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Wastewater treatment plant effluent can increase stream water temperature from near freezing to 5°C–12°C in winter months. Recent research in the South Platte River Basin in Colorado showed that this warming alters the reproductive timing of some fishes. However, the spatial extent and magnitude of this warming are unknown. Thus, we created winter water temperature models both upstream and downstream of effluent inputs for two urban tributaries of the South Platte River, the Big Thompson River, and St. Vrain Creek. We examined the influence of air temperature, discharge, effluent temperature, and distance downstream on water temperature over the winter period (December–February). The models were also used to predict water temperature in the absence of effluent and based on air temperature predictions in 2052 and 2082. Effluent temperature was the largest driver of water temperature downstream of the effluent, while the impact of air temperature was comparatively small. Streams cooled after an initially sharp temperature increase, though were still predicted to be ∼2°C greater than they would be in the absence of effluent at ∼0.5 km. Predicted air temperatures in 2052 and 2082 had a negligible effect on water temperature, suggesting that mitigating effluent temperature is key to protecting the winter thermal regimes of effluent-impacted rivers. Our models can be used to gain insight into the magnitude and downstream extent of the impact of effluent temperature on small urban streams in winter and provide a baseline for models in other watersheds and at larger scales.
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1 INTRODUCTION
Anthropogenic modification of river systems is ubiquitous, resulting primarily from population growth and subsequent urbanization and industrialization. Modifications typically have impacts on geomorphological processes that in turn influence river health. Water temperature is particularly sensitive to human influence and anthropogenically caused deviations from natural thermal regimes are well documented, including increased overland flow (Nelson and Palmer, 2007), deforestation (Burton and Likens, 1973), rising air temperatures and declining streamflow due to climate change (Pankurst and Munday, 2011; Isaak et al., 2017). Most anthropogenic alterations increase river water temperature, though the magnitude, duration, and timing of these thermal increases vary (Cassie, 2006). Even small changes in temperature, however, can have measurable impacts on aquatic communities.
Water temperature is an environmental driver of ectotherm biology. It controls and regulates important biological functions and behaviors including activity, metabolism, development, and reproduction (Brett, 1956; Bestgen & Williams, 1994; Hester & Doyle, 2011). It has been well documented that abnormal thermal regimes resulting from changes in water temperature can alter fish life history processes, reproductive timing, and hatching success (Bestgen and Williams, 1994; Pankhurst and Munday, 2011; Starzynski and Lauer, 2015; Fraser et al., 2019; Adams et al., 2022). Human induced alterations to water temperature have been documented to have negative impacts on fish populations (Farmer et al., 2015; White et al., 2020). For example, bluegill sunfish populations in lakes warmed by electrical power plant cooling systems had shorter life spans than those in nearby ambient lakes (White et al., 2020). Increased winter water temperature also affects the reproductive biology of percid fishes (Farmer et al., 2015; Baum, 2021; Adams et al., 2022). This has led federal and state agencies to create river water temperature standards for protection of fishes and river ecosystems. Mitigation of thermal pollution is usually complex and expensive and requires managers to have accurate information to implement management options. Water temperature models can provide managers with broader temporal and spatial information to prioritize management actions more efficiently.
Statistical models have been successfully utilized to evaluate anthropogenic impacts on stream water temperature and to predict water temperatures under a variety of hypothesized management strategies or future conditions (Neumann et al., 2003; Isaak et al., 2017). These models suggest air temperature, discharge, and riparian cover have substantial effects on water temperature. Model predictions have the added benefit of providing guidance to managers on how to mitigate these impacts and what to expect in future scenarios. For example, restoring riparian vegetation may mitigate water temperature increases predicted due to increasing air temperatures and declining streamflow (Justice et al., 2017) caused by climate change. Impacts of point source thermal pollutants on rivers have been less investigated and mainly focus on water releases below dams (Daniels and Danner, 2020; Ahmad et al., 2021). Most water temperature models also focus on large river networks over the summer period (Isaak et al., 2017; Mandeville et al., 2019) when aquatic ectotherms are often already near their critical thermal maxima (Magnunson and DeStasio, 1997). Most other predictive modeling efforts have not prioritized other seasons, particularly winter. This is despite considerable documentation that discharge from wastewater treatment plant (WWTP) effluent increases river water temperatures during the winter months (Kinouchi et al., 2007; Rice et al., 2011; Graham et al., 2014), and evidence that abnormally warm winters impact aquatic communities (Farmer et al., 2015; Firkus et al., 2018; Baum, 2021; Adams et al., 2022). Models investigating the magnitude and spatial extent of WWTP effluent on the thermal regime of streams are needed to make efficient management strategies to mitigate thermal impacts in winter and meet local water temperature standards.
