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Abstract

:

Conservation of endangered, cold-stenothermic species, such as the freshwater pearl mussel (FPM) and its salmonid host fish, are particularly challenging in headwater streams as their last refuge areas. Understanding the impact of anthropogenic catchment features such as fish ponds on the hydrology and the temperature regime of such streams is, therefore, important. In this study, runoff in a FPM catchment with more than 150 small ponds was simulated using SWAT and compared to a scenario without ponds. Additionally, water temperature was monitored hourly along three steams over 2.5 years, at sites upstream and downstream of the inflow of pond outlet channels. Temperature metrics were related to land use within a 180 m corridor along the streams. Peak flows were reduced by 1.5% with ponds, while low flows were increased by 4.5%. In summer, temperature in pond effluents was higher than in the receiving stream, depending on the proximity of the inflow points. Discharge from close-by ponds increased summer stream temperature directly downstream of the inflow by up to 5.5 °C. These increased temperatures were partly compensated by groundwater contribution in forested areas. In contrast, stream temperature significantly further increased along stretches flowing through open land, persisting independently of pond inflows. We suggest incorporating this knowledge on pond- and land use-dependent effects on stream temperature regimes into the conservation management of FPM and other cold-stenothermic species, as well as into climate change mitigation strategies targeting an increased resilience against temperature extremes.
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1. Introduction


Increasing global air temperature due to anthropogenic climate change has affected freshwater ecosystems worldwide [1], making the management of flow and temperature regimes—and particularly of cold-water spots in streams and rivers during summer—a key priority for the sustainable management of cold-stenothermic species [2,3,4,5,6]. An intensification of the hydrological cycle can have pronounced effects on waterbodies, causing chances in regional patterns of evapotranspiration and precipitation, increasing the probability of extreme events such as floods and droughts [7]. In particular, low flows can have adverse effects on stream biodiversity [8], by reducing water and habitat quantity [9] which might be mitigated by increased water retention at the landscape scale [10,11,12]. Small waterbodies such as ponds and wetlands influence evaporation, groundwater recharge and flood retention [13,14], offering an option for drought mitigation [15,16]. On the other hand, they may contribute to the warming of receiving streams, potentially counteracting their effects of buffering low flows. To help incorporating the multiple, interacting effects of ponds and other catchment features such as land use (LU), hydrological modeling at the catchment scale can help evaluating effects and assist with the planning of pond construction. Modelling tools such as the Soil and Water Assessment Tool (SWAT) can be used to model whole catchments and then compare water or sediment yield between certain LU or climate scenarios [17,18,19,20]. Nonetheless, since hydrological modeling needs to generalize many parameters at a broad scale to ensure efficient computing, it can be challenging to analyze the impact of individual ponds through this catchment-scale approach. Field measurements on specific ponds of interest might be needed to ensure an accurate representation of pond effects at the local scale. Water temperature (Tw) measurements are ideally suited for this purpose, simultaneously providing additional information on ecological impacts of pond effluents, as hydrology and temperature regimes are coupled. Temperature surveys using automatic temperature loggers have become an easy and cost-efficient measure to obtain data at a high spatial and temporal resolution [21]. Numerous studies used this approach to investigate groundwater contribution to streamflow (e.g., [22]), the impact of heated effluent discharge [23], or the impact of impoundments and ponds [24] at the reach scale. Moreover, the thermal regime of streams is, by itself, an important parameter shaping aquatic communities. Climate change might impact the hydrologic regime, with increasing periods of low flow conditions resulting in reduction or complete loss of habitat for cold-stenothermic species such as salmonids [4]. Furthermore, rising air temperatures directly cause increased warming of surface water bodies [25] and changes in stream thermal regimes [26]. Increasing Tw has direct impacts on stream organisms by lowering oxygen solubility [27] and thus the physicochemical habitat quality as well as by enhancing the metabolic rate of poikilothermic species. It can also shift competitive advantages of invasive versus native species (e.g., [28]). Tw therefore plays a key role in structuring aquatic communities and in determining species distribution [9,29,30,31,32]. However, it is difficult to interpret in an ecological context as single or mean values might be insufficient to determine ecological impacts. The thermal regime accounts for diel, daily, seasonal and annual variation as well as spatial patterns along the stream course [33,34]. It might not only be relevant if a certain temperature threshold is exceeded, but also if the threshold is exceeded during a critical time in a target species life cycle [35]. Predicted increases in global Tw vary between 1.0 and 4.0 °C by 2050, depending on climate change scenario [36,37,38]. Prolonged low flow periods additionally enhance stream warming by decreasing thermal capacity [1]. This is mainly a threat to cool-stenothermal organisms adapted to cool thermal regimes such as the highly endangered freshwater pearl mussel Margaritifera margaritifera (FPM). This species and its fish host require summer Tw < 20 °C in most of their Central European and Scandinavian range [39]. Higher Tw are associated with low numbers of gravid females in non-recruiting populations [40]. Moreover, successful reproduction of this species strongly depends on the presence of its salmonid host fish, the brown trout Salmo trutta or the Atlantic salmon Salmo salar, in close proximity to mussel beds during the spawning period, since the FPM life cycle includes a parasitic phase of its glochidia larvae on the host fish’s gills [41]. Salmonids such as the brown trout are adapted to cold water temperatures with a temperature optimum between 12–18 °C [42] and with the upper critical temperature limit between 22–25 °C [43]. They were shown to avoid reaches with summer Tw over 21 °C and search for thermal refugia with cooler Tw [44,45]. In Central Europe, the FPM usually release their glochidia between June and September, when Tw are at their maximum [46]. If the highly sensitive brown trout avoids reaches populated by FPM due to Tw above its thermal tolerance, infestation with glochidia cannot take place and natural reproduction ceases. Moreover, the survival and attachment ability of mussel glochidia also strongly depends on ambient Tw [47] and it has been shown that Tw is crucial for the performance and timing of excystment of metamorphosed juvenile mussels from their fish hosts [48,49]. Insufficient levels of natural reproduction are the major cause of the strong declines in the last remaining FPM populations within the species Central European distribution [41]. However, Tw that are too cold also impair or delay reproduction, with a sufficient number of days with Tw > 10–15 °C needed for maturation [46] and sufficient growth of juveniles [50,51].



The European drought during the summers of 2018 and 2019 [52] showed the urgent need to find ways to increase the resilience of headwater streams to drought. In particular, in north-eastern Germany as well as in north-east Bavaria low soil moisture levels and stream water levels threatened the last remaining FPM populations in the area, which represent some of the largest remaining in Central Europe. To prevent reaches inhabited by the FPM from falling dry, water was discharged from nearby ponds and deep wells that are usually used for drinking water abstraction. This development is critical because the small headwater streams concerned are the last refuges of cold-water species in this area as they are dominated by groundwater inflow during summer [53]. The presence of more than 150 ponds in the catchment of the FPM streams raised the question to what extent they have an impact of the runoff and Tw of these valuable ecosystems. While most of the attention concerning the effect of heated effluents is focused on the impact of power plants [54,55] and damming [56,57,58], the impact of pond effluents on water temperature of adjacent streams has received little attention, despite the high number of ponds all over the globe [59]. Various impacts of ponds on hydrological and temperature regime are suggested, depending on multiple parameters as well as on other LU features, but there is still limited understanding of LU-pond-stream interactions [60].



In this study, the impacts of multiple ponds within a small catchment with FPM were assessed through a catchment-wide hydrological modelling using SWAT as well as a field survey of Tw at multiple sites and compared with other LU features within the catchment. To our knowledge, this is the first study combining an evaluation of the impact of ponds on the hydrological and temperature regime at the catchment as well as the local scale with a focus on the critically endangered FPM. The following hypothesis were tested:




	
Ponds have a significant influence on the hydrological cycle at the catchment scale, increasing flood retention during high flows and buffering low water levels during low flow conditions.



	
Ponds have an impact on the temperature regime in small, cool, headwater streams, with significant increase in stream temperature through ponds effluents in summer and nearly neutral effects during winter.



	
Effects on hydrological and temperature regime accumulate with increasing number of ponds draining into a stream.









