[image: image1]Contribution of a groundwater-influenced hinterland drainage system to the restoration of salmonid spawning grounds at the upper river Danube

		ORIGINAL RESEARCH
published: 13 March 2023
doi: 10.3389/fenvs.2023.1124797


[image: image2]
Contribution of a groundwater-influenced hinterland drainage system to the restoration of salmonid spawning grounds at the upper river Danube
Joachim Pander1, Roser Casas-Mulet1,2 and Juergen Geist1*
1Aquatic Systems Biology Unit, TUM School of Life Sciences, Technical University of Munich, Freising, Germany
2Department of Infrastructure Engineering, School of Engineering, University of Melbourne, Parkville, VIC, Australia
Edited by:
Jingfu Wang, Institute of Geochemistry (CAS), China
Reviewed by:
Qingguang Li, Guizhou University, China
Sarah Yarnell, University of California, Davis, United States
Paulo Branco, University of Lisbon, Portugal
* Correspondence: Juergen Geist, geist@tum.de
Specialty section: This article was submitted to Freshwater Science, a section of the journal Frontiers in Environmental Science
Received: 15 December 2022
Accepted: 28 February 2023
Published: 13 March 2023
Citation: Pander J, Casas-Mulet R and Geist J (2023) Contribution of a groundwater-influenced hinterland drainage system to the restoration of salmonid spawning grounds at the upper river Danube. Front. Environ. Sci. 11:1124797. doi: 10.3389/fenvs.2023.1124797

Groundwater-influenced ditches, so called hinterland drainage systems (HDS), accompany many heavily modified water bodies (HMWBs). Herein, we evaluate the usefulness of including HDS as functional habitats in river restoration approaches by assessing their role as salmonid recruitment areas in HMWBs. We tested the functionality of spawning grounds in a groundwater-influenced HDS compared to the quality of those not influenced by groundwater (OHB 1 and OHB 2), based on bioindication using brown trout eggs. Eggs were placed in each compartment of a two-layered container of 20 cm diameter and 30 cm total depth (known as the HydroEcoSedimentary Tool or HEST) pre-filled with sediment, mimicking hyporheic conditions. A total of 81 HESTs were evenly distributed across the three sites to assess egg and larvae mortality whilst exposed at two substrate depths (5–10 cm and 17–22 cm). In addition, key physico-chemical variables such as dissolved oxygen, temperature, pH, turbidity, electric conductance and substratum composition were analyzed. Mean egg mortality in the HDS was 33% lower than in both non-groundwater-influenced spawning grounds, whereas mean larval mortality was highest in the HDS (95%) compared to 74% at OHB 1 and 66% at OHB 2. The exposure depth of eggs had a significant influence on mortality, with more dead eggs and larvae in the deeper substrate layers, most likely attributed to an increase of fine sediment and a decrease of oxygen availability over time. Particularly the HDS revealed high mortality rates of larvae since it had a 17% lower mean oxygen level compared to the other spawning grounds. These findings suggest that if additional measures such as substratum restoration were undertaken to increase oxygen availability within HDS, these groundwater-dominated ditches could be incorporated as part of an efficient river restoration strategy.
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1 INTRODUCTION
A large proportion of European rivers have undergone heavy structural modifications including engineering modifications for shipping purposes, flood protection or hydropower use (Auerswald et al., 2019). In the context of the European Water Framework Directive (WFD, European Commission, 2000) such rivers are defined as “Heavily Modified Water Bodies” (HMWBs). The changes in river morphology in these HMWB has led to a severe loss of riverine fish habitat (Habersack et al., 2016) and subsequently to a decline of riverine fish species (Pander and Geist, 2010a; Mueller et al., 2018; Pander and Geist, 2018). The loss of fish habitat particularly affects critical early life stages (Aarts et al., 2004) and is considered a main factor of decline of European freshwater fish populations (Mueller et al., 2018). To reach the target of a “good ecological potential” in these waters as formulated in the WFD, habitat restoration is high on the agenda. Ideally, such restoration should be integrative and evidence-based (Geist and Hawkins, 2016), with the possibility of using popular target species as surrogates of the entire fish community in conservation (Geist, 2015). It is not unusual that HMWB, despite pronounced deficits in habitat quality, can still comprise a large diversity of freshwater fish species, often including relict and over-aged populations of typical riverine species that formerly dominated the fish community composition in these systems (Pander and Geist, 2010a). Successful restoration efforts in such areas offers a great potential to inverse the declines and extinctions of fish populations in these systems in the near future, by triggering reproduction and recruitment (Pander and Geist, 2016; Pander and Geist, 2018).