The main goal of our study was to create a model to investigate the magnitude and spatial impact of warm effluent on water temperature in winter (December–February) using linear regression for two urban Colorado South Platte tributaries, the Big Thompson River, and St. Vrain Creek. We chose these tributaries for our study because they have low Winter baseflows, experience WWTP effluent discharge, and are of specific conservation concern due to their recreational importance and high concentration of native species (Woodling, 1985). In addition, we have shown that warm effluent can substantially increase winter water temperature and influence the timing of fish reproduction (Adams et al., 2022). Specifically, we hypothesized that air temperature, river discharge, effluent temperature, and distance from the effluent would influence the spatial pattern of water temperature downstream of the WWTP effluent. In contrast, air temperature, discharge, and distance from the effluent would influence the spatial pattern of water temperature upstream of the effluent. We also used our upstream model to predict water temperature downstream of the WWTP in the absence of effluent. Finally, we used our models to anticipate the impact of predicted winter air temperatures on stream water temperatures 30 and 60 years in the future to compare the threat of climate change with that of effluent discharge on winter water temperature of these streams. The results of our study will provide management agencies with additional information necessary to understand the spatial and temporal extent of WWTP effluent thermal impacts on water temperature during the winter period and provide a framework for future assessment of the influence of wastewater effluents on stream ecosystems.
2 MATERIALS AND METHODS
2.1 Study area
The Big Thompson River is a 125.5 km South Platte tributary that begins in Rocky Mountain National Park (RMNP) near Estes Park, CO, flows east through the city of Loveland, transitioning to a plains stream as it converges with the main stem South Platte near Greeley, CO (USGS, 1981a). St. Vrain Creek is a 51.8 km tributary that begins further south in RMNP and flows east through the city of Longmont transitioning to a plains stream as it converges with the main stem South Platte near Milliken, CO (USGS, 1981b). Both rivers have WWTP effluent inputs in the cities they flow through. The urban sections of these rivers sustain populations of multiple Colorado native warm-water fishes and are classified as WS–I streams by Colorado Department of Public Health and the Environment due to the presence of Johnny Darter (Etheostoma nigrum; Maximum weekly water temperature of 12.1°C permitted during December-February). Both rivers decline ∼30 m elevation through our study site that ends in natural or wildlife areas at the east edge of each town (USGS, 1981a; USGS, 1981b; Figure 1). Finally, the annual hydrographs of these streams are characterized by low baseflow discharge from September—April and peak/high flows from May-August due to montane snowmelt runoff.
[image: Figure 1]FIGURE 1 | Map of temperature logger locations (circles) in the (A) Big Thompson River (BT) through Loveland (B) St. Vrain Creek (SV) through Longmont, and (C) their location relative to the South Platte River Basin on the Front Range of Colorado (grey boxes). Loveland and Longmont are 74 and 48 km northwest or Denver respectively. Lines in panel (C) show the South Platte River and its major tributaries on the Front Range of Colorado. Black triangles indicate WWTPs and white stars indicate discharge gage locations. The discharge gage used for sites upstream of the WWTP on the St. Vrain is in Hygiene, CO further upstream than the maps extent. See text for explanation of monitoring sites.
Our study area centers around the WWTP effluent inputs in the Big Thompson River and St. Vrain Creek. Our most upstream temperature monitoring sites are 6.2 and 5.9 km upstream of the WWTP on the Big Thompson River and St. Vrain respectively, while our furthest downstream sites are 6.2 and 9.1 km respectively. Left Hand Creek, a small St. Vrain tributary, flows into the St. Vrain ∼50 m upstream of the Longmont WWTP. Another St. Vrain tributary, Boulder Creek, flows into St. Vrain Creek ∼30 m upstream of our furthest downstream monitoring site in that system. No tributaries converge with the Big Thompson River through our study reach. Within our study reaches these rivers both have sand, cobble, and gravel substrate with gradual increases in the percentage of finer sediment and wider more meandering channels in the downstream direction. All Big Thompson River sites have moderate overhead cover, while St. Vrain sites have less cover overall with a few exceptions that have similar overhead cover as sites in the Big Thompson River (FU-SV, SV2, SV3, and SV4; Figure 1).
