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Rivers are severely affected by human activities and many are simultaneously impacted by multiple stressors. Water diversion for hydropower generation affects ecosystem functioning of the bypassed reaches, which can alternate between periods with natural discharge and others with reduced flow that increase the surface of dry riverbeds. In parallel, urban pollution contributes a complex mixture of nutrients, organic matter, heavy metals, pesticides, and drugs, thus becoming an important stressor in rivers. However, there is little information on the interaction between both stressors on ecosystem functioning and, particularly, on organic matter processing, a key process linked to the input of energy to food webs. To assess the impact of water diversion and urban pollution on organic matter processing, we selected four rivers in a pollution gradient with a similar diversion scheme and compared reaches upstream and downstream from the diversion weirs. We measured leaf-litter decomposition and carbon dioxide (CO2) fluxes in both the wet channel and the dry riverbed. Water diversion and pollution in the wet channel did not affect CO2 fluxes but reduced microbial decomposition, whereas in the dry riverbed, their interaction reduced total and microbial decomposition and CO2 fluxes. Thus, both stressors affected organic matter processing stronger in dry riverbeds than in the wet channel. These results show that dry riverbeds must be taken into account to assess and manage the impacts of human activities on river ecosystems.
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INTRODUCTION
The increase of human population and its demands for water and energy impact biodiversity and ecosystems worldwide (Crist et al., 2017), streams and rivers being among the most affected ecosystems (Vörösmarty et al., 2010). European rivers are severely affected by human activities (Tockner et al., 2009), and almost half of them are simultaneously impacted by multiple stressors, such as hydromorphological alterations and pollution (Schinegger et al., 2012).
One of the most prevalent hydromorphological alterations is caused by water regulation and abstraction. Nowadays, 12%–16% of global food production and 19% of the world’s electricity depend on river water (Albert et al., 2021), and the dams and weirs built for these purposes fragment the world river network (Grill et al., 2019) and impact their biodiversity (Vörösmarty et al., 2010), as well as their contribution to global biogeochemical cycles (Syvitski et al., 2005). Large reservoirs cause special concern, as they exert strong impacts on hydrology, channel form, water quality, and biodiversity (Poff and Hart, 2002). Although the environmental impact of individual weirs and small dams is likely smaller, their extremely high numbers probably result in a very significant cumulative impact, as they account for over 91% of the barriers in streams and rivers worldwide (Belletti et al., 2020).
One particular type of hydromorphological alteration is caused by diversion hydropower schemes, which divert from the river part of the discharge, usually in a weir or low dam, and transfer it through an artificial canal to a hydropower station where it goes through the turbines before being reverted to the river (Couto and Olden, 2018). The bypassed section of the river, the reach between the diversion dam and the reversion point below the hydropower station, is thus subject to artificially low discharge when the hydropower scheme is operating, which typically leads to an enhanced areal cover of the dry channel (Arroita et al., 2017). Hydropower schemes have a maximum operating capacity that puts a ceiling to the amount of water diverted. Therefore, the proportion of discharge diverted tends to be low in high-flow periods, increases as the hydrographs recede, and can swiftly fall to zero when hydropower schemes close to ensure environmental flows. Therefore, bypassed reaches can alternate between periods with natural discharge and others with various degrees of diversion. Water diversion affects river biota and processes. It reduces biofilm biomass and activity (Arroita et al., 2017), affects the storage of organic matter (OM) (Death et al., 2009; Arroita et al., 2015; Riis et al., 2017), reduces leaf-litter decomposition (Schlief and Mutz, 2009; Martínez et al., 2017), and modifies invertebrate (Dewson et al., 2007; Walters, 2011; González et al., 2018; González and Elosegi, 2021) and fish communities (Anderson et al., 2015; Benejam et al., 2016). These impacts probably are stronger during base flows, when a larger fraction of the water is diverted, but legacy effects from diversion periods can also affect the river during shutdown periods (Arroita et al., 2018). Therefore, it is important to study the effect of hydropower during both active and inactive periods.
In parallel, human activities also increase the concentration of nutrients and other pollutants in the environment, thus degrading water quality and ecosystem status around the world (Hering et al., 2015). Especially worrying is the increase in urban pollution, a direct consequence of the rapid growth of urban areas through the world (Jones and O’Neill, 2016). Urban pollution usually consists of a complex mixture of pollutants that include nutrients and OM (Carey and Migliaccio, 2009), heavy metals (Deycard et al., 2014), pesticides, personal care products, and drugs (Kuzmanović et al., 2015; Osorio et al., 2016; Mandaric et al., 2018), among others. Depending on its composition, on the level of dilution in the receiving waters, and on the variable studied, urban pollution can have contrasting effects, from increases in biofilm biomass (Ribot et al., 2015; Pereda et al., 2020), ecosystem metabolism (Gücker et al., 2006; Aristi et al., 2015), and leaf litter decomposition (Englert et al., 2013; Ferreira et al., 2014), to reduced invertebrate diversity (Mor et al., 2019) and nutrient uptake efficiency (Martí et al., 2010). Although urban pollution is likely to interact with water diversion, most experimental evidence has been gathered from mesocosm experiments (Matthaei et al., 2010; Bækkelie et al., 2017; Arias-Font et al., 2021), real river studies being scarce, especially those dealing with ecosystem functioning.