The structural transformation of natural rivers into HMWB resulted in multiple ecological and socio-economic consequences within and beyond the river that are widely irreversible (Auerswald et al., 2019) due to the evolved restrictions hindering comprehensive restoration of the riverine ecosystem and its ecosystem services (Pander and Geist, 2013). The structural modifications often created new, mostly channelized river courses adjacent to the main stems, which were mainly built as ditches to drain the hinterland (Figure 1A). These ditches, so-called hinterland drainage systems (HDS) exist along almost all European HMWBs and the intention when building them was to regulate increasing groundwater levels after the damming of the main river (Figures 1B, C). In most cases, these artificial and channel-like ditches arise from small natural creeks, run parallel to the levees of the main river at both sides, and finally drain into the tailwater of the main river below hydropower dams (Figures 1A, B). HDS mostly contain groundwater and drainage water that originates from drainage systems of the adjacent agricultural land (Figure 1A). Thereby the influence of agriculture is largely driven by cultivation techniques, crop rotations and intensity of farming and can vary greatly from place to place. Their substrate is largely dependent on the local geology and can range from gravelly substrate along alpine and pre-alpine areas, to finer substrate in the lowlands of larger river valleys. Especially in light of climate change with increasing periods of water scarcity and warm water temperatures during summertime, these HDS may provide important cool-water refuges, similar to cold-water spots in upwelling zones of natural river systems (Kuhn et al., 2021). During wintertime, when in mid European countries outside temperatures are usually very low, these systems can be much warmer than natural rivers. Due to the groundwater influence, these HDS are very clear, and can thus comprise a large diversity of macrophytes that are known to be important habitat structures for many macroinvertebrate and fish species (Pander et al., 2022a). However, in HDS, particularly during summer, periods of low oxygen supply may occur due to their high percentage of low-oxygen groundwater. The lower oxygen concentrations during summer result from two main factors, 1) the lower dissolution of oxygen at warmer water temperatures, and 2) the greater inflow and contribution of low-oxygen groundwater to the total discharge at low water levels during that period. Since HDS can be strongly influenced by agricultural drainages, contamination of these water bodies with nutrients and pesticides can occur (Cooper, 1993; Needelman et al., 2007) and further reduce habitat quality. Hydrodynamic conditions in HDS can vary widely from being near natural river systems to being completely embanked channels with a largely anthropogenic influenced hydrograph. The potential pros and cons of HDS have all contributed to a controversy about the usefulness of including HDS into restoration concepts of riverine fish populations. On the one hand, the cool temperatures of groundwater-influenced systems during summer may be important in a global warming-affected environment (Poff et al., 2002). On the other hand, the uniform river morphology and the adverse effects of agriculture on these systems, as well as the low availability of oxygen (Smiley et al., 2008; Kløve et al., 2011) during summer, give rise to doubts about the functionality of HDS as critical habitats for riverine fish species (Malcolm et al., 2003; Smiley et al., 2008).
[image: Figure 1]FIGURE 1 | Construction scheme of a typical Heavily Modified Water Body (HMWB) with hinterland drainage systems (HDS). (A) top view, (B) side view and (C) detail of the cross section, WL, water level; GWL, ground water level; AWL, actual water level of the main river after the dam construction; HWL, historic water level of the natural main river.
In this study, we evaluate the usefulness of including HDS as functional habitats in river restoration approaches by assessing their role as salmonid recruitment areas in the upper Danube catchment. We assessed the quality of spawning grounds in a groundwater-influenced HDS in comparison with two functional non-groundwater-influenced spawning grounds based on bioindication with brown trout eggs. The study area is located within a large floodplain restoration project in the upper Danube River (Stammel et al., 2012), which is known to provide several spawning grounds for lithophilic fish along its course (Pander et al., 2015a; Pander et al., 2017; Pander et al., 2022b). To compare the spawning ground quality with other sites, we used the HydroEcoSedimentary Tool (HEST, Casas-Mulet et al., 2021) as a standard method of active bioindication with brown trout eggs (Pander and Geist, 2013), The HEST tool is an integrated approach to assess hydro-sedimentary and ecologically relevant interstitial processes together and has recently proven its functionality to detect negative influences of hydropeaking on spawning grounds (Pander et al., 2022b). In particular, we hypothesize that the large amount of groundwater in the HDS impairs spawning ground quality, leading to unfavorable conditions in the interstitial spaces of the spawning grounds, and resulting in an impaired recruitment success for brown trout.