2. Materials and Methods


2.1. Study Area


The catchment of the “Schwesnitz” river, a tributary of the Sächsische Saale of the Elbe stream was chosen for this study as it contains more than 150 individual ponds, as well as populations of the endangered FPM, making it a priority area of conservation. It is formed by the two major tributaries “Perlenbach” coming from the south and “Höllbach” coming from the Czech Republic in the east (Figure 1). The mean annual precipitation sum and temperature at the meteorological station “Hof” (ID 2261) are 757.6 mm and 7.1 °C, respectively. The long-term mean annual discharge at the gauging station “Schwesnitz” (50.245433° N 12.019682° E) is 0.67 m3/s. The discharge regime is dominated by higher flows in winter and in particular after the snow melt, and lower flows during summer and autumn, when groundwater dominates the baseflow [53]. The total catchment area of 90.82 km2 is dominated by coniferous forest, primarily spruce (50.4%), followed by agricultural LU (22.6%) and pastures (18.8%) according to the satellite-derived CORINE 2012 Land Cover map [61]. 150 earthen ponds are located within the study catchment, with an average size of 1384.6 m2 (range: 39.5–46,101.4 m2). They are mostly used for extensive carp production, meaning they remain filled year-round except for a period of about one week, when water is drained for fish harvest [62]. Some of the ponds are managed as flow-through ponds, with a constant small amount of water discharged to the receiving streams, while in some ponds, water is only supplied to compensate for evaporation losses and the outflow is closed during low discharge conditions in summer.




2.2. Hydrological Model Setup


To model the hydrological regimes of the catchment, the Soil and Water Assessment Tool (SWAT, [63]) was used through geoinformatic software ArcMap 10.5.0 (Esri, Redlands, CA, USA) using the software extension ArcSWAT [64]. The SWAT model is a physically based model, relying on a digital elevation model (DEM) to delineate the stream network and the associated catchment, which is then divided into smaller subbasins. The model further incorporates LU and soil maps, as well as slope and climate data. Each subbasin is further divided into so-called hydrological response units (HRUs), each consisting of a unique combination of LU, soil and slope categories that are used to model hydrological processes for each HRU. The surface runoff generated in each HRU is then routed through the stream network of the different subbasins until it reaches the catchment outlet. The model was set up using the following input data:



The DEM used in this study was merged from two sources, a 1 × 1 m DEM covering the German part of the catchment provided by the water authorities board (WWA) in Hof and an 5 × 5 m DEM covering the Czech part of the catchment provided by the Czech Office for Surveying, Mapping and Cadaster. Both raster data sets were merged into one data set with a 5 × 5 m resolution. The complete DEM was used to delineate the stream network and subbasins based on a 50-ha threshold to achieve the maximum possible channel resolution. Four slope categories were derived based on the DEM.



LU was obtained from the CORINE Land Cover CLC 2012 data set ([61], Figure 1) and converted into the SWAT LU classification.



The soil map was obtained by merging the soil map BÜK25 provided by the Bavarian Environmental Agency for the German part and the soil map CR50 provided by the Czech geological survey. Hydrological soil groups for the German part were provided by the WWA Hof. German and Czech soil classes were harmonized based on particle size.



Based on these data sets, an initial SWAT model was set up for the 90.82 km2 Schwesnitz catchment, comprised of 87 subbasins and 1889 HRUs, based on a threshold of 3% for each LU, soil and slope category. Daily precipitation data for the period between 2008–2021 was obtained from four meteorological stations of the German National Meteorological Service within or close to the study catchment (Station “Hof”, ID: 2231; Station “Selb”, ID: 4548; Station “Rehau”, ID: 4109; Station “Regnitzlosau”, ID: 4107; Figure 1). Data on daily minimum and maximum air temperature and relative humidity was only available for the stations at “Hof” and “Selb” and daily wind speed data was only available for the “Hof” station. Solar radiation data was simulated within the SWAT weather generator, since no small-scale observation data was available for this parameter. Therefore, the Hargraves method was chosen for calculating potential evapotranspiration (PET), which is only based on daily minimum and maximum temperature [63]. The initial model was run with a warm-up period of two years.



SWAT allows the integration of one pond or wetland per subbasin [63,65]. Spatial data on the location and surface area of the ponds found within the catchment was obtained from orthophotos and field observations. When multiple ponds occurred within one subbasin, they were combined to form a hydrological equivalent wetland (HEW, [66]). In total, 68 of the subbasins contained at least one pond. The pond parameter PND_FR, quantifying the proportion of the subbasin area draining into the pond, was obtained from the DEM using the Flow Path Tracing tool of ArcHydro. The other parameters describing the ponds were derived from the pond map, field observations or literature and are listed in Table 1.




2.3. Calibration and Validation


The calibration and uncertainty analysis software SWAT CUP (V 5.2.1.1, 2w2e GmbH 2019) was used to calibrate the initial models’ parameters to accurately simulate the runoff values at subbasin 32 compared to those observed at the gauging station “Schwesnitz” (provided by the Bavarian Waterscience Service, available at www.gkd.bayern.de (accessed on 12 April 2022)). A sensitivity analysis was performed prior to the calibration to identify the relevant parameters. These were included into the calibration process, together with several parameters chosen after a literature review. For the pond parameters, only PND_K showed a significant effect and was included into the calibration. The parameters used in the calibration process can be found in Table 2.



Five iterations with 300 simulations each were performed using the SUFI-2 algorithm on daily runoff data for the period from 1 January 2015 to 31 December 2021. The results were validated for the period from 1 January 2010 to 31 December 2014.



To evaluate the effect of the ponds on the hydrologic regime, daily runoff at subbasin 32 was compared between the existing scenario with ponds (used for calibration) and a scenario without ponds, where the calibrated parameters were used in the simulation but PND_FR was set zero in all subbasins, which turns off the pond function [65]. To differentiate between effects at high, peak, and low flows, runoff conditions were classified using long-term statistical thresholds (see also [68]), as well as the maximum flow for each high discharge event.




2.4. Temperature Measurements


To obtain Tw for assessment of the temperature regime upstream and downstream of the inflow of pond outlet channels, a total of 31 temperature loggers (EL-USB-1, Lascar Electronics, Salisbury, UK) with accuracy of Tw ± 0.5 °C and logging interval of 60 min were employed between spring 2018 and autumn 2020. At twelve monitoring sites (Figure 1), loggers were installed upstream (‘us’) and downstream (‘ds’) of the inflow of several pond outlet channels, following the study design described by [62]. Where possible, an additional logger was installed directly within the pond outlet channel. Five sampling sites were established in the BB, one tributary of the “Perlenbach”. The upper part of the stream is dominated by a big fish farm consisting of more than 25 ponds. Along its course through a mostly forested area, multiple pond facilities drain into the stream. Towards the confluence with the “Perlenbach”, the catchment LU around the BB changes to open, agriculturally used lands. In contrast, the MB, a tributary of the “Höllbach”, originates from an open wetland area, then flows through coniferous forest. Multiple ponds drain into the MB along its course, where three sampling sites were established until the confluence with the “Höllbach”. Along the course of the “Höllbach” (HB), four sampling sites were established, including one at a tributary (EB) and one the confluence with the MB. At EB1, the main stream received inflow from two pond facilities from two different side channels. Furthermore, the monitoring site EB1 is close to a deep well, from which groundwater was discharged during summer 2018 and 2019 to support streamflow. Moreover, due to the drought conditions water discharge from several ponds was decreased to sustain conditions needed for fish farming, causing the complete cessation of discharge from the pond MB1.




2.5. Data Analysis


The hourly measured Tw values were compared between the monitoring points at each site. Furthermore, delta Tw (ΔTw) was calculated between subsequent temperature loggers (X − 1 > X > X + 1) by subtracting the value measured by the logger at the position upstream (T − 1) from the value measured at position T at a given date and time once within sites (site X ds—site X us) as well as between sites (site X us—site X − 1 ds; Figure 1).



The hourly measurements of Tw were also summarized as daily mean, minimum and maximum data and then used to calculate 12 metrics describing the general temperature regime and aspects of interest within the context of FPM at the respective monitoring points using an adapted version of the StreamThermal package in R (Table 3). Delta values of these metrics between subsequent monitoring points were calculated as described above. Pearson’s correlation test was used to analyze the relationship between temperature metrics and pond or LU characteristics, assuming a linear relationship. Multivariate analysis of the summer thermal regime was conducted using an agglomerative hierarchical clustering analysis of monitoring points based on the standardized/normalized summer metrics. The cluster analysis was performed in PRIMER 7 Version 7.0.17 (Plymouth Marine Laboratory, Plymouth, UK) on Euclidean distance using the Group Average joining algorithm following [69].