In forested rivers, litter breakdown and mineralization are important processes linked to the energy inputs to food webs and to the emission of carbon dioxide (CO2) to the atmosphere (Wardle et al., 2004; Marx et al., 2017; Marks, 2019). Although most studies on river ecology focus on the wet channel (Attermeyer et al., 2021), dry riverbeds can have an important contribution to organic matter processing and CO2 emissions (Datry et al., 2018; Boodoo et al., 2019; Keller et al., 2020). Because water diversion increases the proportion of dry riverbeds, it is important to study ecosystem processes in these as well. The aim of this study was to analyze the interactive effects of water diversion and pollution on river carbon processing, including the role of wet and dry channel. To this end, we studied reaches upstream and downstream from diversion schemes in four rivers across a pollution gradient, from clean water to moderate pollution. We predicted that:
1) Water diversion would reduce OM stock and decomposition in the wet channel because of degraded environmental conditions. In the dry channel, there would not be an effect on the OM stock, but decomposition would decrease because of reduced drying–rewetting cycles. The CO2 efflux would respond as decomposition, as both processes are strongly linked to carbon mineralization.
2) Moderate pollution would promote OM decomposition and CO2 efflux, especially in the wet channel, which is in continuous contact with the pollutants. This increase in decomposition would in turn reduce the OM stock in the wet channel. Conversely, in the dry channel, we would expect no changes in OM stock and enhancement of OM decomposition and CO2 efflux.
3) Water diversion and pollution would interact in an antagonistic way in both wet and dry channel. Consequently, OM decomposition and CO2 efflux rates in bypassed reaches of polluted rivers would be closer to that of control reaches in clean rivers. In addition, the OM stock would be reduced in the wet channel but not in the dry channel.
MATERIALS AND METHODS
Study Sites and Sampling Design
We selected four rivers (Urumea, Leitzaran, Kadagua, and Deba) in the Basque Country (northern Iberian Peninsula) (Supplementary Figure S1), a mountainous, industrial region with wet, temperate climate (Table 1). The catchments drained by these rivers differ in the intensity of human activities and in the proportion of urban land use (0.1%–4.6%; Table 1). As a result, water quality ranges from good to acceptable (Table 1 and Supplementary Table S1). A complex cocktail of pollutants, including nutrients, metals, and organic contaminants is detected in the worst situations (URA, 2016). Although rainfall tends to be higher in the area from winter to spring, precipitation is highly fluctuating, which can result in both flooding and base flow discharge at any season of the year (Elosegi et al., 2006).
TABLE 1 | Main characteristics of the studied rivers and the water diversion schemes within. The total annual rainfall and mean annual air temperature are the average of the 2 years of the study (www.euskalmet.euskadi.eus). Weir height, concession volume, and bypassed reach were obtained from the Cantabrian Hydrographic Confederation and the Institute of the Cultural Heritage of Spain (CHC, 2013; Pérez-Marrero, 2017). Population density was obtained from the National Statistics Institute (www.ine.es). The General Quality Index (GQI), based on water chemistry, was obtained from the Basque Water Agency (www.uragentzia.euskadi.eus).
[image: Table 1]The four rivers are affected by diversion schemes of similar characteristics consisting of a low weir that diverts water through a canal to a hydropower plant, strongly reducing the discharge in the bypassed section. Each hydropower plant is regulated by a specific water allowance, but generally, environmental flows are set at 10% of the monthly mean discharge (BOE, 2016). Therefore, hydropower plants typically operate in periods of several months (active period), are punctuated by day-to-month-long periods of no diversion during base flows (inactive period), although these periods do not necessarily coincide for all rivers. In this study, we sampled the four systems when the diversion was active but also when it was inactive, to detect potential legacy effects. We sampled two 100-m-long reaches per river: one upstream from the stagnant area created by the weirs (Control), and another one below the weirs (Regulated) (Figure 1). We sampled both the wet and the dry channel in each reach and measured variables linked to the structure and functioning of the river ecosystem. Structural variables included the dimension of the wet and dry channels, water quality, and stocks of OM. Among functional variables, those that reflect biologically mediated processes occurring within the stream channel (von Schiller et al., 2017), we measured leaf litter decomposition and CO2 fluxes.
[image: Figure 1]FIGURE 1 | Schematic drawing of the experimental design.