2 MATERIALS AND METHODS
2.1 Site description
The study was carried out in two rivers, the Ottheinrichbach (OHB), and the Längenmühlbach hinterland draining system (HDS). Both are located in the middle section of a large scale floodplain restoration project at the upper River Danube in Bavaria, southern Germany (48°44′55.7″N, 11°16′35.7″E; Fischer and Cyffka, 2014; Stammel et al., 2012; Figure 2A). The catchment area of the upper River Danube is composed of low permeable tertiary layers and the typical karst aquifer in the carbonate rock of the jurassic. The OHB was mainly used as a bypass to restore the impaired fish migration within the Danube due to the construction of the power plant Bergheim, to provide additional habitat for keystone species, and to re-wet the former floodplain of one of the last remaining fluvial forests along this large European River (Stammel et al., 2012; Stammel et al., 2016). Since this river runs exclusively through alluvial forest, there is no major agricultural influence of eutrophication on the OHB. Before the hydropower plant Bergheim was built, the HDS had been a small natural tributary of the Danube. During the construction of the Bergheim plant, its lower course and confluence were reconstructed. The HDS got a new confluence in the tailwater of the power plant and now ensures the drainage of the hinterland so that intensive agriculture can be carried out. This is even the case after a new damming target, comprising much higher water levels of the Danube compared to the pre-damming phase (Figures 1A–C). The study site is known as an important fish nursery area (Pander et al., 2015a; Pander et al., 2017; Pander et al., 2022b) and both the OHB and HDS represent ideal model streams for tributaries located along heavily modified water bodies affected by hydropower production. The OHB has a fluctuating discharge between 0.5–5 m3 s−1 and can be additionally flooded with another 25 m3 s−1 to mimic natural dynamics of flood scenarios that were historically present in the alluvial forest (Stammel et al., 2012; Fischer and Cyffka, 2014). The discharge of the HDS mostly consists of groundwater originating from drainages of the agricultural land of the hinterland. Additionally, it is strongly influenced by precipitation events. In spite the agricultural land use with mainly maize and wheat fields (3.65 km2), the eutrophication level of the HDS is low. Since the HDS is also used to provide the OHB with flooding water from the Danube, its discharge can vary between 0.5–25 m3 s−1. In the OHB, two known spawning grounds (OHB 1 and OHB 2) and in the HDS one spawning ground of gravel-spawning fish species were chosen for active bioindication with brown trout eggs (Pander and Geist, 2013) (Figure 2B). OHB 1 (23 m2) is located in the upper reach of the OHB (48°44′12″N, 11°15′56″E) approximately 280 m downstream of a weir where the OHB is supplied with Danube water. OHB 1 has a flow gradient of 0.64%. OHB 2 is located in the middle reach of the OHB (48°44′25″N, 11°18′23″E), has a larger flow gradient (0.80%) and covers 36 m2. The HDS (48°44′49″N, 11°14′23″E) reach covers 20 m2 and comprises a flow gradient of 0.62%. A summary of key physico-chemical variables characterizing both the HDS and OHB is provided in Table 1.
[image: Figure 2]FIGURE 2 | Illustration of the study area within Europe (A) and location of the three investigated spawning grounds (B), one in the hinterland draining system Längenmühlbach (HDS) and two in the Ottheinrichbach (OHB 1 and OHB 2) within a large scale floodplain restoration at the Danube river. Colored triangles indicate the location of the three assessed spawning grounds; blue arrows indicate the flow directions. The lowermost Panel (C) indicates placement and construction of the HydroEcoSedimentary Tool (HEST) in OHB 2 as an example.
TABLE 1 | Important physico-chemical variables of the Längenmühlbach (HDS) and Ottheinrichbach (OHB) during spring and summer. T, temperature; O2, dissolved oxygen [mg·L−1]; pH, pH-value; EC, electric conductance [µS·cm−1]; Turb H, turbidity [NTU]; D, water depth [m]; V, riverbed velocity [m·s−1]; W, river width [m]; DG, mean particle diameter of spawning ground substrate [mm].
[image: Table 1]2.2 Hydroecological assessment
In order to assess the potential effects of the groundwater influence on salmonid spawning habitat quality, we compared the strongly groundwater-influenced reach in the HDS with the two reaches in the OHB without groundwater influence. At each spawning ground, we installed 27 HydroEcoSedimentary Tools (HESTs) loaded with brown trout eggs (Salmo trutta fario L.) (Figure 2C) in each of their two levels or compartments. HESTs were made from interlocked plastic containers (AUER Packaging GmbH, Amerang, Germany), creating top (T) and bottom (B) compartments. We placed a temperature logger in each compartment, and installed a 1.5 m long Sahleberg® TubeTec silicon tubing of 4.5 mm inner diameter (Sahleberg GmbH, Feldkirchen, Germany) to enable water sample extraction. Three sets of different HEST types were applied to distinguish longitudinal, (L) lateral (X), and vertical (V) infiltration of fines (Figure 2C). Each of the infiltration openings was covered with Jaera® perforated metallic plates (2 mm diameter round holes, JAERA GmbH & Co. KG, Laatzen, Germany). For full details of the HEST design, see Casas-Mulet et al. (2021).
