of spawning, their presence was evidence of weekly differences, and we believe their presence still provides insight into reproductive developmental and timing differences among sites.



For analysis, we identified the proportion of females that; (1) were previtellogenic (2) early vitellogenic, and (3) late vitellogenic as previously described. Females were also placed into a separate and supplemental category of “spawning” or “not spawning”, where “spawning” individuals were those that had at least one hydrated oocyte and/or post ovulatory follicle present and “not spawning” were those who did not. The “spawning” category is considered secondary and supplemental to the main reproductive stage (previtellogenic, early vitellogenic, or late vitellogenic) assigned to each female because while it is evidence of recent or incipient spawning activity, it is possible we missed this evidence in other females due to weekly, instead of daily or hourly, sampling frequency.



The presence or absence of atretic follicles in the presence of degradation or reabsorption in female fish [35] and testicular oocytes in male fish were also recorded. Differences in the proportion of affected fish between rivers and sampling sites were determined using the test for equal proportions in Program R. Proportions that are stated to be similar have a p-value greater than 0.05.





3. Results


We sampled 1304 E. nigrum in 2020 and 2021 (Tables S4–S7). A total of 872 E. nigrum were sampled during the spring sampling period in 2021 (Table 2). The average TL was 56.3 mm (range: 28–82 mm) and the average weight was 1.6 g (range: 0.05–4.3 g). Both TL and weight were significantly different in 2020 and 2021 (p < 0.01). However, on average, fish in 2021 were only 2.5 mm longer and 0.2 g heavier than those sampled in 2020. Fish from CP were significantly smaller than those from BT and SV (49.4 [SD = 8.0], 57.4 [SD = 7.3], and 57.0 [SD = 9.0] mm, respectively; p < 0.01). Within BT fish size varied by site (p < 0.01) though were similar in size at FU, U, and D-BT (55.7 [SD = 7.6] mm and 1.5 [SD = 0.7] g, 56.3 [SD = 7.2] mm and 1.6 [SD = 0.7] g, and 56.4 [SD = 7.2] mm and 1.6 [SD = 0.7] g, respectively), and significantly larger at FD-BT (60.6 [SD = 6.4] mm; 2.0 [SD = 0.7] g; p < 0.05). Fish size also varied by site in SV (p < 0.01) and pairwise comparisons revealed that length and weight were significantly different between all sites. Fish at FU-SV were the smallest (50.1 [SD = 7.13] mm; 1.1 [SD = 0.5] g), followed by those at FD-SV (56.2 [SD = 9.6] mm; 1.6 [SD = 0.8] g), U-SV (59.8 [SD = 7.0] mm; 2.0 [SD = 0.7] g), and finally D-SV (64.0 [SD = 6.8] mm; 2.3 [SD = 0.8] g). Fish size was similar among months sampled in each river from January to May 2021.



3.1. Temperature


Our hypothesized gradient of winter water temperatures in relation to the WWTP effluent was supported (Figure 3). Winter water temperature in 2021 indicated the coldest winter temperatures at the upstream sites (FU and U, respectively). The site immediately below the WWTPs (D) had the warmest winter weekly average water temperatures (WAT) in both BT and SV, and temperatures at the farthest downstream sites (FD) were intermediate.



In the winter of 2020–2021, WAT at all sites on the BT were significantly different (p < 0.01). The winter WAT was 1.7 °C [SD = 0.8 °C] at U-BT, 11.6 °C [SD = 0.8 °C] at D-BT, and 4.9 °C [SD = 1.7 °C] at FD-BT (Figure 3). Winter WATs at FU-BT and U-BT were similar in winter 2021–2022 (Figure 3). The WATs in SV were also different between sites during the winter period (p < 0.01). The winter 2020–2021 WAT was similar between FU-SV and U-SV (2.4 °C [SD = 0.001 °C] and 2.2 °C [SD = 0.6 °C], respectively) and was significantly greater at D-SV (7.6 °C [SD = 0.6 °C]). Although the WAT declined to 4.6 °C at FD-SV it was still significantly warmer than the WAT at the upstream sites (p < 0.05; Figure 3). Notably, the first week of December at D-BT in both winter 2020–2021 and winter 2021–2022 were the only instances where the WAT exceeded CDPHE WS-I water temperature standard (12.8 °C) [25].