Water Quality
Water temperature (°C), pH, electrical conductivity (EC, µS cm−1), dissolved oxygen (DO) concentration (mg L−1), and saturation (%) were measured with hand-held probes (WTW Multi 350i and 340i SET, WTW, Weilheim, Germany; YSI ProODO; YSI Incorporated, Yellow Springs, OH, USA). Water samples were taken, filtered in situ (0.7 µm pore size fiber glass filters, Whatman GF/F; Whatman International Ltd., Kent, United Kingdom) and frozen until analysis. We determined the soluble reactive phosphorus (SRP) concentration (mg P L−1) with the molybdate method (Murphy and Riley, 1962), and ammonium (N-NH4+, mg N L−1) with the salicylate method (Reardon et al., 1966), on a Shimadzu UV-1800 UV–vis Spectrophotometer (Shimadzu Corporation, Kyoto, Japan). The concentration of total dissolved nitrogen (TDN, mg N L−1) and dissolved organic carbon (DOC, mg L−1) were determined by catalytic oxidation on a Shimadzu TOC-LCSH analyzer coupled to a TNM-L unit (Shimadzu Corporation, Kyoto, Japan). The concentrations (mg L−1) of nitrate (N-NO3-), sulfate (SO42-) and chloride (Cl−), were measured by capillary electrophoresis (Agilent CE; Agilent Technologies, Santa Clara, CA, USA) (USEPA, 2000).
Hydrology
Mean discharge (m3 s−1) and velocity (m s−1) of whole-reach were estimated from time vs. conductivity curves obtained from pulse additions of NaCl (Martí and Sabater, 2009) at each reach (see below). Additionally, to obtain continuous discharge data, we placed absolute pressure loggers (Solinst Levelogger Edge 3001; Solinst Canada Ltd., Georgetown, ON, Canada) and atmospheric pressure loggers (Solinst Barologger Edge 3001; Solinst Canada Ltd.) at each of the eight reaches to record data every 15 min from June 2017 to September 2018. Absolute pressure was corrected by the atmospheric pressure, and water level regressed against discharge registered at nearby gauging stations to calculate continuous discharge at each reach. Additionally, we measured the width of wet and dry channel at 10 equidistant transects along each reach.
OM Standing Stocks
In each reach, nine samples of coarse benthic OM (CBOM) were randomly taken in the wet channel, and nine more in the dry channel. In the wet channel, CBOM was collected with a Surber sampler (0.09 m2, 0.5 mm mesh), it was sieved (8 mm), and the retained material was stored in zip bags. In the dry riverbed, a Surber frame (0.09 m2) net was used to delimit the area, and all litter found on top of the sediments was collected and stored in zip bags. Then, in the laboratory, the samples were dried (72 h, 70°C), weighed, combusted (5 h, 500°C), and re-weighed to determine the ash-free dry mass (AFDM, g m−2). To estimate fine benthic OM (FBOM, g m−2), nine samples were randomly collected in the wet channel per reach with a plastic sampling corer (81.7 cm2 surface). The corer was forced to the substratum, the volume of sediment inside was measured, benthos was stirred by hand, and a sample was taken and stored in a cool box. In the laboratory, samples were filtered through pre-weighed glass fiber filters (0.7 μm pore size), which were then treated as the CBOM samples. In the dry channel, five sediment samples per reach were collected and, in the laboratory, were dried to determine the water content (%) and then combusted to quantify the sediment OM content (SOM, %), as for the CBOM samples described previously.
Leaf Litter Decomposition
We measured the total and microbial leaf litter decomposition of black alder [Alnus glutinosa (L.) Gaertn.], both in wet and dry channel. Fresh leaves were collected the previous autumn, dried at ambient temperature, and stored in a dark and dry place until the experiment. Then, leaves were enclosed in bags of coarse (5 mm, 4 ± 0.05 g) and fine mesh (100 μm, 3 ± 0.05 g) and five bags per mesh type were secured per habitat (wet vs. dry channel) and reach by means of metal bars randomly anchored along the reach. Leaching was estimated from five bags of each mesh size that were kept in tap water for 24 h in the laboratory and the mass loss measured as for the rest of the bags from both habitats. Water and air temperature were recorded by means of Smart Button temperature loggers (ACR Systems, Surrey, BC, Canada) deployed with the bags. After 3 weeks of incubation, bags were collected and transported to the laboratory in a cool box. Once there, litter was cleaned with tap water to remove invertebrates and mineral particles, and then dried (72 h, 70°C), weighed, combusted (5 h, 500°C), and weighed again to obtain AFDM. Decomposition rates were calculated following Petersen and Cummins (1974) and expressed per degree day (d d−1). The breakdown rate measured in coarse mesh bags was considered total; that in fine mesh bags, microbial (Bärlocher et al., 2020). In addition, fragmentation by detritivorous macroinvertebrates was also calculated following Lecerf (2017).