The WWTPs in both streams have similar impact on streamflow. The WWTP in Loveland, CO, (Loveland Wastewater Reclamation Facility) has the capacity to treat 38 MGD and is discharged to the Big Thompson River at an average daily flow of 13.45 MGD (City of Loveland, 2020). The WWTP in Longmont, CO (Longmont Wastewater Treatment Plant) has a capacity of 17 MGD and is discharged to St. Vrain Creek at an average daily flow of 8.0 MGD (City of Longmont, 2023). Based on nearby stream discharge gages, the WWTP effluent of the Big Thompson River and St. Vrain Creek account for 42% and 33.6% of the average daily discharge during the winter baseflow period (CDNR, 2022a; USGS, 2022a). Effluent discharges into both streams during the winter period are continual, with daily fluctuations that peak between the afternoon and midnight and are at their lowest in the early–mid-morning (Adams, unpublished data).
2.2 Temperature monitoring
Hobo temperature loggers were initially placed at fish sampling locations as part of another project examining temperature impacts on the reproductive development of Johnny Darters (Adams et al., 2022). The naming of these monitoring sites is in relation to their initial position relative to the WWTP effluent, Far upstream (FU), Upstream (U), Downstream (D), and Far downstream (FD), and the river they are located, either the Big Thompson (BT) or the St. Vrain (SV). Loggers at FU–SV, FD–SV, U–BT, and D–BT were launched in the spring of 2020, FD–BT in February 2021, and at FU–BT in August of 2021 (Figure 1). All deployed temperature loggers collected water temperature every hour and data were downloaded multiple times a year. Additional effluent and water temperature data for the St. Vrain were obtained for 2020–2022 from the City of Longmont including from sites upstream of Lefthand Creek (U–LH–SV), downstream of Lefthand Creek (D–LH–SV), immediately downstream of the WWTP effluent (D–U–SV), and downstream of the WWTP effluent (D–SV; Figure 1). Winter water temperature data for D–SV were only available for Winter 2020–2021 due to logger displacement during 2021 high spring flows.
We deployed an additional 11 loggers in the St. Vrain (SV1–11) and 8 loggers in the Big Thompson (BT1–8) in late January of 2022 to increase our fine-scale spatial monitoring of stream temperature (Figure 1). Of the additional loggers deployed, one was placed upstream of the effluent on both rivers to investigate natural stream warming in the downstream direction before the impact of the warm effluent. We could only place 8 loggers in the Big Thompson due to river access restrictions. Loggers collected temperature data every 15 min and the data were downloaded in early March 2022.
2.3 Discharge and air temperature data
Continuous discharge data were obtained from the Unitd States Geological Survey (USGS) and the Colorado Department of Natural Resources (CDNR) at sites upstream and downstream of the WWTP effluent on the Big Thompson and St. Vrain (USGS, 2022a; USGS, 2022b; CDNR, 2022a; CDNR, 2022b; CDNR, 2022c; Figure 1). Temperature monitoring sites were matched to the closest discharge gauges that also incorporated nearby sources of additional discharge. For example, all sites downstream of the effluent on the Big Thompson were assigned to discharge data collected at the “BIG THOMPSON RIVER AT HILLBOROUGH DIVERSION (BIGHILL)” to incorporate additional discharge from the WWTP effluent, despite sites D–BT and BT2 being closer to the USGS BIG THOMPSON AT LOVELAND, CO site just upstream (Figure 1). Data from USGS discharge gauges were downloaded using the dataRetrieval package in Program R (R Core Team, 2022; De Cicco et al., 2021). Discharge data were manually downloaded from the CDNR website (CDNR, 2022a; CDNR, 2022b; CDNR, 2022c).
Air temperature data were obtained for Loveland (1997–current) and Longmont (1997–current) from CoAgMet, a network of agricultural weather stations around Colorado maintained by Colorado State University (CoAgMet, 2022a; CoAgMet, 2022b). Data were downloaded from CoAgMet using the package rvest in Program R (Wickham, 2021). Water temperature monitoring sites on the Big Thompson were matched with air temperature data from Loveland, while those on the St. Vrain were matched with air temperature data from Longmont. All available discharge and air temperature records were downloaded. Only data collected during December, January, and February of the 2020–2021 and 2021–2022 Winters were used to create the model. All data were formatted, organized, and prepared for analysis using Program R.