During the winter of 2020–2021, the WATs significantly differed between the upstream sites on both the BT and SV (p < 0.01); however, U-SV had a mean weekly average temperature of only 0.5 °C greater than U-BT. The downstream sites also differed between the SV and BT (p < 0.01) and D-BT had a mean WAT 4 °C greater than D-SV in winter 2020–2021 (Figure 3). The furthest downstream sites (FD) were not significantly different between streams (Figure 3). Logger error at the CP site (C) resulted in a loss of winter water temperature data after the first two weeks in December of 2020. However, winter WAT and average air temperatures (t-test; p > 0.1) were similar in both the 2020–2021 and 2021–2022 winter seasons, and thus the 2021–2022 winter WAT (3.1 °C [SD = 1.7 °C]) is likely representative of the 2020–2021 winter WAT (2.8 °C [SD = 0.4 °C]). Thus, winter WAT at CP was slightly warmer than the BT and SV upstream sites, but slightly cooler than the FD sites (Figure 3).



Water temperatures in spring were also examined to assess potential variation in water temperature during the spring sampling period. In March, April, and May WATs were similar between all sampling sites within each river, except for D-BT which was significantly greater than both U-BT and FD-BT until week 17 of 2021 (Figure 4). Overall, WAT ranged from 4.1–17.1 °C during weeks 12–18. Water temperatures at CP were similar to SV (Figure 4). No water temperature data at the CP site were recorded for weeks 12 and 13 due to logger error.




3.2. Water Quality


3.2.1. PPCPs and NNPs


There were 96 PPCPs and 3 NNPs detected across all sampling sites, though only 3 PPCPs (caffeine, DEET, and gabapentin) and 1 NNP (orthophosphate) were detected at every site. Nutrient concentrations were similar between sites and rivers except for orthophosphate which was significantly greater in BT and SV downstream of the WWTP (Figure S2). Forty-one PPCPs were detected exclusively at every downstream site in BT and SV as well as CP, apart from 6 PPCPs not detected also in CP (3-Hydroxycarbofuran, Diclofenac, Monoethylglycinexylidide, Norquetiapine, Oxymorphone, Primidone; Table S9.). Principal component analysis revealed water quality was similar among upstream sites and among the downstream sites along the PC1 axis on all sampling occasions, though D-BT was an outlier (Figure 5). More detailed results are reported in the Supplemental Information [SM].




3.2.2. Estrogenicity


Sites with the highest total estrogenicity included D-SV and FD-SV in March and April (weeks 13 and 16) of 2021 (Figure 6; Table S3). Generally, all other sites had similar concentrations of 17β-estradiol equivalents (E2-EQs, ng/L). There were slight increases in E2-EQs downstream of the WWTP on the BT compared to upstream, but these small differences (2–3 E2-EQs ng/L) are viewed as trivial based on the variability of the bioassay used to calculate the E2-EQ concentration.




3.2.3. Etheostoma nigrum Vtg


Hepatic Vtg3 expression was analyzed in 73 males, 7 from the Cache la Poudre, 32 from the Big Thompson, and 34 from the St. Vrain. Overall, Vtg3 transcript abundance was relatively low and varied at all sites, except for D-SV. Males at site D-SV consistently had liver Vtg3 mRNA abundance comparable to that of the pooled female RNA sample, suggesting ongoing exposure to estrogenic compounds (Figure 7). Males from all other sites had lower Vtg3 mRNA concentrations overall, which was generally consistent with the lower levels of average E2-EQ. The notable inconsistency is the lack of Vtg induction at the FD-SV, which may suggest lower bioavailability of estrogens at the site farther downstream, despite similar E2-EQ to D-SV measured in the in vitro assay (week 16).