CO2 Fluxes
CO2 fluxes were measured in both the wet and dry channel. In the wet channel, the partial pressure of CO2 in the atmosphere and water (pCO2,a and pCO2,w, respectively) was measured per triplicate with an infrared gas analyzer (EGM-5; PP-Systems, Amesbury, MA, USA). To measure pCO2,w, a membrane contactor (MiniModule, 3M, Germany) was coupled to the gas analyzer. We took a 10-L sample of water in a container, the water was circulated through the contactor at 300 ml min−1 by gravity, and the equilibrated gas was continuously recirculated into the gas analyzer (Teodoru et al., 2011). According to the manufacturer, the accuracy of the infrared gas analyzer was within 1% over the calibrated range. Then, we estimated the CO2 flux between surface water and atmosphere (FCO2,w, mmol m−2 d−1) applying Fick’s First Law of gas diffusion (Eq. 1):
[image: image]
where kCO2 is the specific gas transfer velocity for CO2 (m d−1), Kh is Henry’s constant (mmol μatm−1 m−3) adjusted for salinity and temperature (Weiss, 1974; Millero, 1995), and pCO2,w and pCO2,a are the partial pressures of CO2 in the water and atmosphere (µatm). To estimate the kCO2, we used the night-time drop in dissolved oxygen concentration (Hornberger and Kelly, 1972), as measured from optical dissolved oxygen sensors (YSI 6150 connected to YSI 600 OMS; YSI Inc., Yellow Springs, OH, USA) deployed for 24 h in each reach. We standardized the oxygen reaeration coefficient for depth to calculate the mean gas transfer velocity of oxygen (kO2, m d−1). Finally, we determined kCO2 by means of Eq. 2:
[image: image]
where kCO2 is the mean gas transfer velocity of CO2 (m d−1), ScCO2 and ScO2 are the Schmidt numbers of CO2 and O2 at a given water temperature (Wanninkhof, 1992), and n corresponds to the surface water motion, that was set to 1/2 according to the turbulence environment of running waters (Bade, 2009).
In the dry channel, we measured CO2 fluxes from five randomly selected sites per reach with the closed dynamic chamber method (Livingston and Hutchinson, 1995). We used an opaque chamber (SRC-2, PP-Systems) connected to the infrared gas analyzer and measured the gas concentration every 4.8 s. CO2 flux measurements lasted until a change of at least 10 µatm was reached, with a duration of 120–300 s. From the rate of change of CO2 inside the chamber, we estimated the CO2 flux between dry riverbed and atmosphere (FCO2,d, mmol m−2 d−1) by means of Eq. 3:
[image: image]
where dpCO2/dt is the slope of the gas accumulation in the chamber along time (µatm s−1), V is the chamber volume (1.171 dm3), R is the ideal gas constant (L atm K−1 mol−1), T is the air temperature (Kelvin), and S is the chamber surface (0.78 dm2).
At each site, we also measured the substrate temperature with a portable soil probe and collected sediment samples (upper 5 cm), which were stored in a cool box and transported to the laboratory, where we determined water content and OM content as described above.
Data Analysis
We statistically tested the variation of ecosystem structure and functioning variables using linear models. In these models, we firstly tested for differences between Control and Regulated reaches, which would result from the direct effect of the barrier on the response variables measured. Secondly, we also tested for the short-term effects of the diversion (when it was Active) against the long-term effects of it (when it was Inactive). The interaction of these two sources of variation would show, for instance, if the differences between Control and Regulated sites were only evident when the diversion was active, or, on the contrary, differences were apparent any time. Thirdly, we tested for the implications of the pollution levels of the water on the measured variables. Thus, linear models built included period (comparison between Active and Inactive periods; factor), reach (comparison between Control and Regulated reaches; factor), pollution (measured through the General Quality Index, GQI; covariate), and second-order interactions as sources of variation. We tested the triple interaction between reach, pollution, and period, but since it was not significant or marginally significant for most of the variables, we decided to remove it from all analyses. Season (Spring/Autumn; factor) was included as a block factor. For water quality variables, linear models considering river, reach, and their interaction were built. As respiration and CO2 fluxes of the dry channel can depend on SOM and water content (Marcé et al., 2019; Keller et al., 2020), we tested relationship among these variables by means of Pearson correlation tests. The significance of each source of variation was tested by means of ANOVA. The behavior of residuals was checked by means of diagnostic plots to assure linearity, normality, homoscedasticity, and absence of outliers. When necessary, log-transformation of the data was enough to meet these requirements for linear models. All analyses were performed using R software, v. 3.4.0 (R Core Team, 2019).