2.4 Model creation
Average daily Winter water temperatures downstream of the WWTP were analyzed using multiple linear regression with air temperature, effluent temperature, river discharge, the interaction between river discharge and effluent temperature, and a second-degree polynomial relationship with the distance from the effluent input as predictor variables. We believe the relationship with distance from the effluent is a polynomial because temperatures rapidly decline after initial effluent mixing with cool river water followed by a more gradual temperature decline further from the initial effluent input. An interaction effect between effluent temperature and river discharge was modeled because higher river discharge dilutes effluent and subsequently its thermal impact (Miara et al., 2018). We chose not to include effluent discharge in the model because it varies little through the winter period (Adams, unpublished data). Thus, the regression model used to investigate downstream winter water temperature in relation to the WWTP effluent was:
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where Tw is water temperature, Ta is the air temperature (°C), D is the discharge (cfs), Te is the effluent temperature (°C) and De is the distance (m) from the WWTP effluent. Preliminary results revealed the effluent discharge did not mix fully with the stream until ∼390 m downstream of its input into the Big Thompson (BT3 and BT4; Figure 1). Because of this, we averaged the water temperatures at D–BT and BT2 for the model, which were both ∼50 m from the effluent input (Figure 1). We refer to these models for both rivers as the downstream models.
Water temperature upstream of the effluent was also analyzed using multiple linear regression with distance from the effluent, discharge, and a second–degree polynomial relationship with air temperature as predictor variables. Distance from the effluent was used in the model to account for water temperature spatial variation in the downstream direction if present. A second–degree polynomial of air temperature was used because streams typically reach an asymptote near 0°C due to freezing (Mohseni & Stefan, 1999). Thus, to model water temperature upstream of the effluent we used:
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where Tw is water temperature, Ta is the air temperature (°C), D is the discharge (cfs), and De is the distance (m) from the WWTP effluent. We refer to these models for both rivers as the upstream models. Regression analyses were conducted in Program R using the lm function in base R in conjunction with the dyplr and broom packages (Wickham et al., 2021; Robinson et al., 2022).
2.5 Predicted scenarios
We wanted to estimate winter water temperature downstream of the effluent input as if the effluent did not exist to understand the magnitude of effluent temperature on winter thermal regimes. Thus, we used the upstream model coefficients along with average air temperature and discharge values from the 2020–2021 and 2021–2022 winter seasons to predict unimpacted water temperatures downstream of the effluent. Discharge values used for predictions were additionally modified to exclude any inputs attributed to the effluent. For example, average discharge downstream of the WWTP was considered to be the same as upstream. One exception to this was the discharge used for predictions >9,150 m from the effluent on the St. Vrain (approximate location of confluence with Boulder Creek), which was calculated as the average measured discharge at that location subtracted from the discharge attributed to the effluent. The differences between our model predictions and our measured thermal data provided estimates of the magnitude and spatial extent of the thermal impact of the WWTP effluent.
Predicting winter thermal regimes 30 and 60 years in the future required collecting historical air temperature data from the region and estimating average effluent temperatures. The National Oceanic and Atmospheric Administration (NOAA) provided air temperature data from the U.S. Climate Divisional Dataset for Colorado’s Platte drainage from 1895 to the present day (NOAA, 2022). For our predictive model, we used the average 3-month Winter (December–February) temperature from the last 20 years for our baseline current air temperature. For our predictions of average air temperature 30 and 60 years in the future (2052 and 2082), we used the 3-month winter average air temperature trend in Colorado’s Platte drainage over the last 50 years (1972–2022). Effluent discharge temperature for winter 2020–2021 and 2021–2022 ranged between 12°C–18°C and averaged ∼14.5°C in both rivers (14.48°C on the Big Thompson and 14.62°C on the St. Vrain). For simplicity, we used 14.50°C as the effluent temperature when making our predictions. Using this and forecasted winter air temperatures, we modeled current, 2052, and 2082 winter water temperatures for both streams. We chose not to make predictions about discharge because current winter conditions are near or at base flow, discharge in these rivers is highly managed, and future conditions are uncertain.
