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Abstract

:

The objective of this study was to assess the temporal and spatial variability of aquatic invertebrates and microbial parameters (biomass and activity) with environmental data in springs, and to determine the impact of key parameters on the ecological situation of a groundwater system. Eight springs in the two study areas of Baumberge and Schöppinger Berg (W-NW of Münster, North Rhine Westphalia, Germany) were sampled at three sampling campaigns between 2018 and 2019. Physicochemical parameters of the spring samples and abundances of aquatic invertebrates were determined at each sampling event. Samples for hydro(geo)chemical and microbial analyses were collected during each sampling campaign in the springs. Spearman correlation and principal component analysis were used to identify the key parameters. The abundance of aquatic invertebrates and microbial activity were significantly positively correlated with groundwater table fluctuation. The abundance of stygobite individuals was significantly positively correlated with the Groundwater-Fauna-Index and phosphate in Baumberge, and negatively correlated with chloride in Schöppinger Berg. Most notably, the stable isotopes of water and microbial activity were significantly inversely correlated. The hydro(geo)chemical results showed no significant spatial differences in groundwater in both groundwater systems. Stable isotopes of water indicate a meteoric origin, with an effect of evaporation for two months, even though the downward percolation and groundwater recharge rates are high. The nitrate concentration was higher than 50 mg/L only in SB due to the agricultural activities. Nitrate input into groundwater comes from two sources in Baumberge, while it comes from one source in Schöppinger Berg. There was no evidence of denitrification in both areas. Secondary gypsum is assumed to be the source of sulfate in groundwater in Schöppinger Berg, but anaerobic oxidation of pyrite in the deeper part of the groundwater system as a source of sulfate cannot be excluded.
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1. Introduction


Groundwater is an essential resource for life [1,2,3]. It provides water to more than 1.5 billion urban dwellers worldwide [4]. Clean water from the subsurface is the product of physicochemical processes and, most importantly, biological purification [5]. However, uncontrolled agricultural practices, involving the application of inorganic fertilizers and manure, are sources of contamination of groundwater [6]. They pose unprecedented threats to the hydro-ecological environment [7]. Thus, the assessment and monitoring of the ecological and hydrochemical status of groundwater systems is of vital importance as part of the comprehensive evaluation of water resources [8,9]. Therefore, numerous studies have been designed to monitor hydrochemical evolution and its ecological implications [10,11,12,13,14,15].



The hydrochemistry of groundwater is regulated by precipitation, geological framework, lithology, flow regime, residence time, and geochemical processes along the groundwater flow paths [16,17,18]. Intense human activities also have a great impact on groundwater hydrochemistry. The existence of a soil layer and a longer residence time of groundwater enhances natural attenuation processes [19,20,21,22,23,24,25,26]; thus, groundwater is considered safer and less vulnerable to anthropogenic contamination in comparison to surface waters [19]. Nevertheless, awareness should be raised that the consequences of groundwater pollution are long-lasting [27]. As a result of contamination, groundwater ecosystems are affected and altered. Thus, the measurements of physical, chemical, and biological dynamics in groundwater help to understand the important processes in place and their influence on water quality. However, the study of ecological dynamics in groundwaters is complex, due to the complex abiotic structure [28].



Aquifers as complex ecosystems harbor a vast diversity of aquatic invertebrates [29], which are evolved to live under the harsh conditions of their groundwater habitat. Although many studies provide evidence that stygobites graze biofilms and feed on detritus, their role in biogeochemical cycles is still not fully understood [30,31]. Ecosystem services provided by these fauna depend upon their abundance and biomass; it is known that the ability of any existing ecosystem to function is affected by changes in its taxonomic diversity [32,33]. Moreover, the hydrogeological situation of an aquifer has a strong impact on the concentration and size of the observed microbes, and the total prokaryotic cell counts [34]. Thus, changes in species composition in the groundwater could be driven by changes in underground conditions and contaminants reaching the underground. Because of that, groundwater invertebrates should be monitored to provide a comprehensive ecosystem assessment [35], as they are considered to be bio-indicators of groundwater quality and can be used to track and monitor sources of pollution [5,36]. It is important, therefore, to disentangle the factors that may influence the spatiotemporal distribution of aquatic invertebrates.