RESULTS
Water Quality
Water quality did not change between Control and Regulated reaches (Table 2), and differences among rivers were not statistically significant for temperature, DO concentration, and saturation and NO3− concentration (12.2°C –21.3°C, 8.6–12.7 mg O2 L−1, 95%–122% and 0.1–2.0 mg N L−1). In contrast, there were significant differences among rivers, but not among reaches, for pH (7.4–8.5), EC (64–640 μS cm−1), NH4+ (0.0–0.1 mg N L−1), TDN (0.8–2.6 mg N L−1), SRP (0.01–0.08 mg P L−1), DOC (1.5–8.4 mg L−1), Cl− (1.8–16.1 mg L−1), and SO4−2 (1.0–31.8 mg L−1) (Table 2 and Supplementary Table S2). The interaction between river and reach, i.e., within-river variation, was also non-significant for all variables measured (Table 2).
TABLE 2 | Results of linear models testing for the effect of river, reach, and their interaction on water quality variables (n = 24). p-Values were obtained by two-way ANOVA test. EC = Electrical conductivity, DO = dissolved oxygen, NO3− = nitrates, NH4+ = ammonium, TDN = total dissolved nitrogen, SRP = soluble reactive phosphorus, DOC = dissolved organic carbon, Cl− = chloride and SO4−2 = sulfate. F-values are shown in the table and the degrees of freedom indicated at the top of the table are the same for all the tests. Significant p-values are shown in bold.
[image: Table 2]Hydrology
Water discharge in control reaches was 61.0% ± 14.7% higher during the active than during inactive periods (Supplementary Table S2). During the active period sampling, the percentage of water diverted ranged from 40% (Kadagua) to 90% (Leitzaran). Discharge and water velocity did not differ between reaches or periods (Table 3 and Supplementary Tables S2, S5). Nevertheless, the percentage of width of wet channel was on average 17.9% smaller in the regulated reaches during the active period (Table 3 and Supplementary Tables S2, S5).
TABLE 3 | Results of linear models testing for the effects of reach, status, pollution and season on variables measured in the wet and the dry channel. CBOM = coarse benthic organic matter, FBOM = fine benthic organic matter, pCO2,w = CO2 partial pressure in water, kCO2 = CO2 reaeration coefficient, FCO2,w = CO2 flux between water and atmosphere, FCO2,d = CO2 flux between dry riverbed and atmosphere, SOM = sediment organic matter. p-Values were obtained by ANOVA. Significant p-values are shown in bold. Number of data used (N) is shown. Sign of the coefficients and comparisons between levels of main significant effects are given (C: control; R: Regulated; In: Inactive; A: active; +: increase; -: decrease; S: Spring; Au: Autumn). Interaction class corresponds to reach and pollution interaction and it was classified following Piggott et al. (2015). * Given the limited replication a simpler model was used for the statistical analysis.
[image: Table 3]OM Standing Stock
The stock of CBOM in the wet channel ranged from 0.0 to 236.9 g m−2 and was not significantly affected by pollution (Table 3; Supplementary Tables S3, S5; Figure 2A). It was lower in regulated than in control reaches and higher in the period of active diversion. In dry channels, CBOM ranged from 0.0 to 7548.0 g m−2 and decreased with pollution (Table 3; Supplementary Tables S4, S5). Although reach and period caused no significant differences, their interaction did, with CBOM being lower in regulated reaches when the diversion was active (Table 3; Supplementary Tables S4, S5; Figure 2B). Moreover, the period × pollution interaction was also significant, indicating a reduction of CBOM with pollution when the diversion period was active (Table 3; Supplementary Tables S4, S5; Figure 2B).
[image: Figure 2]FIGURE 2 | Stock of coarse benthic organic matter (CBOM) in (A) wet and (B) dry channel. Values are means and error bars show standard errors. The text in the background indicates significant single-factor effects or interactions. GQI is the General Quality Index and the scale is inverted to make easier the interpretation of the figure, ranging from good (low pollution) to acceptable quality level (moderate pollution). GQI values have been jittered to avoid overlapping points.
The stock of FBOM in the wet channel ranged from 0.4 to 300.1 g m−2 and increased with pollution (Table 3; Supplementary Tables S3, S5, Supplementary Figure S2). Reach and period did not affect FBOM stocks. The interaction between reach and pollution was significant, with FBOM differences being higher in regulated reaches of the most polluted rivers. In the dry channel, the SOM content ranged from 1.8% to 10.8% and increased with pollution (Table 3; Supplementary Tables S4, S5, Supplementary Figure S3A). Reach or period did not affect SOM content. The interaction between reach and pollution was significant, showing a lower SOM content only in the polluted and regulated reaches (Table 3; Supplementary Tables S4, S5, Supplementary Figure S3A). The interaction between period and pollution was also significant; thus, differences in SOM content between periods became larger with increasing pollution, being the lowest OM content during the active period (Table 3; Supplementary Tables S4, S5, Supplementary Figure S3A). However, water content ranged from 2.5% to 44.8% and was not affected by pollution (Table 3; Supplementary Tables S4, S5, Supplementary Figure S3A). Water content was significantly lower in regulated than in control reaches. The interaction of reach and pollution was also significant, with regulated reaches in polluted rivers showing the lowest water content (Table 3; Supplementary Tables S4, S5, Supplementary Figure S3B).