Before exposure, each HEST was pre-filled with sediment truncated at the 6.3 mm fraction. We followed granulometry curves from the natural streambed material, described in Pander et al. (2015a), to mimic the corresponding sediment sizes at each spawning ground. The prefilled sediment was prepared in our institute and originated from nearby rivers. Brown trout eggs were purchased from a local fish farm (Forellenhof Nadler, Eching, Germany). They were inserted into the HESTs at the eye-point stage to assess their survival, analogously to their use for bioindication of open (Pander and Geist, 2010b) and interstitial water quality (Pander et al., 2009). After receiving the eggs from the fish farm, they were acclimatized for 30 min in common upflow incubation trays as commonly used in fish hatcheries (Pander and Geist, 2010b) including an overall temperature adjustment of 2°C in the laboratory of the Aquatic Systems Biology Unit, Freising, Germany. During the adjustment, temperature and oxygen saturation were continuously checked with a handheld WTW® Multimeter 340i (WTW GmbH, Weilheim, Germany). Dead eggs were subsequently removed, and the remaining live eggs were distributed into the HESTs. Each HEST compartment (T and B) was loaded with 30 eggs that were randomly picked and placed by forming a small pit in the HESTs, which was then carefully covered with a 5 cm thick layer of substrate. The full HESTs were kept submerged in a large tank (700 L) with aerated water, so the quality of the eggs was preserved during transport (45 min) and until their exposure the next day (see Casas-Mulet et al., 2021 for further details).
On 18 December 2019, 27 HESTs were installed at the spawning grounds into the streambed of the OHB and HDS. They were located in a homogeneous riffle section of the channel, buried in the streambed and placed with enough distance between individual HESTs to avoid potential disturbance. They were completely buried with the top of the HEST at the streambed level, and with approximately 10 cm of water level above the top when installed. Sunshine was not considered a factor, since all HESTs in all sites had the same level of exposure. A hole big enough to fit each of the HESTs was dug with a common spade, keeping disturbance of the surrounding streambed to a minimum. Each HEST was then inserted so that its top was even with the gravel surface, and the rivers natural coarse sediment was used to fill up the gap to the same level. The HESTs were installed in closed mode and after fines were settled, they were opened to start the experiment (Casas-Mulet et al., 2021). After exposure, the HESTs were retrieved and immediately assessed in the laboratory for egg and larvae survival. The HEST compartments were opened carefully, data loggers and larger stones were removed, and the sediment content was emptied into a tray, rinsed with water and examined for larvae and eggs. A distinction was made between live and dead eggs as well as between live and dead larvae, as described in Casas-Mulet et al. (2021). All samples were preserved in a solution of 70% (v/v) ethanol.
Ecologically relevant physico-chemical parameters were measured in situ for each HEST and in the open water of the river after installation of the HEST and before retrieval. The interstitial water of each HEST was extracted following the procedure described in Casas-Mulet et al. (2021) using 100 mL, Omnifix Solo plastic syringes (B. Braun Melsungen AG, Melsungen, Germany). Samples of interstitial water were immediately transferred into clean 100 mL vials and temperature T) [°C], dissolved oxygen (O2) [mg·L−1], electrical conductance (EC) [µS·cm−1, corrected to 20°C], and pH were measured with a hand-held WTW® Multimeter 340i (WTW GmbH, Weilheim, Germany). In addition, turbidity (Turb) [NTU] was assessed using a WTW® Turb 355 IR measuring set. HOBO® temperature loggers (UA-002-064, Onset, United States) installed in the HESTs, and in the water column of each spawning ground, were used to record temperature data at 30 min intervals throughout the exposure time. To assess fine sediment deposition in the HESTs, we wet-sieved (DIN, 1990) the sediment contents of each HEST compartment after retrieval. We used an AS 200 Retsch sieving machine (Retsch, Haan, Germany) equipped with sieves ISO 3310-1 of screen sizes 20.0, 6.3, 2.0, 0.85, 0.20 and 0.045 mm. Coarse fractions (>20.0, >6.3, >2.0 mm) were dried at air temperature for 24 h, and finer fractions (<2.0 mm) were oven-dried at 100°C for 24 h. All fractions were then weighted with a scale (Dini Argeo S.r.l., Modena, Italy) to the nearest 0.1 g. Deposition of fines [g] and mean particle grain size (DG) [mm] in the HESTs was calculated. Water depth (D) [m] and near-bed flow velocity (v) [m·s−1] was measured with a magnetic inductive flow meter (Ott MF pro, Ott, Kempten, Germany) directly at the HESTs 5 cm below the water surface as well as 3–5 cm above them.