The objective of this study was to assess the temporal and spatial variability of aquatic invertebrates and microbial communities using environmental data from springs of the two fractured karstic groundwater ecosystems Baumberge (BB) and Schöppinger Berg (SB) in Münsterland, NRW, Germany, and to determine the impact of key parameters on the ecological situation of groundwater by using statistical analyses. To achieve this goal, a one-year hydro(geo)chemical and biological/ecological investigation was conducted in the springs of the two areas, simultaneously with aquatic invertebrates sampling. Stable isotopes of water (δ2HH2O, δ18OH2O), dissolved inorganic carbon (δ13CDIC), nitrate (δ15NNO3 and δ18ONO3), and sulfate (δ34SSO4 and δ18OSO4) were used to identify natural and anthropogenic sources and processes affecting water quality. Multivariate statistical analyses were applied to unravel the hydro(geo)chemical variables that influence the abundance and variation of groundwater ecosystems. It was hypothesized that aquatic invertebrate communities and microbial parameters could reflect hydro(geo)chemical variables and anthropogenic influence in both study areas.




2. Materials and Methods


2.1. Study Area


Eight springs were investigated in two regions, Baumberge (BB) and Schöppinger Berg (SB), in North Rhine Westphalia western Germany, in central Münsterland (Figure 1). Baumberge and Schöppinger Berg are flat hilly areas with a maximum height of 186 and 157.6 m above mean sea level (m a.s.l), respectively. The areas consist of bowl-shaped curved porous and calcareous marlstone layers, which are fractured and slightly karstified. The two areas each form isolated groundwater ecosystems. Surface water features, with the exception of infiltrating rainwater, are almost absent except some intermittent rivers/creeks. Both areas are characterized by agricultural activities and have forested mountain slopes. For more geological and hydrogeological information about the two areas, readers are referred to [37] and references therein.




2.2. Methodology


Water was sampled from eight perennial natural springs distributed at the edge of the BB and SB regions, with four springs each (Figure 1). Fieldwork encompassing the measurement of physicochemical parameters, spring discharge, water sampling for aquatic invertebrates and detritus, and monitoring of the groundwater level took place in November 2018 (Nov.), April 2019 (Apr.), and October 2019 (Oct.); sampling lasted to 2–5 days in each sampling time campaign. For chemical, isotope, and biological analyses, spring water samples were collected in Nov., Apr., and Oct. This sampling time was conducted first to avoid short-term fluctuations and second because of technical and logistic issues. In total, there were 78 sampling events for physicochemical parameters and aquatic invertebrates and 24 sampling events for hydro(geo)chemical and microbiological analyses. Observation data of the groundwater table were taken from the observation well “Longinusturm” [latitude (lat.): 51°57′36″ N, longitude (lon.): 7°21′56″ E], which is considered a representative monitoring point in the area.



2.2.1. Field Work


Groundwater samples were collected during a one-year sampling period for different purposes from the spring discharges, and they were transported to the laboratory for biological and hydro(geo)chemical analyses.



Field Parameters and Aquatic Invertebrates Sampling


The field parameter and aquatic invertebrate sampling were conducted once daily every 2–5 days in each sampling campaign in each spring. Physicochemical parameters of sampled water pH value (pH; -), temperature (Temp.; °C), electrical conductivity (EC; µS/cm), and dissolved oxygen concentration (DO; mg/L)] were measured in situ using a multi-parameter field sensor (WTW 340i). The discharge of each sampled spring (    V  ˙   ; L/s) and the fraction of spring discharge that flowed through the planktonic net were estimated on site. The groundwater table (hGW; m a.s.l.) was monitored once per sampling campaign with a water level meter of the type 100 LTC (HT Hydrotechnik GmbH, Obergünzburg, Germany).