3.3. Female Gonad Histology


Within the BT, no vitellogenic female E. nigrum were collected in January or February except for one early vitellogenic female of four sampled at D-BT on 4 February 2021 (week 5). Through the spring period, female reproductive development in BT downstream of the WWTP was approximately two weeks ahead of those upstream (Figure 8). On week 12, early vitellogenic females were sampled from sites downstream of the WWTP while all females collected upstream were previtellogenic. On week 15, while proportions of early and late vitellogenic females were similar, notably, no D-BT females were previtellogenic. On week 16, some FU-BT females were previtellogenic, but all females sampled from the other sites were late vitellogenic, and a proportion of 0.18–0.33 females sampled from D-BT or FU-BT were spawning. Week 17 was similar to week 16, but by the first week in May (week 18), most females were late vitellogenic with many also showing evidence of spawning (Figure 8).



Female reproductive development in SV was one week earlier at D-SV compared to other sites (Figure 9). During weeks 13 and 14, all females sampled from directly below the WWTP (D-BT) were consistently in more developed reproductive states than those at other sites. On week 15, mature follicles (evidence of incipient spawning activity) were detected in a single female at D-SV. Spawning females were detected at all sites on weeks 16 and 17 (Figure 9).



Female reproductive development was delayed at CP compared to BT and SV. No early vitellogenic females were sampled in CP until week 14. From weeks 14 to 17 the proportion of early vitellogenic females remained consistently low (0.10–0.30) while the proportion of previtellogenic females remained consistently high (0.69–0.80). The proportion of late vitellogenic females was 0.15–0.18 on weeks 16 and 17, and no spawning females were detected during the spring 2021 sampling period.



The proportion of females with follicle atresia, classified by the presence of one or more atretic follicles, was similar among the three rivers (0.28–0.35; Figure 10). Cases of severe acute atresia (atresia affecting >75% of vitellogenic follicles) were only present in BT and SV with severe atresia affecting slightly more females in SV (0.06 and 0.02, respectively; p < 0.05). Follicle atresia was similar between BT sites (0.25–0.40). The proportion of females affected with severe acute follicle atresia was low and similar between BT sites (0.01–0.04). The proportion of females with follicle atresia in SV was greatest at D-SV and lowest at FD-SV (0.47 and 0.086, respectively; p < 0.01) while the proportion at FU-SV and U-SV were similar (0.25–0.31). Instances of severe atresia also varied by site, with a similar but greater proportion of females affected at both U-SV and D-SV (0.15 and 0.10, respectively) than FU-SV and FD-SV (0.01 and 0.00, respectively; p < 0.05; Figure 10).




3.4. Male Gonad Histology


Trends in male gonad development were not detected spatially or temporally. Overall, the proportions of males in each reproductive stage were similar between BT and SV (Figure S1). Males in reproductive stages 1–3 were collected every week of sampling, even week 1 of 2021 (January). A proportion of 0.5 or greater of males collected were in either stage 2 or 3 during most sampling occasions (Figure S1). Interestingly, the only exceptions to this were the weeks 15–17 at CP, FU-SV in weeks 14 and 15, and D and FD-SV on week 17, where a majority of males were in stages 0 and 1 (Figure S1)



Testicular oocytes in E. nigrum males were present in every river, though the overall proportion of affected males was low, between 0.01 and 0.03, and not significantly different. Testicular oocytes were present at all BT sites except the furthest upstream site (FU-BT). The D-BT site had the highest proportion of males with testicular oocytes (0.01–0.06), though differences were not significant. In SV, affected males were only detected at D-SV in 2020 and U-SV in 2021 (0.02–0.03; Figure 10).





4. Discussion


In general, reproduction occurred one to two weeks earlier at sites with warmer winter water temperatures downstream of the WWTPs in both BT and SV. Water quality, including PPCPs and estrogenicity, fish gonadal histology, and spring water temperatures do not correlate with the reproductive developmental trends in our study. We attribute the differences in spawning initiation to warmer winter water temperatures downstream of the WWTPs, which were ~3–10 °C higher than upstream sites. The data in our study do not indicate that water quality played a role in spawning initiation among sites; however, samples could be analyzed for a wider variety of analytes. Additionally, detection of female-like Vtg3 expression in males from the D-SV site suggests that WWTP-associated contaminants should not be discounted as additional stresses to native fish reproduction. Interestingly, reproductive development and spawn timing occurred in April, earlier in the year than we expected based on previously recorded spawning times in June for E. nigrum in Colorado [9].