2.3 Data analysis
Total percent mortality was calculated as the ratio of difference between the surviving eggs or larvae and the initially loaded egg number for each of the HESTs retrieved from the three spawning grounds at the three time points after 18, 35, and 64 days of exposure. For univariate multiple-group comparisons of egg and larval mortality as well as abiotic habitat variables, each dataset was tested for normal distribution (Shapiro-Wilk test) and homoscedasticity (Levene test). Since data did not fulfil the criteria for parametric testing (normal distribution), the non-parametric Kruskal Wallis test was applied to test for significant differences. A subsequent post hoc Wilcoxon test with Bonferroni correction for multiple comparisons was used to determine whether values differed significantly between HESTs, compartments (depths) and/or infiltration directions. Since no significant differences between longitudinal, lateral and vertical HEST measurements were observed, the data was pooled for further investigation. Univariate statistics were carried out using statistical and graphical open-source software R (version 4.0.3R, www.R-project.org/, last accessed on 27 July 2022).
To test for relations between the abiotic predictor variables measured in the HESTs and the response variables egg mortality and larval mortality, general linear mixed effect models (GLMMs) were performed in R (R packages car and tidyverse). To meet model assumptions regarding normal distribution of model residuals and homogeneity of variances, predictor variables were square root transformed and subsequently tested for multi-collinearity using the Pearson method (Boslaugh and Watters, 2008). Since the Pearson method revealed values below 0.63, the variables were considered not to be significantly correlated according to Nettleton (2014) who suggests a threshold value of >0.7 indicative of collinearity. Subsequently, the predictor variables EC, pH, T, O2, Turb, deposition of fines, mean particle grain size, water depth and flow velocity were stepwise considered in the model for egg as well as larval mortality. To account for site variability, spawning ground was included as random effect. To consider potential interactions between turbidity, dissolved oxygen and deposition of fines, these three variables were stepwise integrated in the model using the interaction term. Model selection followed the top-down strategy (Diggle et al., 2002) as described in Zuur et al. (2009). The Akaike Information Criteria (AIC) based on the restricted maximum likelihood (REML) was chosen as model selection tool. The p-values for predictor variables of the best fitting model were obtained by Wald Chi-square tests. Significance was accepted at p < 0.05.
To visualize differences of HESTs in egg and larval mortality between the three spawning grounds, a non-metric multidimensional scaling (NMDS) analyses using PRIMER v7 (Plymouth Marine Laboratory, Plymouth, United Kingdom) was plotted. For this multivariate comparison, a resemblance matrix was calculated based on Bray–Curtis similarities were computed (Bray and Curtis, 1957; Clarke, 1993) using the full data resolution of egg and larval mortality from the different retrieval time points of HESTs at the three spawning grounds (Clarke et al., 2014). To test for significant differences of mortality rates between HESTs and between top and bottom compartments, one-way analysis of similarities (ANOSIM) based on Bray–Curtis similarities calculated from egg and larval mortality data as described above was used. To analyze the interaction between the measured abiotic habitat variables and the ordination of HESTs in the NMDS, the abiotic habitat variables were displayed in the NMDS using the overlay function in PRIMER. For all statistical tests, a significance level of p < 0.05 (= 95% probability) was applied.
To test for relations between larval mortality and oxygen concentration found in the HESTs, the oxygen concentration was used as predictor variable and plotted against the response variable larval mortality. To avoid false-negative conclusions due to potentially non-linear relations, Spearman rank correlation for monotonic trend were computed and a smooth curve was displayed. This analysis was also performed using R.
3 RESULTS
3.1 Brown trout eggs and larval mortality
Univariate comparisons of egg and larval mortality revealed significant differences between the groundwater-influenced HDS and the two non-groundwater-influenced OHB 1 and OHB 2 that were considered as a reference (Figure 3; Table 2). In the groundwater-influenced HDS, egg mortality was significantly lower than in the two OHB. In contrast, larval mortality in the HDS was significantly highest, with a mean larval mortality of 95% compared to the non-groundwater-influenced OHB where it averaged 70% (Table 3). Egg and larval mortality between the two non-groundwater-influenced OHB 1 and OHB 2 were not significantly different (Table 2).
[image: Figure 3]FIGURE 3 | Box-whisker-plots (25% quantile, median. 75% quantile, whisker: minimum and maximum values, circles represent outliers) of egg and larval mortality [%] at the three different spawning grounds in the Längenmühlbach (HDS) and the Ottheinrichbach (OHB 1 and OHB 2).
TABLE 2 | Univariate comparisons of egg and larval mortality for the three different spawning grounds. HDS, groundwater-influenced Längenmühlbach; OHB 1 and OHB 2, non-groundwater-influenced spawning grounds in the Ottheinrichbach. Kruskal-Wallis ANOVA df = 2. Wilcoxson-signed ranks post hoc test was Bonferroni corrected for multiple comparisons.