To assess the potential influence of LU on Tw, the proportion of LU types were calculated within a 180 m corridor around the streams using ArcMap 10.5.0. (Esri, Redland, CA, USA, Figure 1) using pond spatial data and CORINE data (summarized into two categories: forested area: coniferous and mixed-forest, open land: pasture and arable land). Distance between the pond outlets and the ‘out’ monitoring sites was calculated and grouped into three categories: “close”: pond < 50 m from the monitoring site; “medium far”: pond 400–600 m from the monitoring site and “far”: pond > 1000 m from the monitoring site.



A multiple linear regression model including the proportion of pond and forested area (the proportion of open land was excluded due to high collinearity with the proportion of forested area), the reach length and the interaction between all three variables was run to evaluate the impact of the variables on the difference in average daily mean temperature in summer (Δ ADM_su) between two subsequent monitoring points. Model performance was evaluated by standard graphical validation [70] and the ‘DHARMa’ diagnostic package. A significance level of alpha = 0.05 was set for all statistical analysis.



For analyzing patterns of Tw changes along the stream course, a complete set of ΔTw for all monitoring points within one stream was prepared. Periods for the three streams were chosen to maximize the time span of all loggers within one stream to deliver continuous data. This resulted in the study period for BB being from the 11 June 2019–1 September 2020, for MB being from 18 June 2018–21 May 2019 and for HB being from 24 November 2018–20 August 2019.



Radon was used as a tracer for groundwater discharge in the study catchment between 2019 and 2020 [53]. Since groundwater discharge has a considerable influence on Tw [71,72,73], in particular during low flows, the output of the SWAT model was used to calculate the baseflow index (BFI) in 2018, 2019 and 2020 for subbasins representing the stretches between monitoring sites, where applicable. BFI was calculated using the lfstat package in R, as recommended by the WMO [74]. Since the BFI for the subbasins representing the stretches along the MB that matched the stretches in the radon study [53] showed a similar pattern as the radon-based groundwater discharge, the BFI was used as a proxy for groundwater discharge in all other subbasins of the present study (Supplementary Materials Table S1). Differences in BFI between stream sections were assessed in R Version 4.1.0 (www.r-project.org (accessed on 18 May 2021), 2021) using Kruskal-Wallis with post-hoc Mann-Whitney U-test with Bonferroni correction, as the data were not normally distributed and variances inhomogeneous.





3. Results


3.1. Hydrologic Regime


The model evaluation parameters for the calibrated model are given in Table 4. The calibrated model with ponds was classified as “good” or “very good” for five of six widely used evaluation criteria [75] for daily stream flow, with NSE of 0.71 and 0.77 for the calibration and validation period, respectively. For the validation period, only PBAIS of 16.2 was “not satisfactory” due to an overestimation of low flows (Figure 2). Since the field campaign took place during the calibration period, when all three parameters classified the model as “good” or “very good”, the stream flow modeled for the subbasins of interest were considered valid for further analysis.



Within the 68 subbasins containing a pond, the average proportion of subbasin area draining into a pond (PND_FR) was 41.4%, representing 26.3% of the total catchment area. Mean HEW size was 0.094 ha and varied between 0.059–0.151 ha. When the ponds were included, the model simulated stream flow that was on average 3.2% higher than in the scenario without ponds. Separating between high and low flow conditions (based on the long-term statistics of the gauging station) revealed a more differentiated pattern: Over all higher flows, the stream flow with ponds was 0.2% lower than without ponds while the peak flows were decreased by 1.5% with ponds. In contrast, stream flow under low flow conditions was on average 4.5% higher with ponds than without them. The ponds therefore moderately increased low flows while the buffering effect during the peak flows was relatively low. Concerning the timing of floods, no differences could be observed between the two models. In the scenario without ponds, 16 days were additionally classified as days with high flow conditions over the whole simulation period, which represented a shift from 20.3 to 21.0% compared to the scenario with ponds.



The BFI values were calculated using the hydrographs simulated by the model with ponds in 2018, 2019 and 2020 for 13 subbasins matching the temperature monitoring campaign. (Supplementary Materials Table S1). Average BFI over all reaches was 0.79 ± 0.07 over the whole modeled period. Considering BFI in the temperature-study stretches in 2018–2020 revealed a strong temporal differentiation: While groundwater contribution in 2018/19 was on average 91 ± 9% during the extreme low flow conditions, it decreased to 54 ± 8% in 2020. Highest BFIs were observed in the upstream regions of the MB and BB, with slightly lower values towards the downstream reaches and in the HB. However, the values did not differ significantly between upstream and downstream reaches of the respective streams in neither of the years (Mann-Whitney U-test, p-values > 0.05).




3.2. Temperature Regime


In 2018, after a dry and warm spring, water levels dropped below the mean low water levels from the end of July until mid-November. Mean daily air temperatures at the climate station “Hof” reached values > 20 °C during in July and August, with a maximum of 26.6 °C and only minimal precipitation occurring in summer and autumn [76]. In the subsequent winter, low temperatures (mean daily air temperatures down to below −7.0 °C) and increased discharge were accompanied by snowfall, but this period of rather high discharges was followed by another dry spring and extremely hot summer in 2019. Water levels in the study streams decreased to even lower values, with stream segments drying out completely in a neighboring stream system (see [68]) and stream flow in the study streams only sustained due to intervention by the water authorities discharging water from adjacent ponds and pumping from deep wells. Increased precipitation alleviated the situation from September onwards, moving towards a period of higher precipitation rates and well sustained stream flow levels during autumn, winter and the subsequent spring and summer 2020, when mean daily air temperatures > 20 °C were only reached during August.



The average summer temperature regime differed between the monitoring points at the inflow of ponds effluents. ADM_su among monitoring points within the pond outlet channels was 16.8 ± 2.4 °C and therefore higher than in the main stream, where mean ADM_su at ‘us’ monitoring points was 15.2 ± 1.5 °C and 15.5 ± 1.0 °C at ‘ds’ monitoring points. The mean difference between ‘us’ and ‘ds’ was 0.5 ± 1.3 °C, indicating increased Tw downstream of the pond outlet channel inflow. Average MaxD_su at ‘out’ was 20.7 ± 2.5 °C, with AMax_su reaching 18.4 ± 2.1 °C. The highest ever measured Tw within the study period was 27.5 °C at the site BB5_out. Average MaxD_su and AMax_su at ‘us’ sites were 18.6 ± 1.8 °C and 17.0 ± 1.7 °C and 19.1 ± 1.2 °C and 17.3 ± 1.1 °C at ‘ds’, respectively. The mean range_su was 3.0 ± 0.7 °C for ‘out’, 3.5 ± 0.6 °C for ‘us’ and 3.4 ± 0.6 °C for ‘ds’ monitoring points. MaxT was reached on average on day 209 ± 24 for ‘out’, on day 209 ± 20 for ‘us’ and on day 207 ± 25 for ‘ds’ monitoring points. On average, Tw was below 14.5 °C for 21 ± 21 of the days of summer at ‘out’, for 33 ± 22 days at ‘us’ and for 26 ± 16 days at ‘ds’ monitoring points. Tw of 20 °C or higher was reached at 24 ± 21 of the days of summer at ‘out’, at 9 ± 12 days at ‘us’ and at 8 ± 8 days at ‘ds’ monitoring points.



In winter, ADM_wi was 2.8 ± 1.0 °C at ‘out’, 2.9 ± 0.6 °C at ‘us’ and 2.8 ± 0.6 °C at ‘ds’ monitoring points. MaxD_wi at ‘out’ was 5.6 ± 0.7 °C, with AMax_wi reaching 3.3 ± 1.0 °C. Average MaxD_wi and AMax_wi at ‘us’ sites were 5.8 ± 0.4 and 3.5 ± 0.6 and 5.7 ± 0.4 and 3.4 ± 0.6 °C at ‘ds’, respectively.



However, all metrics showed a high site variability (Table 5, Figure 3) with the impact of the pond discharge on the receiving stream ranging from an increase of ADM_su downstream of up to 2.6 °C to a decrease of 2.9 °C. Therefore, an analysis of the monitoring sites was conducted via cluster analysis to identify underlying patterns.



Of the 11 monitoring points within the pond outlet channels, six were categorized as “close” to the pond with a mean distance between pond outlet and the ‘out’ monitoring site of 25.5 ± 12.8 m, three were categorized as “medium far” with a mean distance of 536.0 ± 62.0 m and the remaining two as “far” with a mean distance of 1757.9 ± 209.0 m between the pond outlet and the ‘out’ monitoring point.