3 RESULTS
3.1 Model fit
Average winter water temperature in 2020–2021 and 2021–2022 ranged from 7.14°C to 2.96°C from 241–9,181 m downstream from the effluent on the St. Vrain and 8.04°C to 4.31°C from 52–6,185 m downstream from the effluent on the Big Thompson (Figures 2, 3). Regression analysis showed all coefficients were significant in the downstream models, suggesting air temperature, discharge, effluent temperature, and distance from the effluent were correlated with water temperature (Table 1). The effluent temperature (β3) had the greatest influence on water temperature, followed by discharge (β2), and air temperature (β1; Table 1). Only two variables, the interaction of discharge and effluent temperature (β4) and distance from the effluent (β5) had negative impacts on water temperature, though the magnitude of these effects were relatively small (Table 1). All variables except for air temperature appeared to have a greater effect on water temperature in the Big Thompson than the St. Vrain, most notably effluent temperature (2.67°C vs. 0.76°C respectively) and the second order polynomial distance from the effluent, which was an order of magnitude greater in the Big Thompson model than the St. Vrain model (Table 1). The R2 values were high for both the St. Vrain (0.79) and Big Thompson (0.76) models suggesting they fit the data well (Møller & Jennions, 2002).
[image: Figure 2]FIGURE 2 | Average water temperatures at each temperature monitoring site for winter 2020–2021 and 2021–2022. BT1–BT8 and SV2–SV11 were deployed for a month in 2022 to collect more fine-scale spatial temperature data while other loggers were deployed prior to winter 2020–2021. D–SV was lost during the spring of 2021 and not replaced for the following winter. Sites are organized from upstream to downstream from left to right for each river.
[image: Figure 3]FIGURE 3 | Daily average water temperatures at each monitoring site on the Big Thompson and St. Vrain for winters 2020–2021 and 2021–2022 in relation to distance from the WWTP effluent input and predicted water temperatures from the upstream and downstream models (Table 1; Table 2). Measured effluent temperatures are represented at point 0. Predictions were calculated using model coefficients along with average air temperature, discharge, and effluent temperature (14.5°C). The black lines (solid for Big Thompson and dashed for St. Vrain) show predicted daily average water temperature calculated with upstream model coefficients, average daily air temperature and average daily discharge for comparison of water temperature estimates if no effluent input was present.
TABLE 1 | Model coefficients and summaries for winter water temperature in the Big Thompson and St. Vrain downstream of the WWTP effluent. All coefficients in the models were significant predictors of water temperature (p < 0.05). Tw is water temperature, Ta is the air temperature (°C), D is the discharge (cfs), Te is the effluent temperature (°C) and De is the distance (m) from the WWTP effluent.
[image: Table 1]Upstream of the effluent, the average Winter water temperature ranged from 1.56°C–1.74°C on the Big Thompson and 0.96°C −2.26°C on the St. Vrain (Figure 2). Only FU–SV in winter 2020–2021 was significantly different and slightly higher, than other upstream sites. All other upstream sites had similar average Winter water temperatures. All upstream model coefficients were significant except distance from the effluent for the Big Thompson (β4; Table 2). This suggests that air temperature and discharge are correlated with water temperature, and on the St. Vrain, distance is also correlated with water temperature. The latter suggests a spatial relationship with St. Vrain water temperature as the river flows downstream. In the upstream models, air temperature (β1) had the greatest influence on water temperature (Table 2). The R2 values were 0.51 and 0.52 for both the St. Vrain and the Big Thompson respectively suggesting a good model fit (Møller & Jennions, 2002).
TABLE 2 | Model coefficients and summaries for winter water temperature in the Big Thompson and St. Vrain upstream of the WWTP effluent. All coefficients in the models, except for the distance from the WWTP effluent coefficient (β4; in bold), were significant predictors of water temperature (p < 0.05). Tw is water temperature, Ta is the air temperature (˚C), D is the discharge (cfs), and De is the distance (m) from the WWTP effluent.