[image: Table 2]TABLE 3 | Egg mortality and larval mortality detected in the top and bottom compartments of the HEST in the assessed Ottheinrichbach (OHB) and the groundwater-influenced hinterland draining system Längenmühlbach (HDS). Upper layer indicates mean mortality rates for eggs and larvae respectively, whilst the lower layer indicates minimum and maximum values.
[image: Table 3]Multivariate analyses of brown trout egg and larval mortality (Figure 4; Table 4) revealed significant differences (ANOSIM global test: R = 0.14, p < 0.001) between the groundwater-influenced HDS and OHB 1 (ANOSIM: R = 0.22, p < 0.001) as well as among HDS and OHB 2 (ANOSIM: R = 0.23, p < 0.001). No significant differences in egg and larval mortality were found between OHB 1 and OHB 2 (ANOSIM: R = 0.01, p > 0.05). In addition, significant differences between top and bottom compartments could only be detected for HDS (ANOSIM: R = 0.09, p < 0.05) with 7% higher mortality for eggs in top compartments and 8% higher mortality for larvae in bottom compartments (Table 4).
[image: Figure 4]FIGURE 4 | Non-metric multidimensional scaling (NMDS) comprising comparisons of egg and larval mortality of the HydroEcoSedimentary Tool (HEST) between the three assessed spawning grounds HDS, groundwater influenced hinterland draining system; OHB 1 and OHB 2, Ottheinrichbach spawning grounds; O2, dissolved oxygen [mg·L−1]; pH, pH-value; TL, temperature data [°C] from loggers exposed in the HEST; EC, electric conductance [µS·cm−1] (corrected to 20°C); Turb, turbidity [NTU]; DG, mean particle diameter [mm]; S0045, sediment grain size of 0.045 mm; S02, sediment grain size of 0.20 mm; S085, sediment grain size of 0.85 mm. Abiotic habitat variables were correlated on the NMDS ordination plot and are displayed as blue lines. The length of the blue lines is proportional to the degree of correlation with the arrangement of egg and larval mortality (the blue circle = indicates 100% correlation). 2D-Stress, stress value after Kruskal.
TABLE 4 | Results of multivariate comparisons of the assessed spawning grounds in the Ottheinrichbach (OHB) and the groundwater-influenced hinterland draining system Längenmühlbach (HDS) with ANOSIM considering T, top compartment as well as B, bottom compartment of the HEST. Values in bold indicate statistically significant differences.
[image: Table 4]3.2 Abiotic habitat variables at the spawning grounds of the OHB
Temperature, O2, and pH differed significantly between the groundwater-influenced HDS and both non-groundwater-influenced OHB spawning grounds (Kruskal-Wallis ANOVA p < 0.001 and subsequently applied Wilcoxson signed-ranks post hoc tests, see Table 5). Mean temperature was 1.9 fold higher in the groundwater-influenced HDS (T = 7.12°C; O2 = 9.62 mgL−1) and mean O2 value (Figure 5) was 17% lower compared to the mean of both OHB (T = 3.77°C, O2 = 11.62 mgL−1). The pH value was lowest in the groundwater-influenced HDS (mean = 7.9) compared to the OHB spawning grounds where it was around 8.3 (Table 5). In addition, HDS, OHB 1, and OHB 2 differed significantly in EC and water depth. The groundwater-influenced HDS had the highest EC values (770 μS cm−1) and the values in the OHB 1 and OHB 2 were 28% and 18% lower, respectively. Lowest mean water depth (13 cm) was found in HDS, followed by OHB 1 (18 cm) and highest water depth was found in OHB 2 (22 cm). Since current speed did not vary significantly between all spawning grounds, we do not assume that the lower water depth in the HDS affected the egg or larval development. A significant increase of the net weight of fines <0.85 mm in the buckets could be detected over the exposure time with a cumulative mean across all spawning grounds of 80.4 g after 18 days, 97.4 g after 35 days and 141.6 g after 64 days of exposure (Figure 5). However, turbidity, mean particle diameter after excavation and infiltration rate did not differ significantly between spawning grounds. In terms of the infiltration direction, no significant differences were found in fine sediment deposition between spawning grounds and HEST types. Turbidity values measured in the extracted water samples of the HESTs ranged between 11 NTU and 1100 NTU and were not significantly different between spawning grounds (Table 5).
TABLE 5 | Abiotic spawning ground characteristics of the assessed Ottheinrichbach (OHB) and the groundwater-influenced hinterland draining system Längenmühlbach (HDS). T, temperature; O2, dissolved oxygen [mg·L−1]; pH, pH-value; EC, electric conductance [µS·cm−1]; Turb H, turbidity [NTU] measured in the HESTs compartments; D, water depth [m]; V, riverbed velocity [m·s−1]; DG, mean particle diameter after retrieving the HESTs [mm]; IR, sediment infiltration rate [kg·d−1]. Different letters (a, b, c) behind the respective mean values indicate significant differences between pairwise comparisons of spawning grounds.