The multivariate patterns of temperature metrics calculated for the summer months indicated a clear distinction between monitoring points in the outlet channels of close-by ponds (Figure 3) from those of far-away ponds and most of the monitoring points in the main streams. The cluster analysis generated two main branches, one consisting of four monitoring points within pond outlet channels close to the pond in BB, HB and EB as well as the monitoring point EB1us, also located close to a pond. These monitoring points did no differ significantly in summer temperature regime (SIMPROF test, p > 0.05). In the second branch, the monitoring point MB3out was significantly different from the remaining points. Within the remaining monitoring points, mainly comprised of ‘us’ and ‘ds’ points, as well as the medium and far-away ‘out’ points, one cluster with monitoring sites with a similar, rather cool summer temperature regime was separated, including two far-away ‘out’ points, together with the three most upstream sites in the MB (SIMPROF test, p > 0.05). The rest of the monitoring points did not show a consistent clustering between ‘us’, ‘ds’ or ‘out’ or within streams or sampling sites.



The impact of the distance between the pond and the inflow of the outlet channels was further supported by the significant strong negative relationship between the ADM_su of ‘out’ monitoring points and the distance between the monitoring point and the pond (Pearson’s Test, R(8) = −0.67; p < 0.05). ADM_su at points that were only 50 m from the pond outlets was 18.6 °C, with a maximum daily mean temperature of 22.5 °C and an average maximum daily temperature of 19.9 °C. In contrast, when the monitoring point was more than 1000 m away from the pond outlet, average daily mean temperature in summer was 15.3 °C with a maximum of 19.2 °C and an average daily maximum temperature of 17.1 °C.



Summer temperature regime at the inflow of close-by ponds, such as at site BB3 and HB1 (Figure 4), was clearly influenced by the heated pond effluents. Summer Tw within the outlet channels reached high mean and maximum values, with daily maximum values over 20 °C for more than 60% of the monitored summer days, when water was discharged from the ponds. Compared to the main stream above the inflow, Tw was elevated by 3–4 °C. Discharge of this effluents led to an increase in water temperature downstream of the pond inflow, with a maximum increase of 5.5 °C from 16.5 °C at HB1us to 22.0 °C at HB1ds. Therefore, the number of days when the daily mean Tw was below 14.5 °C was reduced from 31 at BB3us to 16 at BB3ds in 2018 and from 25 to 7 in 2019, while values > 20 °C were reached downstream in 11 instead of 2 days in 2018 and 18 instead of 1 day in 2019. Due to the overall higher temperatures, the effect strength was higher during the hot and dry years, but a similar pattern could be observed in 2020. In winter, water discharged from the ponds was slightly cooler than in the receiving stream. Differences between ‘us’ and ‘ds’ sites were marginal. The mean daily temperature range in winter was decreased at BB3 out with 0.4 °C compared to 1.0 °C and 0.9 °C at BB3us and BB3ds, while it was similar between all three sampling sites in summer.



The impact of a longer distance from the pond and groundwater contribution was obvious when analyzing the temperature regime of far-away ponds and site EB1. Summer temperature regime at BB4, where the pond was located approximately two kilometers upstream, was the opposite of those observed at the close-by ponds. Here, summer Tw at the outflow channel was cooler than in the main stream, causing a maximum decrease at BB4ds of 4.5 °C compared to BB4us. The number of days with average daily Tw < 14.5 °C increased by 4 days, while the number of days with maximum daily Tw > 20 °C decreased between 1 and 8 days. In winter, this pattern was reversed and daily mean Tw in the outlet channel were on average 1.4 °C higher than upstream in the receiving stream, causing a slight increase of Tw downstream. Summer Tw was also strongly decreased downstream of the outlet channel at EB1, which was used to discharge groundwater from a deep well during summer 2018 and 2019. This overwrote the impact of the inflow from EB1us, which clustered together with the “close ponds” in the cluster analysis and had a pond located 95 m upstream. During 2018/19, mean ADM_su at EB1out was 13.1 °C while average ADM_su was 18.2 °C at EB1us, with Tw reaching > 20 °C on 43 and 54% of the summer days in 2018 and 2019. Below the groundwater discharge, daily Tw decrease by 2.8 °C with a maximum decrease of 8.5 °C. During the more moderate summer of 2020, Tw at EB1us still reached an average ADM_su of 17.4 °C but without the groundwater discharge from the well, ADM_su at EB1out was 15.6 °C and 16.6 °C at EB1ds, following the patterns of a close-by pond-site, which also accounted for the winter temperature regime.



The proportion of corridor area between monitoring points that was covered by pond area, by forested land and by open land is given in Table 6. The upstream section of BB is dominated by forest and several ponds until site BB3, when open, more agriculturally used land becomes more important. The catchment around the EB/HB system was almost exclusively surrounded by forest, which is mixed with open land only at the very downstream section. The upstream section of MB is surrounded by both open and forested land, while the downstream part is dominated by forest.



The multiple regression model set up to investigate if a certain LU type or the distance between two monitoring points was responsible for changes in ADM_su along the stream course yielded only the interaction between all three parameters as significant (Fdf=(7, 46) = 3.44; p < 0.05), explaining 34.4% of the variation. Therefore, temperature changes along the stream course and their associated LU changes were analyzed in detail (Figure 5).



Temperature changes along the BB between winter 2019 and summer 2020 revealed a general cooling effect of relatively warm water released from the pond facility at the very upstream part while the stream course passed through forested land. The effect varied slightly over the seasons, where an inversed pattern of increasing Tw in spring could be observed. Within the forested stretch, the inflow from the close-by pond facility at BB3 caused an increase in Tw with increasing air temperatures during summer (see also Figure 4), that was more or less sustained when the proportion of forest decreased between BB3 and BB4. After BB4, were the inflow from a drainage channel with a far-away pond (see Figure 4) had a slight cooling effect, Tw strongly increased, in particular in spring and early summer when flowing through mainly open land. In total, Tw along the 3.5 km of stream course decreased on average by 4.2 °C from 19.3 at BB1ds to 15.1 °C at BB5ds in summer, and by 1.7 °C from 5.2 to 3.5 °C in winter.



Along the HB, the discharge from a close-by pond at HB1 in the upstream section caused an increase of Tw over a short distance of 30 m all over the year that was strongest during the early summer, when it increased up to 5.5 °C. During winter and early spring, the increase in Tw below the inflow from the pond was moderate. Along the subsequent stream stretch flowing through coniferous forest for 1.1 km, ΔTw showed contrasting seasonal patterns with a decrease during summer, while a further increase could be observed during winter and early spring. An increase below the discharge from a second pond facility at HB2 that made up more than 50% of the surrounding corridor area, could only be observed in the second half of summer, while Tw decreased below it during winter. The subsequent stream segment went along a LU change from forested to open land, which made up 40% of the corridor, as well as inflows of several small, open ponds. During winter, Tw remained relatively constant between HB2 and HB3 but increase by up to 2.5 °C in summer. In total, Tw along the 2.8 km of stream course increased on average by 1.8 °C from 14.6 at HB1us to 16.4 °C at HB3ds in summer and decreased by 0.1 °C from 2.0 to 1.9 °C in winter.



At MB1, an increase in Tw downstream the inflow of the medium-far but with 1.1 ha one of the largest ponds in the study was apparent from mid-spring on, reaching a maximum increase of 3.5 °C. From July on, no difference in Tw could be observed between MB1us and ds, despite strongly increasing air temperatures. This was due to the fact, that no more water was discharged from the pond and the outlet channel was dry until the end of September. Coniferous forest was along the left banks of the subsequent stream segment, while the right banks were more dominated by open land. Tw decreased along this segment from mid-winter to early summer, while the values increased moderately during late summer and autumn. Inflow from the pond facility very close to MB2 increased Tw in summer by up to 5.0 °C from 17.0 °C at MB2us to 22.0 °C 50 m downstream at MB2ds in August 2018. Between autumn and spring, Tw were only moderately affected by discharge from the pond facility. In summer, the high Tw at MB2 ds decreased again over the subsequent stream segment covered for 0.5 km by coniferous forest, e.g., by 1.5 °C from 22.0 °C to 20.5 °C at MB3us and in maximum by 3.0 °C from 19.0 to 16.0 °C. The pond facility at MB3, draining into a small wetland before flowing towards the main stream, did not cause any changes in Tw from upstream to downstream over the year. The next stream section of 1.3 km contributed to stream warming for several weeks in late summer, while Tw decreased along the forested stretch for most of early summer and autumn and showed a variable pattern of slight increases, decreases or neutral behavior over the rest of the year. Inflow of the following far-away pond caused moderate decreases, except of the autumn period, when Tw slightly increased. A major increase in the summer Tw was again apparent for the stream section between MB4/HB2 and HB3, when LU changed to open land. In summer 2018, Tw along this stretch rose on average by 1.3 °C from 14.8 to 16.1 °C and in maximum from 19.5 to 22 °C. In total, Tw along the 4.7 km of stream course increased on average by 3.1 °C from 13.0 at MB1us to 16.1 °C at HB3ds in summer and decreased by 1.4 °C from 3.3 to 1.9 °C in winter.