Early in the spawning season females immediately below both WWTPs showed signs of advanced oocyte development compared to sites upstream of the WWTP effluents. In April (weeks 14–17), the females immediately downstream of the WWTP on the Big Thompson (D-BT) had a significantly higher proportion of vitellogenic oocytes than at any other site, suggesting females at that site had accelerated gonadal development. Histologically, female vitellogenesis downstream of the WWTP on the St. Vrain (D-SV) was similar to D-BT and showed accelerated gonadal development compared to females sampled from upstream sites. At the start of our spring sampling period, all D-SV females were vitellogenic while greater than 50% of females from all other SV sites were still in a previtellogenic state. This discrepancy in vitellogenic females between sites suggests that those at D-SV had accelerated reproductive development. We attribute the accelerated gonadal development to higher winter water temperatures immediately below the WWTPs. The winter WAT at D-BT was ~10 °C higher than upstream sites and D-SV was ~5 °C higher. The WATs at sites furthest downstream of the WWTP were about ~3 °C higher than upstream sites in both the BT and SV. Despite cooler temperatures at the sites furthest from the WWTP, females from FD-BT appeared to be more reproductively developed than upstream sites, suggesting relatively small increases in winter water temperature may accelerate reproductive development in female E. nigrum.



Direct evidence of spawning, either hydrated oocytes or post-ovulatory follicles, was observed in both the BT and SV. Spawning females were detected at D-BT and FD-BT two weeks prior to their detection at either upstream site. We also sampled a spawning female at D-SV one week prior to any other site, which complements our conclusions of accelerated reproductive development at the D-SV site. However, our weekly sampling design likely did not effectively sample for spawning individuals, and it is possible we missed evidence of this activity at upstream sites. Direct evidence of recent and incipient spawning is rare in fractional spawners, as the presence of hydrated oocytes and post-ovulatory follicles are typically short-lived in the gonad. More frequent, possibly hourly, sampling would be required to make definitive spawn timing inferences.



Interestingly, throughout our spring sampling period, most females from CP remained previtellogenic and there was no evidence of spawning females. We were not able to record winter WAT leading up to our fish collection, but subsequent temperature monitoring the following winter suggests that the winter WAT at CP is generally colder than the BT and SV downstream sites. On average, fish from CP were similar in size to the FU-SV site and had a similar thermal regime as the other rivers throughout the spring, summer, and fall [54]. Additionally, water quality and fish health metrics were comparable to BT and SV overall. Further investigation is warranted to understand why reproductive development was delayed in E. nigrum collected in CP compared to those in BT and SV.



The data do not indicate that water quality differences contributed to accelerated spawning in BT and SV compared to CP, or at downstream sites compared to upstream sites. Principal component analysis of PPCPs and NNPs suggested that all sites were similar along the PC1 axis, which explained 73–83% of the variation between sites, except for D-BT which was an outlier. Despite these similarities, accelerated reproductive development occurred at all downstream sites, not exclusively the downstream BT site, and females at the CP site had comparatively delayed reproductive development despite similarities in PPCPs and NNPs concentrations. Further, the surface water estrogenicity and Vtg3 in males do not support estrogen as a cause of the variation in reproductive development of female E. nigrum in our study. The highest concentrations of E2-EQs in the water were found only at the D-SV and FD-SV sites (10.18–49.3 ng/L) while concentrations at all other sites were lower (<9 ng/L) and showed little variation. Male Vtg3 concentrations somewhat reflected this trend as Vtg3 was up-regulated in males from the site (D-SV) with the highest in vitro estrogenic activity. Because estrogenicity was similar between all BT sites and because the reproductive development at the downstream BT sites was accelerated by two weeks, we can logically deduce that estrogenicity is likely not the cause of this variation in reproductive timing. Given these findings, water quality was not a contributing factor in differences in E. nigrum reproductive development between rivers or between fish upstream and downstream of the WWTP.