[image: Table 5][image: Figure 5]FIGURE 5 | Box-whisker-plots (25% quantile, median. 75% quantile, whisker: minimum and maximum values, circles represent outliers) of net fine sediment deposition in the HEST [g] and oxygen availability in the interstitial of the HEST [%] at the groundwater-influenced hinterland draining system Längenmühlbach (HDS) and the non-groundwater-influenced spawning grounds in the Ottheinrichbach (OHB 1 and OHB 2).
3.3 Brown trout eggs and larval mortality in relation to abiotic habitat variables
The GLMMs for egg- and larval mortality revealed slightly different results regarding the predictor variables and their interactions (Table 6). For egg mortality, the predictors dissolved oxygen, temperature, deposition of fines and pH, with site as random factor and interactions between dissolved oxygen and deposition of fines resulted in the best fit with lowest AIC (749.92). For larval mortality, the best fitting model (AIC = 638.94) was more complex and additionally included the variables turbidity and interactions between turbidity and dissolved oxygen (Table 6).
TABLE 6 | Statistical output of the two best fitting general linear mixed effects models (GLMMs) including the predictor variables dissolved oxygen, temperature, deposition of fines and pH for egg mortality and dissolved oxygen, temperature, deposition of fines, pH and turbidity for larval mortality. In both GLMMs spawning ground was set as random effect and interactions between dissolved oxygen and the deposition of fines were considered. In the GLMM for larval mortality was additionally the interaction between dissolved oxygen and turbidity considered since this led to a better fit. Values in bold indicate statistically significant differences.
[image: Table 6]Correlating oxygen availability in the buckets with larval mortality revealed that mortality increased sharply with decreasing oxygen supply in the interstitial zone, with more than 90% larval mortality whenever oxygen values were below 11 mg L−1 (Figure 6).
[image: Figure 6]FIGURE 6 | Correlation plot of the oxygen concentration measured in the HESTs against larval mortality. The smooth curves are locally weighted regression fits (Cleveland and Devlin, 1988) to the data points. LCL, lower critical limit for egg to fry survival according to Smialek et al. (2021).
4 DISCUSSION
Restoration of HMWBs is challenging in many ways. The most severe issues are the many restrictions going along with restoration of fish habitat in these waters (Pander and Geist, 2013), potentially hindering the restoration of river dynamic processes including flow, sediment (Hauer et al., 2018) and deadwood dynamics (Gurnell, 2012) which are all important factors for gravel-dependent riverine fish populations (Roni et al., 2014). The comparison of the groundwater-influenced HDS and the known functioning spawning grounds in the non-groundwater-influenced OHB clearly show the potential of HDS for the restoration of important key habitats for riverine fish species. Due to the lower oxygen availability in the groundwater-influenced HDS, it was highly unexpected that the egg development was much higher there compared to the spawning grounds in the OHB. The larval mortality of the brown trout, on the other hand, was much higher in the HDS with almost 100% of dead larvae in the HESTs. The differences in egg versus larval mortality in the HDS can be explained by the higher oxygen requirement of larvae compared to the eggs in general (Serigstad, 1987; Smialek et al., 2021). In addition, with a potentially limited transport of metabolites due to the clogging, the larval stages were prevented to develop further. The finding of higher oxygen demand of larvae compared to eggs is also supported by the results herein illustrating >90% larval mortality when O2 decreased under 11 mg L−1 in the HDS. Recently published results using the HEST, assessing the effects of hydropeaking on spawning grounds, suggest a slightly lower susceptibility of eggs to low oxygen concentrations, with sharply increasing egg mortality when oxygen levels fall under 10 mg L−1 (Pander et al., 2022b, also reviewed for salmonids in Smialek et al., 2021). Nevertheless, lower larval survival can also be attributed to a successive decrease of oxygen availability over the exposure time of the brown trout that happened simultaneously in all spawning grounds. In line with the findings of the GLMM, it is likely that accumulating fines have a substantial influence on mortality in the HESTs during exposure. Sedimentation of fines impaired the oxygen availability for eggs and larvae across all spawning grounds. This effect may been accelerated by fine particulate matter that usually also infiltrates the streambed and often cannot be separated easily from non-organic materials. If this was the case, oxygen consuming organic matter potentially further reduced the content of dissolved oxygen in the interstitial spaces. The longer the HESTs were exposed in the spawning grounds, the more fine material could accumulate, which is in line with observed accumulation of fines in gravel-filled boxes in the streambed (Denic and Geist, 2015; Hoess and Geist, 2020). In our study, this fine sediment accumulation resulted in almost doubling mean net deposition of fine sediment between the first (after 18 of exposure days) and the last assessment time point (after 64 days of exposure) in the HESTs, and consequently, in reduced oxygen availability in the interstitial (Geist and Auerswald, 2007). This interaction of fine sediment and decreasing oxygen availability