Leaf Litter Decomposition
In the wet channel, total decomposition ranged from 0.0005 to 0.0043 d d−1, microbial decomposition from 0.0005 to 0.0024 d d−1, and fragmentation from 0.0000 to 0.0021 d d−1. Total decomposition was unaffected by the investigated factors (Table 3; Supplementary Tables S3, S5; Figure 3A). Microbial decomposition was not affected by single stressors but was interactively affected by the reach × pollution interaction, being slower in regulated reaches of the most polluted rivers (Table 3; Supplementary Tables S3, S5; Figure 3C). Fragmentation decreased significantly with pollution (Table 3; Supplementary Tables S3, S5; Figure 3E). Moreover, the period × pollution interaction was significant, with fragmentation being lowest during inactive periods in the most polluted rivers (Table 3; Supplementary Tables S3, S5; Figure 3E).
[image: Figure 3]FIGURE 3 | Leaf litter decomposition in the wet (left side) and dry channel (right side): (A, B) total decomposition, (C, D) microbial decomposition, and (E, F) fragmentation. Values are mean and error bars show standard error. The text in the background indicates significant single-factor effects or interactions. GQI is the General Quality Index and the scale is inverted to make easier the interpretation of the figure, ranging from good (low pollution) to acceptable quality level (moderate pollution). GQI values have been jittered to avoid overlapping points.
In the dry channel, total decomposition ranged from 0.0005 to 0.003 d d−1, microbial decomposition from 0.000 to 0.002 d d−1, and fragmentation from 0.0000 to 0.0006 d d−1. The three processing rates increased significantly with pollution. Total and microbial decomposition and fragmentation rates were also significantly lower when diversions were inactive compared to when they were active (Table 3; Supplementary Tables S4, S5; Figures 3B,D,F). However, total decomposition and fragmentation were significantly lower in regulated reaches (Table 3; Supplementary Tables S4, S5; Figures 3B,F). The reach × pollution interaction was significant for total and microbial decomposition, with differences between reaches being higher in most polluted rivers (Table 3; Supplementary Tables S4, S5; Figures 3B,D). Total and microbial decomposition was lower in regulated reaches but the reduction was not below the control of the cleanest river.
CO2 Flux
In the wet channel, pCO2, w ranged from 369 to 1175 µatm and increased with pollution (Table 3; Supplementary Tables S3, S5, Supplementary Figure S4). When the diversions were active, pCO2, w was significantly lower compared to when it was inactive; however, there were no differences between reaches. The reach × pollution interaction was significant, showing lower pCO2,w in regulated reaches of the most polluted rivers. The period × pollution interaction also was significant, with pCO2,w decreasing more clearly when the diversions were active in the most polluted sites. The reaeration coefficient kCO2 ranged from 6.0 to 44.2 m d−1 and neither reach, pollution nor their interaction showed any significant effect (Table 3; Supplementary Tables S3, S5). In the wet channel, FCO2, w ranged from −6.7 to 430.3 mmol m−2 d−1 and was not affected by reach, period, or pollution (Table 3; Supplementary Tables S3, S5; Figure 4A). The reach × pollution interaction was not significant, but that between period and pollution was, with pollution increasing differences in FCO2, w between periods (Table 3; Supplementary Tables S3, S5; Figure 4A). In the dry channel, FCO2,d ranged from 28.4 to 986.6 mmol m−2 d−1 (Table 3; Supplementary Tables S4, S5; Figure 4B) and was significantly related to SOM and water content (log transformed data; Pearson r = 0.363, p < 0.001 and Pearson r = 0.288, p = 0.010, respectively). FCO2,d increased with pollution (Table 3; Supplementary Tables S4, S5; Figure 4B). Period did not affect it significantly, but in regulated reaches FCO2,d was significantly lower. The reach × pollution interaction was also significant, with FCO2,d decreasing only in regulated reaches of polluted rivers (Table 3; Supplementary Tables S4, S5; Figure 4B).
[image: Figure 4]FIGURE 4 | CO2 efflux (FCO2) in (A) wet and (B) dry channel. Values are mean and error bars show standard error. The text in the background indicates significant single-factor effects or interactions. GQI is the General Quality Index and the scale is inverted to make easier the interpretation of the figure, ranging from good (low pollution) to acceptable quality level (moderate pollution). GQI values have been jittered to avoid overlapping points.