4. Discussion


Comparing the SWAT models with and without ponds showed that the cumulative effect of the ponds on stream flow is rather moderate but still noticeable in the catchment hydrology, particularly regarding baseflow support and therefore increased resilience to drought. Without the ponds, discharge levels would have been about 4.5% lower during the extreme drought in 2018/19 which might have been the final strike for the already extremely low water levels to sustaining sufficient flow around FPM beds. The already existing threat of extreme low flows in the study area became obvious during the summers of 2018 and 2019, when mussels had been translocated during the drying-out of a neighboring FPM stream system. In a future under climate change, extreme situations of dry and hot conditions during summertime become more likely and an understanding of the effects of ponds on the hydrology and temperature regime will facilitate taking management decisions on these systems with endangered species. On the other hand, FPM are also threatened by high peak flows with high shear stress destabilizing the substrate and causing mussel downstream drift [77,78,79,80]. The elevated baseflow levels, together with the increased retention capacity for high flows, indicates that ponds had an overall buffering effect by increasing extremely low water levels and slightly reducing peak flows, both being beneficial for the target species. These patterns are consistent with studies on the modeled impact of wetland loss [15] or the predicted effect of wetland reconstruction [81], but the overall effect for the studied ponds were lower compared to the effects of wetlands. The different values for hydraulic conductivity of pond and wetland bottom soils are likely the cause for the different effect strength between these two types of water bodies: While wetland soil hydraulic conductivity ranged from 3.1 to more than 50 mm/h in studies by Ameli and Creed [15] and Babbar-Sebens et al. [82], the calibrated PND_K in the present study was only 0.6 mm/h, therefore limiting recharge to the shallow aquifer and the groundwater storage capacity. However, concerning the function of ponds for fish production, this value seems realistic as seepage through the pond bottom should be avoided to ensure sufficient and stable pond water levels [83]. The generally low effect on hydrology, in particularly high flows, might also be due to small size of the ponds compared to overall catchment area [60]. Baldan et al. [67] also simulated comparably low reduction of high flow magnitude for small ponds with a retention volume of 50 m3 per ha subbasin area.



The impact of the ponds concerning high flows was only marginal, causing no delay of peak flow timing or flood duration, as suggested by Javaheri and Babbar-Sebens [82] and Acreman and Holden [13] for wetlands. The reason is likely that the ponds, used for extensive fish production, are usually filled all over the year, except for several days during the fish harvest [62]. Storage capacity of the rather shallow ponds was therefore already utilized, and the remaining volume played a minor role in flood mitigation. When ponds are redesigned to serve as additional storage basins, depth could be increased to generate a higher storage capacity, as suggested for wetland restoration [82]. It would also be an option to not fill them up completely to allow for higher flood retention.



The impact of the ponds on supporting low flows was higher than for the buffering of high flows, most probably due to an increased groundwater recharge through the pond bottom that resulted in higher baseflow levels in the streams. This effect seemed to exceed the effect of an increased water loss through evaporation from the pond surface [65,84], which, on the contrary would lead to reduced stream flow. Since pond area was very low compared to the total catchment area (0.6%), such evaporation effects had a marginal effect in the model. Hydrologically, the ponds are connected to the stream via their inlet and outlet, from where water is directly abstracted from or released into the stream as well as through subsurface flow paths [84]. The presence of a pond, wetland or even beaver dam can increase the local water table [15,85], increasing the storage capacity of the shallow aquifer [86]. When the groundwater storage is influenced by ponds or wetlands, the stored water is released as baseflow with a time lag, which can be extremely important during periods of drought and prolonged lack of precipitation, therefore increasing drought resilience of the system [15]. This does only account if the pond bottom consists of natural soils with a certain hydraulic conductivity to allow pond-aquifer exchange as is the case for all ponds in the study area. If pond bottoms as sealed using impermeable pond foil, such effects are likely to decrease.



However, the use of the SWAT model to accurately assess pond impacts has significant limitations. First, the representation of ponds in the model as HEW limits the model accuracy. It was not possible to model all ponds individually, e.g., in two subbasins 25 individual ponds that were spread over the whole subbasin area had to be technically combined into one “big pond”. This limits a realistic representation of hydrologic functions based on the area-to-circumference-ratio, as small ponds have proportionally stronger effects on groundwater retention than larger ponds [86]. In addition, several authors demonstrated that the location of ponds and wetland relative to the stream course plays a role in defining small-scale hydrological processes [15,84]. The limited possibility of detailed integration of pond configuration and location into the SWAT model will certainly increase the uncertainty of the real pond effects in the study catchment, whereas the representation of ponds as permanently filled waterbodies next to the stream network matches the fish pond management practice in the study area. The majority of pond owners refill their ponds directly after fish harvest. However, the usual pond management in big fish farms includes a so-called “wintering” of ponds, leaving them dry after fish harvest for disinfection and nutrient mineralization. Such pond management practice might not be modeled correctly by the standard SWAT approach.



In addition, the overall model evaluation showed an overestimation of low flow during the validation period resulting from the unevenly distributed occurrence of (extreme) low flow conditions in the calibration (including 2018 and 2019), while the two highest flood events occurred during the validation period. This can be a major issue in model calibration for periods affected by the ongoing climate change when conditions are shifting towards increasing extreme events. Including a longer calibration/validation period of observed stream data could help to improve the model performance. While a hydrological model can be used to assess cumulative effects at the regional scale, in particularly for small catchments, the spatial resolution might not be sufficient to simulate streamflow at a high spatio-temporal scale [15,73,84]. This is due to the often-insufficient representation of small scale climate conditions through climate stations and the high variability of natural flow conditions.



Relying on hydrological modeling alone might therefore lead to incorrect representation of the effect of single pond facilities at the local scale, which needs to be addressed using a different approach. In the present study, analyzing the temperature regime along the stream course in a field study was chosen due to the relatively easy and cost-efficient use of automatic temperature loggers at a higher spatial resolution and measurements at a smaller time scale [21].



The temperature monitoring indeed revealed strong small-scale effects of discharge from ponds during the summer. The strength of the effect was highly dependent on the distance between pond and adjacent stream, with summer thermal regime in the outlet channels of close-by ponds being clearly differentiated from far-away ponds and the main stream. Standing water bodies such as ponds receive heat inputs through solar radiation, which can lead to substantial warming due to their larger area, limited cover and shading by riparian vegetation, and restricted heat exchange with cooler stream water at regulated inflow [87]. Common carp production in Central Europe can only be feasible through the warmer temperature in shallow ponds, as this fish species is usually adapted to warmer water in its original south-eastern range [88]. The effect of heated effluents on stream temperature was apparent in the higher temperature metrics directly downstream of close-by ponds compared to upstream, often representing medium values between ‘us’ and ‘out’ and increasing the number of days with MaxT > 20 °C, in the most extreme case by up to 20 days. Seyedhashemi et al. [24] found a similar thermal response in stream reaches with a high portion of ponded catchments. They found a distinct “thermal signature” based on the relation with air temperature by which it was possible to identify anthropogenic influences on the natural thermal regime. To evaluate the ecological impact of such elevated summer Tw on the FPM as target species is complex, as it depends not only on its specific requirements for growth and maturation but also on the thermal tolerance of its host fish [89]. On the one hand, both species rely on nutrient-poor, oligotrophic conditions, which are at present only to be found in the remaining almost natural headwaters. However, reproduction and growth in these habitats might be constrained by the cold temperatures, indicating that the current species distribution represent the upper-most limit. In spring and early summer, elevated temperatures below pond discharges might actually improve growth rates of juveniles and fecundity of adult FPM. On the other hand, high summer temperatures might prevent brown trout from visiting sites close to mussel beds, and thus from infestation with mussel larvae, which depend on the attachment to the fish host for their further development. Even after successful infestation of the host fish, temperature still plays a key role in the host-parasite interaction of freshwater mussels. Highest metamorphosis success in the thick-shelled river mussel Unio crassus could be observed at 17 °C in the laboratory, while excystment rates decreased at lower or higher temperatures [48]. In natural environments, spatial variation, e.g., through pond effluents, plays an important role in this interaction, as demonstrated in the case of the MB: In the upstream regions the MB displayed a cold temperature regime strongly dominated by groundwater contribution. Here, a high proportion of days with ADM_su below 14.5 might prevent sufficient growth of adult and juvenile FPM. Heated effluents from ponds might therefore support growth rates in such areas, potentially enhanced through nutrient input, if the heating is not too high to exceed host thermal limits around the period of glochidia release. At site MB2, the inflow of heated effluent from the close-by pond facility strongly decreased the proportion of days with insufficient Tw for growth but at the same time increases the proportion of days with MaxT > 20 °C.