Year-round increases in water temperature attributed to climate change and point source pollutants (e.g., powerplant cooling systems) have been shown to accelerate reproductive timing by 2–3 weeks [15]. Particularly, water temperature in the spring immediately prior to spawning is thought to be a spawning cue [14]. However, the spring water temperature was similar among most sampling sites within each river, suggesting variation in reproductive development and onset of spawning is not attributable to variation in spring water temperatures among sites. One exception to this was D-BT, which was significantly warmer than other BT sites during much of our spring sampling period. However, additional logger data (not reported and part of another study) revealed the river had not fully mixed with the effluent at the D-BT logger location. The water temperature on the other side of the channel from the effluent was similar to upstream temperatures [55]. The effluent fully mixed with the main channel ~300 m downstream of the effluent input. Water temperature at this location was similar to the average water temperature on river left and river right of D-BT, and thus may be more representative of the thermal conditions E. nigrum endured there during the winter period. This average WAT was comparable to the WAT at D-SV, and thus still supported our winter water temperature gradient hypothesis. If this hypothesis is true, then WATs at D-BT in the spring period would be similar to those at the other BT sites. Thus, our data suggest that accelerated reproductive development is partially explained by winter water temperatures. Our data also indicate that E. nigrum spawn in April, earlier in South Platte tributaries and at cooler spring temperatures than previously reported [9], and in fact spawn timing and temperature in the South Platte River basin tributaries are comparable to elsewhere in their range [29]. Changes in the thermal regimes of these rivers since Propst and Carlson’s [9] study in the 1980s may have already caused impacts to reproductive timing in native fishes.



Because E. nigrum are fractional spawners, females later in the spawning season usually have early vitellogenic oocytes present and this stage may dominate the gonad immediately post-spawning. The dominance of early vitellogenic oocytes post-spawn has been documented in other small-bodied fractional spawning fish, such as the Fathead Minnow Pimephales promelas (Rafinesque 1820) [51]. Like P. promelas, E. nigrum females sampled later in the spring had predominantly early vitellogenic oocytes in their gonads despite also having post-ovulatory follicles. Thus, after initial vitellogenesis, the comparison of females between sites becomes increasingly difficult to interpret relative to temperature because many mature females are spawning and have highly variable oocyte development.



Curiously, we did not detect any trend in male reproductive development spatially or temporally. In fact, most males captured even in the first week of January were in the most advanced reproductive stage. While we had expected to see at least a small trend in reproductive development temporally as the spring spawning season approached, it is not completely surprising that males were in more consistently advanced reproductive stages across space and time than females. Firstly, our finding of E. nigrum males in more advanced stages of reproductive development throughout the late winter and spring is similar to that described for Black Darter Etheostoma duryi (Henshall 1889) in Alabama [56]. This may be attributed to the fact that gonad development in male fishes requires much less energy than in females [57,58]. Additionally, environmental variables including prey availability are less likely to impact gonad development in males than in females [59]. Thus, though our study provided evidence that female E. nigrum are impacted by warmer winter water temperatures, it is possible that males are not similarly impacted.



Although we documented differences in the initiation of reproduction below WWTPs, the ecological consequences, if any, are unknown. Earlier spawning exposes especially sensitive early life stages of fishes to spring snowstorms and potential declines in water temperature and increases in flow, which may increase mortality. These stochastic events are common in mid-late spring along the Front Range, and we documented rapid drops in temperature associated with a snowstorm in mid-April (weeks 15 and 16) of 2021. Sustained high water temperatures and sudden periods of abnormally low water temperatures can cause follicle atresia, which if severe enough can also impede reproductive output [35]. Though our study did not find severe atresia correlated with water temperature, the increased frequency of extreme weather events due to climate change may be of concern for early spring spawning females and subsequent eggs and larvae. Differences in reproductive timing may also expose young fishes to other deleterious conditions, such as low food supply (i.e., prey mismatch). The potential consequences of accelerated reproductive timing need further research and are beyond the scope of our study.