Spring water with aquatic invertebrates, sediments, and detritus was captured with a planktonic net, with a mesh size of 74 µm. Plankton nets were installed against the selected outlet at a representative discharging point of each spring. After 24 h, the samples were washed and filtered with a mesh size of 74 µm. This mesh size is suitable for collecting invertebrates of a wide range of body sizes, including meiofauna. After filtration, the samples were stored in 100–1000 mL flasks in a cool box and transported under dark and cold conditions within half a day to the laboratory for additional analyses. These samples were stored live at 10 °C in a dark refrigerator and processed in the laboratory within one week of sampling. Then, the Groundwater-Fauna-Index (GFI) after Hahn [38] was calculated per sampling event.




Hydro(geo)chemical and Microbiological Sampling


Hydro(geo)chemistry and microbiology sampling was conducted once per sampling campaign each spring. The samples of groundwater to be evaluated for major cations (calcium: Ca2+, magnesium: Mg2+, sodium: Na+, potassium: K+, strontium: Sr2+, aluminum: Al3+, and iron: Fe2+) were collected in 100 mL vials and acidified with 3 drops of nitric acid (HNO3). Samples of groundwater for major anions (sulfate: SO42−, chloride: Cl−, nitrate: NO3−, phosphate: PO43−) were also collected in 100 mL vials. Samples of 500 mL were collected for bicarbonate (HCO3−) analysis.



Samples for stable isotope analysis were collected in 100–1000 ml flasks and stored in cool and dark conditions. Water samples for nitrate isotopes were shock-frozen with liquid nitrogen immediately after sampling and stored until isotope measurements were carried out.



The microbiological analysis consisted of total counts of prokaryotic cells/biomass (TCC; cells/L) and quantification of intracellular adenosine triphosphate called activity (ATP; pM). For analysis of cell numbers, 50 ml of spring water was collected using latex gloves and fixed with glutaraldehyde (1) ml 25% GDA solution in 50 mL samples (=0.5% final concentration). For analysis of intracellular ATP, 50 ml samples were collected and processed as described by [39]. Samples were transported in a cool box and stored in the dark (refrigerator).





2.2.2. Laboratory Work


Further processing of the aquatic invertebrates and detritus is described in [37]. In the following, all aquatic invertebrate individuals (hereafter abbreviated as sf) were sorted into stygobites (sb) (smaller transparent individuals without eyes) and non-stygobites (non-sb) (stygoxenes and stygophiles).



The concentrations of major ions were determined by means of optical emission spectroscopy with inductively coupled plasma (ICP-OES with SPECTROBLUE TI, SPECTRO Analytical Instruments) and ion chromatography (IC with 761 Compact IC, Metrohm, Fielderstadt, Germany). Bicarbonate was determined by titration with 0.1 mL HCl to a pH of 4.3 (methyl orange as an indicator). Stable isotopes of water (δ2HH2O and δ18OH2O) were measured using the Triple Isotope Water Analyzer (TIWA-45-EP, Los Gatos Research). The stable isotope of dissolved inorganic carbon (δ13CDIC) was measured using an isotope ratio mass spectrometer (IRMS with MAT DeltaPlusXL) coupled with Gasbench II (Thermo Scientific). Nitrate isotopes (δ15NNO3 and δ18ONO3) were determined using the Gas Bench II coupled with mass spectrometer, after preserving the samples by shock freezing with liquid nitrogen. Sulfate isotopes (δ34SSO4 and δ18OSO4) were measured using high-temperature pyrolysis coupled with a mass spectrometer. The biomass (TCC) was determined by flow cytometry (FC500 CYTOMICS; Beckman Coulter, Brea, CA, USA), and activity (ATP) was measured using the BacTiter-Glo Microbial Cell Viability Assay kit (Promega, Madison, WI, USA) [39,40,41].




2.2.3. Data Processing


The groundwater table was considered constant during each sampling campaign. Physicochemical parameters were averaged over 2–5 days for each sampling campaign. In the case of aquatic invertebrates, the number of stygofauna per cubic meter of spring discharge was calculated as an average value related to the sampling period [37]. The measurement of δ15NNO3 and δ18ONO3 was carried out only in Nov. 2018 and April 2019. Missing data were handled appropriately at the beginning of the statistical analysis. Then, the Mann–Whitney U test was conducted between both springs, i.e., BB and SB.