in the hyporheic zone is also strongly supported by our model-output. Because oxygen availability in the groundwater-influenced HDS was generally much lower compared to the OHB spawning grounds, this effect was probably severe enough to lower oxygen availability in the groundwater-influenced HDS to the extent of not meeting the minimum oxygen requirements for the larvae stages. In a natural gravel bed, larvae may already emerge earlier to escape phases of low oxygen availability (emergency emergence) or change interstitial depth to reach more oxygenated layers, albeit their survival then remains questionable (Sternecker and Geist, 2010). However, escaping from the HESTs was not possible for the brown trout larvae in our experiment. They were only able to change interstitial depth inside the compartments and as the significant higher mortality in bottom compartments (which are more prone to oxygen depletion due to colmation) indicate, this was only successful for a very small number of larvae. Although oxygen availability in the water can be reduced during higher temperatures, it is unlikely that the higher water temperature in the groundwater-influenced HDS during the period of the study played any major role. Laboratory experiments with brown trout eggs of the same origin indicate that the measured temperate values in the HESTs were not even close to the thermal limits of successful egg or larval development (Smialek et al., 2021). Equally, pH and EC values, although strongly differed between the HDS and OHB, they were all within the range as known to be uncritical for a successful egg and larval development, suggesting an unlikely negative impact on the eggs or on the larvae of the brown trout.
The low mortality during the egg stage found in this study suggests that important habitats such as spawning grounds can potentially be restored in HDS if the exchange between the groundwater-influenced hyporheic interstitial and the open water can be secured throughout the whole development period of the fish eggs, until the larvae emerge. This is also in line with findings of Malcolm et al., 2003, who assessed salmonid egg survival in a degraded and groundwater-influenced gravel-bed stream. In order to achieve these conditions, it is essential that during several months of the spawning season and development time of the fish eggs, the spawning grounds do not get altered by fine sediment accumulations that potentially impair the exchange between hyporheic interstitial and the open water of the watercourse. Specific measures that can help achieve these conditions include loosening the streambed gravel (Shackle et al., 1999; Meyer et al., 2008; Sternecker et al., 2013; Nagel et al., 2020) or introducing of suitable spawning substrate shortly before the spawning season (Pedersen et al., 2009; Pander et al., 2015b). Management of hydrodynamic processes can also be an important tool to enhance the washing out of fines and sorting of gravel, increasing surface water–hyporheic exchange (Auerswald and Geist, 2018). Additional measures at the broader scale include the retention of fines in the river’s catchment, which can reduce fine sediment input in HDS (Knott et al., 2019) and lead to a longer permeable spawning substrate and favorable conditions for egg development. Addressing within-river processes of sediment dynamics through restoration measures appears equally important (Auerswald and Geist, 2018). For instance, sinuosity and macrophytes present in HDS can strongly affect the patchiness and quality of the streambed (Braun et al., 2012) and can be addressed by restoration measures. Also, the restoration of river dynamic processes such as gravel and deadwood transport (Beechie et al., 2010; Hauer et al., 2018; Pander and Geist, 2018) that at the same time result in substrate sorting and the creation of new natural spawning grounds and juvenile habitats can be beneficial. As evident from our dataset, restoration measures are mandatory in these systems, however, full connectivity to the HMWBs is also required so that spawners can migrate to these spawning grounds and lay their eggs.
5 CONCLUSION
The results of this study indicate that HDS hold a large potential to restore critical fish habitat such as spawning grounds along HMWBs. Recruitment success of brown trout can be improved if it is feasible to increase oxygen availability in the interstitial of highly groundwater-influenced HDSs over the full developmental time of brown trout eggs and larvae. The use of HDS as habitats for spawning and larval development needs to be better integrated in restoration strategies of main rivers and floodplains to improve fish populations in HMWBs. It has to be considered that the potential of HDS to restore spawning grounds and overall habitat quality is not enough if not combined with further measures to improve overall habitat quality, particularly of the hyporheic zone and of ensuring connectivity between HDS and the main river. Whilst restoration in the main channel of HMWBs is highly restricted, fish passes and side channels such as HDS may offer a great opportunity to restore required critical fish habitats beyond the HMWB itself, despite all restrictions that hinder restoration in these systems to the full extent. If the recommended restoration measures are realized, then HDS may not only add important sites for recruitment of gravel-dependent species, but also act as critical cold water refuge habitats during warm periods, which increase in light of climate change.
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