However, the temperature effect of pond effluents is often locally restricted and was found to be strongly dependent on the distance between pond and adjacent stream. Particularly the case of BB4 demonstrated that warmer Tw can be compensated along longer distances, even causing a contrasting effect of cooling of the main stream after the inflow of a side channel. Inflow from such cool-water sources can provide thermal refuges for sensitive species such as the brown trout and contribute to the overall thermal heterogeneity [4,5]. Cool summer Tw are usually caused by strong groundwater contribution as could be observed in the case of EB1: mixing the pond effluent with groundwater from the deep well in 2018 and 2019 to support stream flow, yielded an average daily summer Tw of 11.6 °C, causing a substantial cooling in the downstream reach. On the reach scale, longer distances allow for a stronger interaction of the effects of pond effluents and other catchment LU features as well as groundwater upwelling, potentially buffering the impact of point sources such as pond discharge. This was also indicated by the regression model and has also been suggest by other authors (e.g., [90]). Groundwater indeed dominated summer stream flow during the low flow period in 2019, as demonstrated by Kaule and Gilfedder [53] and the BFI values derived from the modeled hydrographs, indicating a strong impact on summer stream temperatures. However, since BFI along the stream course remained constant but Tw increased over a larger distance with transitions of LU from forested to open land along the BB and HB longitudinal temperature patterns could also be related to LU change. Riparian vegetation had an important effect on longitudinal temperature patterns. In the BB, the combined effect of high groundwater contribution and reduced heat inputs through shading likely caused the cooling of the water heated by the ponds at BB1. The cooling effect of riparian vegetation cover is attributed mostly to reduced energy inputs from solar radiation [91], or both groundwater inflows and shading [92]. Mitigation of increased Tw through riparian shading has been proven by multiple studies (e.g., [93,94,95,96,97]). Stretches covered by coniferous forest even yielded cooler summer Tw than mixed-deciduous forest, with Tw being reduced for both forest types when compared to open land [98]. Similar effects could be observed in the present study along stretches with coniferous vegetation in all three study streams. They even compensated the cumulative impact of pond effluents within forested stretches. Along open stretches lacking thermal refuges for salmonids in sufficient quantity and quality, restoration measures such as the creation of holding pools should be considered, to create habitat with lower temperature during drought and temperature stress, particularly in the headwater areas prone to low summer runoff levels [99,100].



Beyond the observed inter-annual effects, with higher summer Tw values and stronger pond effects in drought years, compared to the more normal conditions in 2020, seasonal patterns could be detected. While effluents from close-by pond caused a significant warming during summer, Tw in winter was slightly lower at ‘out’ monitoring points of close-by ponds than in the main stream. In contrast, Tw monitoring at groundwater dominated BB4out yielded higher temperatures, as was expected since groundwater temperature is equal to the mean air temperature, therefore being higher in winter. Effects of pond effluents on the main stream in winter remained more or less neutral, most likely due to the overall higher flows, reducing the importance of effluents contributing to the stream flow. In winter, riparian cover from coniferous trees limits radiative losses and re-emit longwave energy towards the stream surface [98], therefore leading to a reversed effect of warming of the concerned stretches in winter. In contrast, open stretches without such a vegetation cover, displayed a cooling gradient. This demonstrated again that LU plays a significant role for longitudinal temperature patterns on the reach scale.




5. Conclusions


The SWAT model revealed moderate impacts of the ponds on hydrology and drought mitigation, indicating a buffering effect increasing baseflow and slightly decreasing peak flows on the catchment scale. Both effects are likely beneficial for the FPM which is threatened by increasing drought periods during summer and high shear stress at peak flows, mostly during winter. The impacts on the thermal regime were pronounced at the local scale, mainly for close-by ponds, while the interaction between ponds, reach length, LU and groundwater contribution caused more variable effects on the reach scale. Above all, the present study provides implications for pond management in FPM streams concerning hydrologic and temperature regime. On the catchment scale, ponds can be seen as a measure to retain water in the landscape by retaining peak flows and elevating baseflow levels during summer. However, their use for drought mitigation might be compromised through careless pond management practices such as water abstraction from the stream to sustain pond water levels during extreme low flow. This effect could not be included into the SWAT model but represented a common practice in the study region, making the water authorities issue a general order prohibiting any water deprivation below a critical gauge height. If ponds are in close proximity to large mussel beds, effluent discharge might be stopped during the most critical period of glochidia release to lower the risk of the host fish avoiding the specific reach. This also applies to situations when pond discharge is used to maintain water levels in the receiving streams. Timing of the FPM life cycle and the thermal capacity of the receiving stream ecosystem should be taken into consideration, to avoid additional stress. Therefore, the timing of water release could be adapted to summer Tw or tree plantation around ponds could be used to increase shading and decrease warming of pond water. In addition to adapted pond management, an assessment on available thermal refugia for the salmonid host fishes can be recommended.
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Figure 1. Map of the study catchment including stream courses as delineated in SWAT, ponds, temperature monitoring sites, climate stations, and different LU categories obtained from CORINE Land Cover Classification; the black line around the study streams represents the 180 m corridor around the streams that was used to evaluate the effect of LU on stream temperature; sampling design with the position of temperature loggers within sites and delta Tw (ΔTw) calculated between and within sampling sites is shown below. 
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Figure 2. Discharge, precipitation and air temperature of the study area: (A) observed stream flow (Q measured, light blue line), modeled stream flow Q for scenarios with (yellow line) and without ponds (violet line) and precipitation (blue bars) at the climate station “Rehau” for the whole time period not including warm-up; dark line separated the calibration from the validation period. (B) close-up into the simulated streamflow with and without ponds in 2015; (C) close-up into the measured streamflow for the period of the temperature study; (D) mean (black line), minimum (solid grey line) and maximum (dotted grey line) air temperature at the climate station “Hof” for the period of the temperature study. 
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Figure 3. Result of the cluster analysis based on average normalized values for all temperature metrics in summer for monitoring points in pond outlet channels close to the pond (red), medium (orange) and far from the pond (violet), and monitoring points upstream (green) and downstream (blue) of the pond outlet channels into the main streams; similar symbols represent monitoring points at the same sampling site; filled symbols represent sites in BB, cross/star symbols represent sites in MB; open symbols represent sites in HB; solid lines represent a significant separation of the two branches, dashed lines represent that the separation is not significant, according to SIMPROF test. 






Figure 3. Result of the cluster analysis based on average normalized values for all temperature metrics in summer for monitoring points in pond outlet channels close to the pond (red), medium (orange) and far from the pond (violet), and monitoring points upstream (green) and downstream (blue) of the pond outlet channels into the main streams; similar symbols represent monitoring points at the same sampling site; filled symbols represent sites in BB, cross/star symbols represent sites in MB; open symbols represent sites in HB; solid lines represent a significant separation of the two branches, dashed lines represent that the separation is not significant, according to SIMPROF test.