[image: Table 2]3.2 Model predictions
The predicted downstream unimpacted winter water temperatures were cooler than all measured average Winter water temperatures within our study reaches on the Big Thompson and the St. Vrain (Figure 4). Predicted unimpacted water temperatures at BT7 (4,578 m), FD–BT (5,755 m), and BT8 (6,185 m) were 1.97°C, 1.99°C, and 2.00°C respectively while the actual average measured temperatures were 4.12°C, 4.25°C, and 3.82°C (a difference of 2.15°C, 2.26°C, 1.82°C respectively). Predicted unimpacted water temperatures at SV8 (5,060 m), FD–SV (5,786 m), SV9 (6,959 m), and SV11 (9,181 m) were 2.56°C, 2.64°C, 2.76°C, and 1.71°C respectively while the actual average measured temperatures were 4.57°C, 4.45°C, 3.95°C, and 2.96°C (a difference of 2.01°C, 1.81°C, 1.19°C, and 1.26°C respectively; Figure 3).
[image: Figure 4]FIGURE 4 | Predicted winter water temperatures in the Big Thompson and the St. Vrain under 2022, 2052, and 2082 winter air temperature conditions from coefficients in the upstream and downstream winter water temperature models (Table 1; Table 2).
The average winter air temperature from 2002 to 2022 in Colorado’s South Platte drainage was −2.67°C. The air temperature trend from 1972 to 2022 was +0.17°C/year resulting in predicted average Winter air temperatures of −2.16°C in 2052 and −1.82°C in 2082. Estimated changes in air temperature in 30 and 60 years had little influence on winter water temperature both upstream and downstream of the effluent input in our models (0.06°C–0.10°C increase; Figure 4).
4 DISCUSSION
Effluent temperature had a measurable effect on Winter water temperature within our Big Thompson River and St. Vrain Creek study reaches. Our models indicated that effluent temperature had the greatest effect on water temperatures downstream of the effluent compared to all other factors, including air temperature. Our models also showed that the interaction of river discharge with effluent temperature negatively influenced water temperature, suggesting that higher flows may help offset the influence of effluent temperature, though generally river discharge alone increased water temperature in the winter period. In the downstream models, the coefficient of air temperature had a comparatively small effect on water temperature, indicating that effluent temperature is of greatest concern to managing Winter stream warming downstream of effluent inputs. The effect of air temperature was greatest among coefficients in the upstream models; however, the magnitude of the effect was similar to downstream models. Distance from the effluent had a small effect, albeit significant, in all models except the upstream Big Thompson model.
We show that WWTP effluent can warm Winter stream water temperature by as much as 12°C. This temperature increase has been shown to affect the timing of fish reproduction in our study reaches (Adams et al., 2022). Laboratory studies also indicate that warming of this magnitude can substantially influence the timing of reproduction (Baum, 2021). However, by 0.5 km downstream the water temperature was about only 2°C above predicted temperatures and declining, indicating that these tributaries can recover from warming during the Winter over relatively short distances. In other effluent dominated rivers, where effluent discharge accounts for greater than 50% of baseflow, effluent likely has greater impacts on winter water temperature and has been documented to increase water temperature by 3°C–10°C as far as 27 km from the source (Kinouchi et al., 2007; Lewis and McCutchan, 2012; Graham et al., 2014). This is likely not the case in our smaller non-effluent dominated South Platte tributaries.
Air temperature is generally considered to be the most influential variable determining stream temperature (Ward, 1985) and winter air temperatures have been increasing globally (NOAA, 2022). Thus, we incorporated air temperature into our models to understand its role in winter water temperature in impacted systems. Our models revealed that downstream of the effluent input air temperature has a minimal effect in comparison to effluent temperature. This was additionally apparent in our predictions of water temperature using projected air temperatures 30 and 60 years in the future. Despite increasing winter air temperatures, the predicted changes in water temperatures increased by a maximum of only 0.06°C in 2052°C and 0.10°C in 2082. While climate change poses a serious threat to aquatic communities worldwide, warm water inputs like WWTP effluent are potentially a more serious threat to urban stream ecosystems and may affect these streams in rural areas as well. Thus, Winter thermal regimes in South Platte tributaries on the Front Range, and likely other urban streams, require prioritization to mitigate the effect of point source thermal pollutants, like WWTP effluent.