We observed a 1–2-week acceleration in reproductive development in warm water below WWTP relative to upstream sites. This acceleration is substantially shorter than that seen in laboratory studies. In the laboratory, warm over-winter water temperatures shifted spawn timing by two months and fish spawned as early as February [5,23]. However, winter water temperatures in those studies were greater than in our impacted systems (12–20 °C vs. ≤11.5 °C, respectively) and fish in our field study had the opportunity to behaviorally seek out thermal refugia. Controlled laboratory studies have documented negative effects of estrogen on reproductive phenology and biology of fishes at concentrations lower than the E2-EQ we measured at D-SV and FD-SV, including the cessation of spawning by females and the delayed onset of spawning [32,60,61], that we did not observe. However, it should be noted that not all estrogenic activity detected in the in vitro assay may be bioavailable in situ. The significantly lower Vtg3 mRNA abundance in males from the FD-SV site, relative to those from the D-SV site, despite similar levels of E2-EQ on week 16 suggests that other field-related factors (including potentially the difference in site temperature) are impacting either availability of, or response to, estrogens present in the water. The disparity between laboratory and field studies should be heeded in future investigations designed to understand the role of temperature in fish reproduction. Obviously, laboratory studies are more controlled but do not have the ecological realism of field studies and the difference between laboratory and field studies should be carefully considered when making management decisions.




5. Conclusions


Making direct inferences regarding the relationship between temperature and reproductive development is difficult using field data because of confounding factors common in field investigations [62]. However, we believe our study provides evidence that increased winter water temperature is correlated with accelerated reproductive development of female E. nigrum, and this is consistent with laboratory studies though at a smaller magnitude. We did not see any appreciable differences in water quality or fish gonadal histology that would otherwise explain the differences in reproductive timing. While it is possible other non-monitored variables may contribute to the patterns we observed, temperature is highly influential for all biological functions in fish [12,63] and we believe the accelerated reproductive development in female E. nigrum was directly correlated with abnormally high winter water temperatures.
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Figure 1. Sampling site for Johnny Darter Etheostoma nigrum in 2021 on the Big Thompson River (BT), St. Vrain Creek (SV), and the Cache la Poudre River (CP) on the Front Range in Northern Colorado. Gray areas indicate the extent of maps below it, or river reaches sampled. Stars indicate sampling locations and triangles indicate wastewater treatment plant (WWTP) effluent input. FU refers to far upstream, U to upstream, D to downstream, and FD to far downstream sampling sites in relation to the WWTP effluent input. 
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Figure 2. Examples of (a) previtellogenic, (b) early vitellogenic, and (c) late vitellogenic stages of ovaries. (d) spawning gonad with hydrated oocytes, post-ovulatory follicles and the next generation of oocytes at early vitellogenesis. The scale bars represent 500 μm. 
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Figure 3. Mean weekly average temperatures in the winter season (December–February) at the Cache la Poudre (CP) and the Big Thompson and St. Vrain far upstream (FU), upstream (U), downstream (D), and far downstream (FD) sites in winter 2020–2021 and 2021–2022. The FU site on the Big Thompson was not established for temperature monitoring until spring 2021. The weekly average temperature was similar within sites each winter. Error bars represent 95% confidence intervals. 
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Figure 4. Weekly average temperatures for each week sampling occurred in spring of 2021 at the Cache la Poudre (CP) site, and the Big Thompson and St. Vrain far upstream (FU), upstream (U), downstream (D), and far downstream (FD) sites. The solid horizontal line represents previously documented spawning temperatures for Johnny Darter Etheostoma nigrum in Colorado (17 °C) [9] and the dashed line represents the coolest spawning temperature recorded elsewhere in their range (11.7 °C) [29]. Spring 2021 temperatures were not recorded at FU site on the Big Thompson due to its recent site establishment. No water temperature data at the CP site were recorded for weeks 12 and 13 due to logger error. Weeks 12–18 of 2021 occur during the last two weeks in March through the first week in May. Error bars represent 95% confidence intervals. 
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Figure 5. Principal component analysis of pesticides and personal care products (PPCPs) and nutrients (NNPs) detected at each site during the (a) pre-spawn (weeks 12–13), (b) spawn (week 16), and (c) post-spawn (weeks 32 and 41) sampling periods. (d) PCA on the average concentration of detected chemicals at each site during 2021. “N” refers to the number of PPCPs and NNPs detected across all sites during that sampling occasion. 
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Figure 6. 17β-estradiol equivalents (E2-EQs, ng/L) at the Cache la Poudre (CP) and the Big Thompson and St. Vrain far upstream (FU), upstream (U), downstream (D), and far downstream (FD) sites displayed as mean at each site during each sampling event. Water samples were collected prior to sampling weeks 12/13, 16, 32, and 41. The water sample from the U site on the St. Vrain on week 12/13 was taken independently of fish sampling because the site was not established for fish collection until week 14. High flows prevented the sampling of the Big Thompson on week 32, which was delayed until week 41. Mean derived using n = 3–6 technical replicates per sample. Error bars represent means + SD. 