DISCUSSION
This study adds to the existing knowledge on the effects of water diversion by small hydropower schemes. It does so by focusing mainly on river ecosystem functioning, a relatively little studied component of river integrity (von Schiller et al., 2017), and looking at the interaction between water diversion and pollution, one of the most common stressors in world rivers (Hering et al., 2015). Our approach is also seldom used, as we compared upstream control with downstream regulated reaches, both in periods of active and inactive diversion, thus yielding a comprehensive picture of the overall effects of hydropower schemes, which usually alternate between active and inactive periods. Our results show that water diversion and pollution have interactive effects on river OM processing, dry channels being more reactive to the interaction than wet channels. Overall, water diversion did not affect leaf litter decomposition and CO2 fluxes in the wet channel, but in the dry channel, decomposition and CO2 emissions were lower with water diversion. On the other hand, pollution reduced leaf litter fragmentation but did not affect the CO2 flux in the wet channel, whereas in the dry channel it promoted both decomposition and CO2 emissions. Both stressors interacted antagonistically for microbial decomposition in the wet channel, and for total and microbial decomposition and CO2 fluxes in the dry channel.
Diversion
We hypothesized water diversion to reduce leaf litter decomposition and OM standing stocks in the wet channel, but results only confirmed this for CBOM. This reduction of CBOM might be a consequence of its retention in the dam (Schmutz and Moog, 2018), of its transport through the diversion canal (Arroita et al., 2015), or probably both, to counteract the effect of increased retention in the bypassed reach (Arroita et al., 2017). For the dry channel, we hypothesized a decrease of leaf litter decomposition and no effects on OM stocks with water diversion, but again, results only confirmed this partially. The content of CBOM and SOM were not affected by diversion, but total decomposition and fragmentation (but not microbial decomposition) were significantly reduced. In terrestrial habitats, leaf litter decomposition tends to be lower than in the moist sediments from dry beds, and much lower than in running waters (Lake, 2003; Abril et al., 2016). In our case, diversion caused the contraction of the wet channel by almost 20% in regulated reaches and reduced rewetting cycles and the water content of sediments in the dry channel, conditions that lead to slow decomposition in riparian and terrestrial areas (Tiegs et al., 2019). Microbial decomposition did not differ between reaches, maybe because the fine mesh used maintained a level of moisture in the bags high enough to keep an active microbial community (Romaní et al., 2017).
Regarding the CO2 flux, we predicted a reduction by water diversion in both the wet and the dry channel, but results only confirmed our prediction for the dry channel. Water diversion caused a decrease in FCO2,d in regulated reaches, probably because of the reduction of water content in sediments, which restricts microbial activity and the subsequent release of CO2 (Arce et al., 2019; Marcé et al., 2019). In this sense, dry sediments in regulated reaches would function in a way more similar to that of Mediterranean parafluvial areas (Almagro et al., 2009).
Pollution
Although we expected pollution to reduce the stock of OM in the wet channel and no effects in the dry channel, we found no effect in the wet channel and reduced CBOM stocks in the dry channel. The explanation for this unexpected result could be reduced riparian forests in the most urbanized basins (Pennington et al., 2010), which would limit OM inputs to dry bars in our most altered rivers, whereas urban wastewater would increase FBOM in the wet channel (Kelso and Baker, 2020). Unexpectedly, SOM content increased with pollution, thus suggesting this OM was at least in part derived from FBOM transported by flow and deposited on the dry channel during water level fluctuations. More detailed characterization of the SOM would be needed to elucidate its origin.
On the other hand, pollution did not affect total and microbial decomposition in the wet channel but reduced fragmentation. The response of decomposition to pollution is complex and often hump-shaped because of the differential sensitivity of microbes and detritivorous (Woodward et al., 2012). Detritivorous macroinvertebrates, the main responsible organisms for leaf litter fragmentation (Graça, 2001; Hieber and Gessner, 2002; Lecerf, 2017), tend to decrease at moderate levels of pollution, as occurs in our streams (de Guzman et al., in prep). Woodward and collaborators (2012) reported peak invertebrate-mediated breakdown (similar to our fragmentation rate) at 0.02 mg SRP L−1 and 5.6 mg DIN L−1. Although in our rivers the range of DIN concentration was below the maximum for invertebrate breakdown, the SRP concentration of most polluted rivers was above the maximum concentration promoting a lower fragmentation (Supplementary Table S3). Therefore, probably SRP concentration in our rivers was high and damaging for fragmentation rates. Moreover, several studies have shown the detrimental effect of other pollutants also present in our rivers (e.g., heavy metals, biocides) on shredders and litter decomposition (Carlisle and Clements, 2005; Alonso and Camargo, 2006; Baldy et al., 2007; Brosed et al., 2016). In the dry channel, results confirmed our hypothesis and decomposition increased with pollution. Despite the temporal rewetting cycles of leaf litter on the dry channel, the moderate nutrient load of water promoted decomposition at all levels (i.e., total, microbial and fragmentation). Moderate nutrient enrichment stimulates fungal activity and, in consequence, palatability for invertebrate leaf consumption when litter is submerged (Gulis and Suberkropp, 2003; Dunck et al., 2015).