Our models suggest that predicted changes in air temperature due to climate warming will have only slight effects on winter water temperature increases in 30–60 years in Front Range South Platte streams. This conclusion is notably opposite of most water temperature models where predicted air temperature increases have significant influence on water temperature, though these models generally incorporate warmer seasons (Stefan & Sinokrot, 1993; Mohseni et al., 1998; Isaak et al., 2017). This is likely due to unimpacted streams in the Front Range of Colorado having winter water temperatures that are already near zero. Additionally, it is possible for impacted reaches to reach near freezing temperatures as effluent cools as it flows downstream (Mohseni & Stefan, 1999). Air temperature may have larger impacts on Winter thermal regimes of streams and rivers in areas with warmer winters than our study reaches. This contrasts with the impact of effluent temperature on river thermal regimes in these areas, possibly dampened due to the smaller difference in basal water temperature and effluent temperature. Increased winter air temperatures due to climate change may have the greatest impact on streams and rivers in areas that currently have average winter air temperatures near 0°C. In these areas, small increases in air temperature may prevent streams from returning to near freezing water temperatures, potentially impacting the aquatic ecosystems which evolved with this overwintering environment. Investigations on the winter thermal regime of streams in warmer climates are warranted to determine the impact of current and future predicted winter air temperatures.
When we predicted downstream winter water temperature without the influence of WWTP effluent, the predicted temperatures were slightly lower than those we measured by about 2°C approximately 0.5 km downstream of the effluent. The difference between the predicted and actual temperature declines as water moves downstream. At the furthest downstream point in our study reaches, 6.2 km from the effluent on the Big Thompson and 9.3 km on the St. Vrain, the difference between actual and predicted was 1.8°C and 1.3°C respectively. While the full impact of this relatively small thermal increase is unknown, it is known that even small increases in water temperature can have measurable effects on fish populations in all seasons (Pankurst and Munday, 2011; Heggenes et al., 2018; White et al., 2020). Warmer overwintering temperatures are known to decrease overwinter survival (Cunjak & Power, 1987) and impact the spring reproduction of some fishes (Ficke et al., 2007; Im, Kong, & Ghil, 2016), including accelerating the reproductive timing of Johnny Darter in our study reaches (Adams et al., 2022). However, most studies that investigate the impact of warm Winter water temperatures evaluate increases greater than we observed or predicted in our study system (Firkus et al., 2018; Baum, 2021). Additional studies are needed to understand how these small increases in overwinter temperature impact all local fish populations.
Predicting winter water temperatures or attempting to predict them without the influence of WWTP effluents aids in understanding and subsequently mitigating the impact of effluent temperature. However, predictions assume that the factors we included in the model will not change significantly over time. For instance, we assume that the average contribution of WWTP effluent will not increase over time and that winter air temperature will remain near freezing. Our unimpacted predictions were based on models that incorporated air temperature, discharge, and distance downstream. A more accurate model would include other natural or anthropogenic warm water sources (i.e., overland flow and tributary or groundwater inputs) that increase in the downstream direction (Nelson & Palmer, 2007; Brown et al., 2011). The rivers in our study also both pass through urban areas, a known cause of increased stream temperatures (Somers et al., 2013). Another factor specific to our study area that complicates our predictions of effluent free stream temperature is that it lies in the transition zone between cold–high–elevation–mountain and warm–open–plains reaches (Ward, 1985). The downstream reaches of our study sites may be expected to be slightly warmer than our upstream sites because they are shallow, wide-open, and low gradient, though the effect of stream morphology on temperature is not well documented in these streams. Thus, it is possible that the water temperature we measured is similar to what it might be without effluent inputs, although our models suggest otherwise. Research incorporating more comprehensive variables including land use and geomorphology may provide further insight into factors that mitigate or aggravate thermal recovery from point source pollutants like WWTP effluent.
Mitigating the impact of warm WWTP effluent on urban streams is not straightforward and will likely require situational mitigation to address unique stream characteristics. However, understanding the magnitude and extent of WWTP effluent warming is a critical first step in identifying and mitigating warming Winter water temperatures. Our models provide a fine-scale view of the magnitude and spatial extent of WWTP effluent impact on winter water temperature in South Platte tributaries that are economically important, have high fish biodiversity, and should be conserved. We believe the models presented in our study can be used to gain insight into how best to manage and conserve these smaller urban streams. Additionally, our models provide a baseline for the creation of larger models to examine the thermal impact of effluent inputs on a watershed scale that will ultimately be necessary for conserving and managing thermal effluent on a watershed scale.
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