Figure 6. 17β-estradiol equivalents (E2-EQs, ng/L) at the Cache la Poudre (CP) and the Big Thompson and St. Vrain far upstream (FU), upstream (U), downstream (D), and far downstream (FD) sites displayed as mean at each site during each sampling event. Water samples were collected prior to sampling weeks 12/13, 16, 32, and 41. The water sample from the U site on the St. Vrain on week 12/13 was taken independently of fish sampling because the site was not established for fish collection until week 14. High flows prevented the sampling of the Big Thompson on week 32, which was delayed until week 41. Mean derived using n = 3–6 technical replicates per sample. Error bars represent means + SD.



[image: Fishes 07 00361 g006]







[image: Fishes 07 00361 g007 550] 





Figure 7. Mean relative abundance of Vtg3 mRNA transcripts (relative number of copies, normalized) in the liver of male Johnny Darters Etheostoma nigrum collected at the Cache la Poudre (CP) and the Big Thompson and St. Vrain far upstream (FU), upstream (U), downstream (D), and far downstream (FD) sites on weeks 12, 13, 16, 32, and 41. The centerline of each box represents the median, and whiskers represent minimum and maximums. The dashed line indicates the relative abundance of Vtg3 mRNA transcripts detected in pooled female E. nigrum liver RNA samples (analyzed in duplicate). 
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Figure 8. (a) Proportions of females sampled from the Big Thompson in March (week 12), April (weeks 14–17), and May (week 18) far upstream (FU), upstream (U), downstream (D), and far downstream (FD) sites that were previtellogenic (Pre), early vitellogenic (Early) or late vitellogenic (Late). (b) The proportion of total females with evidence of recent or incipient spawning activity (mature or post-ovulatory follicles present). All females fall into either the Pre, Early, or Late category but may also have evidence of recent or incipient spawning activity. For example, a female could be classified as early vitellogenic, but may also have post-ovulatory follicles present (evidence of recent spawning activity) because Johnny Darter Etheostoma nigrum are fractional spawners. Red highlighted columns indicate sites subject to warmer overwinter water temperatures (downstream of the WWTP) and blue highlighted columns indicate sites subject to cooler overwinter water temperatures (upstream of the WWTP). The Big Thompson was not sampled on week 13. 
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Figure 9. (a) Proportions of females sampled from the St. Vrain in March (week 13) and April (weeks 14–17) far upstream (FU), upstream (U), downstream (D), and far downstream (FD) sites that were previtellogenic (Pre), early vitellogenic (Early) or late vitellogenic (Late). (b) The proportion of total females with evidence of recent or incipient spawning activity (mature or post-ovulatory follicles present). All females fall into either the Pre, Early, or Late category, but may also have evidence of recent or incipient spawning activity. For example, a female could be classified as early vitellogenic, but may also have post-ovulatory follicles present (evidence of recent or incipient spawning activity) because Johnny Darter Etheostoma nigrum are fractional spawners. Red highlighted columns indicate sites subject to warmer overwinter water temperatures (downstream of the WWTP) and blue highlighted columns indicate sites subject to cooler overwinter water temperatures (upstream of the WWTP). The St. Vrain was not sampled on week 12 or 18, and the U site was not established until week 14. 
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Figure 10. Proportions of females afflicted with mild and severe follicle atresia and males with testicular oocytes at the CP site, and the BT and SV far upstream (FU), upstream (U), downstream (D), and far downstream (FD) sites. Error bars represent 95% confidence intervals. Severe atresia refers to females where follicle atresia affected >75% of vitellogenic follicles. Horizontal lines at 0 represent that no sampled fish had follicular atresia. For example, female Johnny Darter Etheostoma nigrum were sampled at CP, but none had severe atresia. 
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Table 1. The sampling dates for Johnny Darters Etheostoma nigrum in 2021. To limit temporal variability, we sampled each river within the same week on most occasions. All sites were sampled within 8 h of each other on a sampling day. One exception is week 13 on the St. Vrain where D and FD were sampled on the 29th and U and FU were sampled on the 30th of March. Sampling was still conducted at all sites in less than 24 h. Sampling was clustered just prior to the spawning season to determine differences in reproductive development between sites.
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River