[image: Water 14 02490 g003]







[image: Water 14 02490 g004 550] 





Figure 4. Hourly stream temperature at five sampling sites with water temperature measured at the ‘out’ (red), ‘us’ (green) and ‘ds’ (blue) monitoring points, solid line represents the limit of 20 °C, the density plot on the right shows the proportion of a certain temperature measured at the monitoring points over the respective time period. 
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Figure 5. Temperature difference between two subsequent monitoring points (point X–point X + 1) along the three study streams; within a sampling site (this refers to the reach between us and ds monitoring points) and between sampling sites (this refers to the reach between ds point of the upstream and us point of the subsequent site); Line color gives the difference in water temperature; matching air temperature at the climate station “Hof” is represented on the left side; pictograms represent the main LU features along the respective reach. 
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Table 1. Initial input variables used to integrate ponds into the SWAT model: PND-parameters, definition and source.
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	Parameter
	Definition
	Source





	PND_FR
	Fraction of subbasin area that drains into ponds (0–1)
	DEM



	PND_PSA
	Surface area of ponds when filled to principal spillway [ha]
	Shape file based on orthophotos



	PND_PVOL
	Volume of water stored in ponds when filled to the principal spillway [104 m3 H2O]
	Surface area × depth (=0.8 m, mean depth derived from field observations)



	PND_ESA
	Surface area of ponds when filled to emergency spillway [ha]
	PSA × 1.1 (derived from field observations)



	PND_EVOL
	Volume of water stored in ponds when filled to the emergency spillway [104 m3 H2O]
	PSA × depth (=1.0 m, derived from field observations)



	PND_VOL
	Initial volume of water in ponds [104 m3 H2O]
	=PVOL



	PND_SED
	Initial sediment concentration in pond water [mg/L]
	39 (derived from water samples from fish-free pond)



	PND_NSED
	Equilibrium sediment concentration in pond water [mg/L]
	96 (derived from water samples from stocked pond)



	PND_K
	Hydraulic conductivity through the bottom of ponds (mm/h)
	1 (after Baldan et al. [67])



	IFLOD1
	Beginning month of non-flood season
	0



	IFLOD 2
	Ending month of non-flood season
	0



	NDTARG
	Number of days needed to reach target storage from current pond storage [d]
	5 (derived from field observations)



	PND_D50
	Median particle diameter of sediment [µm]
	10 (default)
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Table 2. Parameters used in the calibration with SWAT CUP, their initial calibration range and the value fitted after calibration, small letter before the parameters represents the mode of adapting the parameter during the calibration (r = relative, v = replace, a = add).
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	Parameter
	Definition
	Initial Calibration Range
	Fitted Value





	r__CN2.mgt
	Initial SCS runoff curve number for soil moisture condition II
	−0.5–0.5
	−0.302425



	v__ESCO.hru
	Soil evaporation compensation factor of HRU
	0.0–0.5
	−0.207090



	r_SOL_AWC(#).sol
	Available water capacity of the soil layer (#) (mm H2O/mm soil)
	−1.0–0.5
	−0.404389



	r__SOL_BD(#).sol
	Moist bulk density of the soil layer (#) (mg/m3)
	0.0–0.7
	0.640855



	a__CANMX.hru
	Maximum canopy storage (mm H2O)
	80–180
	82.587418



	r__SOL_K(#).sol
	Saturated hydraulic conductivity of the soil layer (#) (mm/h)
	−0.2–0.8
	0.755521



	a__GW_REVAP.gw
	Groundwater “revap” coefficient
	0.00–0.18
	0.061701



	a__GWQMN.gw
	Threshold depth of water in the shallow aquifer required for return flow to occur (mm H2O)
	−1000–2000
	−500.878265



	a__REVAPMN.gw
	Threshold depth of water in the shallow aquifer required for “revap” or percolation to the deep aquifer to occur (mm H2O)
	−750–0
	−373.519958



	r__SLSUBBSN.hru
	Average slope length (m)
	−0.5–1.0
	0.580487



	a__GW_DELAY.gw
	Groundwater delay time (days)
	100–350
	41.244041



	a__OV_N.hru
	Manning’s “n” for overland flow
	0–100
	47.643097



	v__PND_K.pnd
	Hydraulic conductivity through bottom of ponds (mm/h)
	0–1
	0.602785



	v__ALPHA_BF.gw
	Baseflow alpha factor (1/days)
	0–1
	0.799400



	v__RCHRG_DP.gw
	Deep aquifer percolation fraction
	0.0–0.4
	0.231797
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Table 3. Temperature metrics used to describe the thermal regime at the monitoring points, and their ecological relevance.
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Metrics

	
Relevance






	
Magnitude

	




	
ADM_su

	
Average daily mean Tw in summer

	
Physiological response, development/growth rates, concept of degree-days




	
ADM_wi

	
Average daily mean Tw in winter




	
MaxD_su

	
Maximum daily mean Tw in summer

	
Potential thermal limit for aquatic organisms




	
MaxD_wi

	
Maximum daily mean Tw in winter




	
AMax_su

	
Average daily maximum Tw in summer




	
AMax_wi

	
Average daily maximum Tw in winter




	
MaxT

	
Maximum daily maximum Tw in summer




	
Variability

	




	
Range_su

	
Average daily range in Tw in summer

	
Dial variation




	
Range_wi

	
Average daily range in Tw in winter




	
Timing

	

	




	
Jdmax

	
Julian day of MaxT in summer

	
Possible shift in timing of life history transitions




	
Frequency

	




	
b14_5

	
Number of days in summer with average daily Tw < 14.5 °C

	
Tw > 14.5 °C needed to achieve sufficient growth in FPM




	
a20

	
Number of days in summer with maximum daily Tw > 20 °C

	
Host fish (brown trout) will migrate from stream reach at Tw > 21 °C
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Table 4. Calibration output; classification of evaluation parameters after Moriasi et al. [75] for daily stream flow data at subbasin 32.
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	NSE
	PBIAS
	R2





	Calibration 1 January 2015–31 December 2021
	0.71 “good”
	3.3 “very good”
	0.71 “good”



	Validation 1 January 2010–31 December 2014
	0.77 “good”
	16.2 “not satisfactory”
	0.79 “good”
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Table 5. Average temperature metrics (codes after Table 3, su = summer, wi = winter) at the three monitoring points per site, as well as the difference between the value calculated at ‘us’ compared to ‘ds’ (delta value) over the whole study period.






Table 5. Average temperature metrics (codes after Table 3, su = summer, wi = winter) at the three monitoring points per site, as well as the difference between the value calculated at ‘us’ compared to ‘ds’ (delta value) over the whole study period.





	

	
ADM [°C]

	
MaxD [°C]

	
Amax [°C]

	
Range [°C]

	
MaxT [°C]

	
Jdmax

	
b14_5

	
a20




	