We also predicted an increase of CO2 efflux with pollution in both habitats, but results only confirmed it partially. In the wet channel, FCO2,w was not affected by pollution. Higher nutrient and OM loads, as those detected across our pollution gradient, can increase river ecosystem respiration, thereby increasing pCO2,w (Prasad et al., 2013; Borges et al., 2015; Hotchkiss et al., 2015). Although there is a dependency between pCO2,w and FCO2,w, the two processes have different drivers (Liu and Raymond, 2018), as the latter is also affected by the reaeration coefficient (kCO2). There was a decrease in kCO2 along the pollution gradient that compensated the increase in pCO2,w, resulting in no effect on FCO2,w. In the dry channel, as we expected, the CO2 efflux increased with pollution. Microbial activity in sediment can be promoted by DOC and TN previously deposited from water (Gómez-Gener et al., 2016), and the water content on sediment during rewetting cycles would facilitate the microbial uptake of these compounds, thus increasing microbial respiration and CO2 fluxes (Xu et al., 2004; Luo and Zhou, 2010; Gómez-Gener et al., 2015).
Diversion–Pollution Interaction
Although we expected the interaction between both stressors to reduce OM stock in the wet channel and to have no effect in the dry channel, results proved otherwise. The CBOM stock did not respond to the interaction in any habitat, but FBOM increased in the wet channel, whereas SOM decreased. The increase in FBOM seems to be a consequence of enhanced deposition under reduced flows (Riis et al., 2017), which would be more noticeable in the polluted rivers, where suspended solids are more abundant (URA, 2016) (Supplementary Table S1). The decrease in SOM content is harder to explain but may be related to lower frequency of rewetting the dry sediments.
Regarding decomposition, in both habitats we expected an antagonistic effect between the reduction caused by diversion and the promotion caused by pollution, which would result in decomposition rates closer to those of control reaches in clean rivers. In the wet channel, results did not confirm our hypothesis since total decomposition and fragmentation did not respond, whereas microbial decomposition in the presence of both stressors was lower than control values. Because of wet channel contraction in regulated reaches, water depth also could be smaller resulting in an increase in the boundary layer thickness surrounding the microbial community growing on leaf litter (Bishop et al., 1997). In consequence, in spite of the presence of nutrients from moderate pollution of water, the exchange of nutrients and oxygen with the water column would be limited and microbial decomposition would be reduced (Medeiros et al., 2009; Bruder et al., 2016). In the dry channel, we also expected an antagonistic effect, partially confirmed by our results. Although the fragmentation rate did not respond, total and microbial decomposition were reduced, the interaction being closer to control reaches in cleaner rivers. Despite pollution stimulated decomposition, the contact with water is one of the most important factors that influences leaf litter decomposition (Northington and Webster, 2017).
For CO2 fluxes, we also expected an antagonistic response to the interaction in wet and dry channels. Whereas FCO2,w in the wet channel did not respond to the interaction, pCO2,w was lower in polluted and regulated reaches than in control reaches. This reduction in pCO2,w might be a consequence of algal growth under moderate nutrient load, good solar irradiation, and low water velocity (Marx et al., 2017). Alternatively, it could be due to reduced hydrological connectivity between wet and dry channels, as soil respiration and weathering processes contribute to aquatic pCO2,w (Striegl and Michmerhuizen, 1998; Riveros-Iregui and McGlynn, 2009). In the dry channel, we also hypothesized an antagonistic response of FCO2,d to the interaction of both stressors, a prediction that was confirmed by our results. FCO2,d was lower in regulated than in control reaches in polluted rivers and closer to control reaches of cleaner rivers. The low water and OM content in sediment could lead to low microbial activity, which in turn causes low CO2 efflux.
CONCLUSION AND IMPLICATIONS
Our results show that the interaction between water diversion and pollution can have important consequences on in-stream OM processing. These two stressors interacted antagonistically and their effects were more pronounced in the dry channel than in the wet channel. The observed changes in particulate OM decomposition both in the wet and the dry channel, as a result of water diversion and pollution, may cause profound shifts in the trophic structure and energetic balance of the ecosystem, as allochthonous OM is the main energy source supporting food webs in forested rivers (Marks, 2019). On the other hand, the two investigated stressors had significant effects on CO2 emissions in the dry channel, emphasizing the role of dry riverbeds in gaseous carbon exchange along river networks (Marcé et al., 2019). Overall, our study reinforces the idea that not considering dry channels as an active part of rivers could lead to an underestimation of the effect of diversion and urban pollution on these ecosystems.
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