	
Week of the Year 2021




	
1

	
5

	
12

	
13

	
14

	
15

	
16

	
17

	
18

	
32

	
41






	
Big Thompson

	
5 January

	
4 February

	
23 March

	
-

	
6 April

	
13 April

	
21 April

	
28 April

	
6 May

	
-

	
11 October




	
St. Vrain

	
-

	
2 February

	
-

	
29 March

	
7 April

	
12 April

	
19 April

	
26 April

	
-

	
9 August

	
-




	
30 March




	
Cache la Poudre

	
5 January

	
-

	
22 March

	
-

	
6 April

	
13 April

	
20 April

	
28 April

	
-

	
10 August

	
-
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Table 2. Total number of female, male, and unknown sex Johnny Darters Etheostoma nigrum captured each week during the spring sampling period in 2021.
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Sex

	
Week

	
Cache la Poudre

	
Big Thompson River

	
St. Vrain Creek




	
CP

	
FU-BT

	
U-BT

	
D-BT

	
FD-BT

	
FU-SV

	
U-SV

	
D-SV

	
FD-SV






	
F

	
12

	
15

	
10

	
10

	
10

	
8

	
-

	
-

	
-

	
-




	
M

	
4

	
8

	
2

	
6

	
12

	
-

	
-

	
-

	
-




	
unk

	
2

	
1

	
0

	
2

	
0

	
-

	
-

	
-

	
-




	
F

	
13

	
-

	
-

	
-

	
-

	
-

	
12

	
-

	
12

	
11




	
M

	
-

	
-

	
-

	
-

	
-

	
8

	
-

	
8

	
4




	
unk

	
-

	
-

	
-

	
-

	
-

	
0

	
-

	
0

	
0




	
F

	
14

	
10

	
6

	
5

	
10

	
10

	
13

	
13

	
11

	
10




	
M

	
8

	
9

	
5

	
9

	
10

	
7

	
7

	
8

	
7




	
unk

	
2

	
1

	
0

	
1

	
0

	
0

	
0

	
1

	
2




	
F

	
15

	
10

	
13

	
8

	
11

	
15

	
13

	
11

	
13

	
9




	
M

	
7

	
7

	
3

	
9

	
4

	
6

	
9

	
6

	
9




	
unk

	
3

	
0

	
0

	
0

	
1

	
1

	
0

	
1

	
2




	
F

	
16

	
11

	
15

	
3

	
12

	
6

	
11

	
12

	
11

	
8




	
M

	
6

	
5

	
3

	
8

	
12

	
8

	
7

	
9

	
10




	
unk

	
2

	
0

	
0

	
0

	
2

	
1

	
1

	
-

	
-




	
F

	
17

	
13

	
2

	
2

	
12

	
7

	
13

	
12

	
8

	
1




	
M

	
5

	
0

	
0

	
7

	
3

	
7

	
8

	
1

	
1




	
unk

	
2

	
0

	
0

	
1

	
1

	
0

	
0

	
0

	
0




	
F

	
18

	
-

	
17

	
14

	
11

	
5

	
-

	
-

	
-

	
-




	
M

	
-

	
3

	
6

	
9

	
8

	
-

	
-

	
-

	
-




	
unk

	
-

	
0

	
0

	
0

	
0

	
-

	
-

	
-

	
-




	
F

	
32

	
-

	
-

	
-

	
-

	
-

	
2

	
5

	
-

	
10




	
M

	
-

	
-

	
-

	
-

	
-

	
1

	
0

	
-

	
0




	
unk

	
-

	
-

	
-

	
-

	
-

	
0

	
1

	
-

	
10




	
F

	
41

	
-

	
5

	
0

	
7

	
0

	
-

	
-

	
-

	
-




	
M

	
-

	
3

	
1

	
1

	
1

	
-

	
-

	
-

	
-




	
unk

	
-

	
0

	
0

	
1

	
1

	
-

	
-

	
-

	
-
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