	
su

	
wi

	
su

	
wi

	
su

	
wi

	
su

	
wi

	
su

	
su

	
su

	
su






	
BB1

	
19.2

	
4.4

	
22.5

	
6.7

	
20.2

	
4.6

	
1.9

	
0.5

	
23.8

	
218

	
4.0

	
44.0




	
BB2 out

	
15.9

	
2.9

	
20.1

	
5.9

	
17.6

	
3.4

	
3.2

	
1.0

	
22.3

	
209

	
17.7

	
7.7




	
BB2 us

	
13.5

	
3.0

	
16.5

	
5.6

	
14.9

	
3.5

	
2.6

	
0.9

	
17.8

	
207

	
62.0

	
0.0




	
BB2 ds

	
14.8

	
3.2

	
18.4

	
5.6

	
16.2

	
3.5

	
2.7

	
0.7

	
20.5

	
204

	
35.3

	
2.0




	
Delta BB2

	
1.3

	
0.1

	
1.9

	
0.0

	
1.3

	
0.0

	
0.0

	
−0.1

	
2.7

	
−4

	
−26.7

	
2.0




	
BB3 out

	
19.2

	
2.4

	
22.8

	
5.0

	
20.6

	
2.6

	
2.7

	
0.4

	
25.0

	
211

	
2.3

	
47.0




	
BB3 us

	
14.9

	
2.9

	
18.6

	
5.9

	
16.4

	
3.4

	
2.9

	
1.0

	
20.7

	
208

	
33.7

	
1.0




	
BB3 ds

	
16.2

	
2.8

	
19.5

	
5.6

	
17.8

	
3.3

	
3.0

	
0.9

	
22.2

	
229

	
15.7

	
10.3




	
Delta BB3

	
1.3

	
−0.1

	
0.9

	
−0.2

	
1.4

	
−0.1

	
0.1

	
−0.1

	
1.5

	
22

	
−18.0

	
9.3




	
BB4 out

	
13.4

	
4.2

	
16.3

	
6.4

	
15.7

	
4.9

	
4.1

	
1.4

	
19.5

	
229

	
65.0

	
0.0




	
BB4 us

	
15.9

	
2.7

	
19.3

	
6.0

	
17.8

	
3.5

	
3.8

	
1.4

	
22.2

	
226

	
19.3

	
11.3




	
BB4 ds

	
15.6

	
3.0

	
19.0

	
6.0

	
17.4

	
3.7

	
3.5

	
1.4

	
21.7

	
205

	
23.0

	
6.7




	
Delta BB4

	
−0.3

	
0.2

	
−0.3

	
0.0

	
−0.4

	
0.2

	
−0.3

	
0.0

	
−0.5

	
−22

	
3.7

	
−4.7




	
BB5 out

	
19.0

	
3.1

	
23.5

	
5.7

	
20.3

	
3.4

	
2.7

	
0.6

	
25.7

	
205

	
4.3

	
41.3




	
BB5 us

	
15.9

	
3.0

	
19.5

	
6.3

	
18.2

	
3.9

	
4.2

	
1.6

	
22.5

	
204

	
19.7

	
14.3




	
BB5 ds

	
16.3

	
3.0

	
19.9

	
6.1

	
18.5

	
3.8

	
4.1

	
1.5

	
23.2

	
211

	
16.7

	
18.3




	
Delta BB5

	
0.4

	
0.0

	
0.5

	
−0.1

	
0.3

	
0.0

	
−0.1

	
−0.1

	
0.7

	
7

	
−3.0

	
4.0




	
MB1 out

	
15.6

	
2.7

	
19.1

	
5.1

	
17.2

	
3.3

	
3.0

	
1.0

	
21.0

	
215

	
27.0

	
3.0




	
MB1 us

	
12.6

	
3.5

	
15.9

	
6.2

	
14.2

	
4.3

	
3.1

	
1.5

	
17.5

	
218

	
74.0

	
0.0




	
MB1 ds

	
13.6

	
3.3

	
17.0

	
5.9

	
15.1

	
4.0

	
3.1

	
1.3

	
19.2

	
224

	
60.7

	
0.3




	
Delta MB1

	
1.0

	
−0.1

	
1.5

	
−0.2

	
0.9

	
−0.2

	
−0.1

	
−0.2

	
1.0

	
3

	
−13.5

	
0.0




	
MB2 us

	
14.0

	
2.8

	
17.2

	
5.6

	
16.0

	
3.4

	
4.0

	
1.1

	
20.0

	
211

	
51.0

	
0.5




	
MB2 ds

	
15.8

	
3.0

	
19.7

	
5.8

	
18.1

	
3.7

	
4.3

	
1.3

	
23.5

	
214

	
20.7

	
15.7




	
Delta MB2

	
2.2

	
−0.2

	
3.0

	
0.0

	
2.8

	
−0.1

	
0.6

	
0.1

	
4.5

	
−2

	
−37.5

	
20.5




	
MB3 out

	
15.8

	
1.9

	
19.4

	
5.4

	
17.2

	
2.5

	
2.6

	
1.1

	
23.0

	
154

	
21.0

	
8.0




	
MB3 us

	
15.3

	
2.5

	
18.9

	
5.8

	
17.4

	
3.2

	
4.1

	
1.3

	
21.5

	
204

	
27.7

	
7.3




	
MB3 ds

	
14.9

	
2.5

	
18.3

	
5.8

	
16.9

	
3.2

	
3.7

	
1.3

	
20.8

	
207

	
33.3

	
2.3




	
Delta MB3

	
−0.3

	
0.0

	
−0.6

	
0.0

	
−0.6

	
0.0

	
−0.4

	
0.0

	
−0.8

	
2

	
5.7

	
−5.0




	
EB1 out

	
14.0

	
2.1

	
18.3

	
5.0

	
15.8

	
2.6

	
3.2

	
1.0

	
23.7

	
210

	
44.7

	
7.0




	
EB1 us

	
17.9

	
2.0

	
21.8

	
4.8

	
19.8

	
2.4

	
3.5

	
0.6

	
24.2

	
201

	
4.0

	
37.0




	
EB1 ds

	
15.8

	
2.7

	
19.9

	
5.0

	
17.7

	
3.2

	
3.3

	
1.0

	
22.3

	
186

	
23.7

	
14.0




	
Delta EB1

	
−2.1

	
0.0

	
−1.9

	
0.0

	
−2.1

	
0.0

	
−0.2

	
0.0

	
−1.8

	
−15

	
19.7

	
−23.0




	
HB1 out

	
18.0

	
2.1

	
22.0

	
4.8

	
19.5

	
2.4

	
3.0

	
0.5

	
24.3

	
220

	
8.7

	
35.7




	
HB1 us

	
15.3

	
2.5

	
18.7

	
5.7

	
17.1

	
3.0

	
3.5

	
1.0

	
21.0

	
206

	
27.0

	
6.0




	
HB1 ds

	
16.5

	
2.6

	
20.0

	
5.2

	
18.1

	
3.0

	
3.2

	
0.7

	
22.0

	
203

	
9.7

	
11.3




	
Delta HB1

	
1.2

	
0.1

	
1.3

	
−0.6

	
1.0

	
−0.1

	
−0.3

	
−0.3

	
1.0

	
−3

	
−17.3

	
5.3




	
HB2 out

	
14.7

	
2.7

	
18.2

	
6.0

	
16.5

	
3.4

	
3.7

	
1.3

	
20.5

	
205

	
37.7

	
4.7




	
HB2 us

	
15.1

	
3.0

	
17.8

	
5.5

	
17.0

	
3.4

	
3.7

	
0.8

	
20.8

	
206

	
31.5

	
3.5




	
HB2 ds

	
15.5

	
2.7

	
18.7

	
5.7

	
17.3

	
3.2

	
3.7

	
1.1

	
20.8

	
204

	
22.3

	
5.7




	
Delta HB2

	
0.8

	
0.2

	
1.0

	
0.4

	
0.6

	
0.2

	
−0.1

	
0.1

	
0.3

	
−5

	
−15.5

	
3.0




	
Delta MB4

	
0.8

	
−0.1

	
0.5

	
−0.2

	
0.8

	
−0.1

	
0.0

	
−0.1

	
0.3

	
−1

	
−15.3

	
1.0




	
HB3 ds

	
15.8

	
2.4

	
19.5

	
5.6

	
17.4

	
3.0

	
3.2

	
1.1

	
21.5

	
208

	
20.7

	
6.0
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Table 6. Proportion of different LU categories within the 180 m corridor along the reach between the subsequent monitoring points; reaches are differentiated between short stretches covering the distance between monitoring points upstream and downstream of a channel inflow (site X) and longer stretches covering the distance between two subsequent monitoring points (point X–point X + 1); within a sampling site, this refers to the reach between ‘us’ and ‘ds’ monitoring points; between sampling sites, this refers to the reach between ‘ds’ point of the upstream and ‘us’ point of the subsequent site.
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	Reach
	Reach Length (km)
	% Pond Area
	% Forested Area
	% Open Land
	Total Area [ha]





	BB1
	0.77
	12.5
	87.5
	0.0
	42.49



	BB1-BB2
	1.44
	0.8
	99.2
	0.0
	71.58



	BB2
	0.06
	5.2
	94.8
	0.0
	114.07



	BB2-BB3
	0.11
	0.0
	100.0
	0.0
	1.34



	BB3
	0.02
	16.3
	83.7
	0.0
	5.51



	BB3-BB4
	1.16
	0.0
	68.1
	31.9
	16.39



	BB4
	0.02
	0.1
	47.2
	52.7
	62.27



	BB4-BB5
	1.16
	0.8
	5.0
	94.2
	34.44



	BB5
	0.03
	12.9
	0.0
	87.1
	2.73



	EB1
	0.02
	3.3
	96.7
	0.0
	3.62



	HB1
	0.06
	7.1
	92.9
	0.0
	12.24



	HB1-HB2
	1.18
	2.6
	97.4
	0.0
	32.43



	HB2
	0.03
	50.4
	49.6
	0.0
	2.03



	HB2-HB3
	1.75
	2.3
	47.8
	40.0
	34.38



	MB1
	0.03
	8.7
	8.2
	83.0
	9.07



	MB1-MB2
	1.16
	0.3
	59.8
	40.0
	22.86



	MB2
	0.16
	7.8
	57.2
	35.0
	3.17



	MB2-MB3
	0.39
	0.0
	68.2
	31.8
	6.63



	MB3
	0.02
	25.4
	74.6
	0.0
	1.48



	MB3-MB4/HB2
	1.35
	2.6
	97.4
	0.0
	26.39
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