The hydro(geo)chemical situation of the study areas was assumed according to the available measured data. The influence of environmental factors on the aquatic invertebrates and microbial parameters was tested using a Spearman correlation and principal component analysis (PCA). These statistical analyses were performed using the Statistical Package for Social Sciences Software SPSS.26 (IBM Corp. Released 2019. IBM SPSS Statistics for Windows, Version 26.0. IBM Corp.: Armonk, NY, USA). The analytical precision for cation and anion analyses was assessed by checking ion balance errors using Phreeqc, and it was generally within the range of ±5%. Saturation indices were calculated in Phreeqc interactive 3.7.3–15968 [42] and the wateq4f database. Maps were prepared in ArcMap (ArcGIS Desktop 10.8.1, Environmental Systems Research Institute (ESRI), Redlands, CA, USA) and the charts were prepared in Microsoft Excel 2016 (Microsoft Corporation 2016).






3. Results and Discussion


According to the Mann–Whitney U test, most of the biotic and abiotic parameters between the two groups of springs differ significantly (p ≤ 0.01). Therefore, the two groups of springs will be handled separately and compared with each other.



3.1. Physicochemical Parameters, Spring Discharge and Groundwater Table


Descriptive statistics of physicochemical parameters, Spring discharge and groundwater table in BB and SB are presented in Tables S1 and S2. The hGW fluctuated between the highest value of 122.82 m a.s.l. in Apr. and the lowest value of 114.30 m a.s.l. in Nov. 2018 and 114.24 m a.s.l. in Oct. 2019. The average daily     V  ˙    values were 21.71 and 15.90 m3/d in Apr. and 17.39 and 14.84 m3/d in Oct. 2019 in BB and SB, respectively. The fluctuation of     V  ˙    follows that of the hGW.



The average Temp. was in the range of 9.70–10.50 °C and 9.80–12.00 °C in BB and SB, respectively. The average pH was circumneutral (7.2), and it ranged from 7.0 to 8.0 and from 7.0 to 7.4 in BB and SB, respectively. The average EC was higher in SB than in BB, with values in the range of 700–757 µS/cm in BB and the range of 749–828 µS/cm in SB. The concentration of DO ranged between 4.65 and 7.50 mg/L in BB and between 4.77 and 8.60 mg/L in SB. The results of the descriptive statistics showed that Apr. was marked by higher values of EC and DO. This high value of EC in Apr. could be the result of higher Temp. Moreover, higher EC values were measured in SB compared to BB, which might be related to the elevated concentration of NO3− due to intensive agricultural activities [6].




3.2. Aquatic Invertebrates (Stygofauna) and Stygobites


The total number of aquatic invertebrates measured in water samples of the eight springs in BB and SB from three sampling campaigns was 851 individuals (Ind.). The results showed that the average number of aquatic invertebrates (sf/    V  ˙   ) and stygobites (sb/    V  ˙   ) individuals per cubic meter (Ind./m3) varied over time and between the two study areas (Figure 2). In Apr., sf/    V  ˙    in BB was nearly 1.0 Ind./m3, much higher than that in SB with 0.2 Ind./m3. In contrast, sb/    V  ˙    in both BB and SB was the lowest in April 2019 at higher hGW and higher discharge, with nearly the same value of 0.3 Ind./m3 in BB and SB. In times of lower hGW in November 2018 and October 2019, the number of sb increased. In SB, the reproduction of the aquatic invertebrates in groundwater space seemed to increase at lower hGW, while in BB it increased at higher hGW [37].



The variability of aquatic invertebrates, which consist of sb and non-sb individuals, is an indicator of the diversity of aquatic invertebrates. Comparing the two study areas, the 645 individuals of BB in total could be assigned to 17 types or species. The group of sb individuals showed nine taxa, with 49% of all aquatic invertebrates. Among the sb individuals, sb cyclopoids were the dominant group (with 237 individuals) followed by harpacticoids and ostracods, while non-sb individuals showed only eight taxa. In contrast, only 206 individuals of SB in total could be assigned to 10 species. The group of sb individuals showed six taxa with 59% of all aquatic invertebrates. The dominant sb invertebrates were cyclopoids with 111 individuals. This means that the diversity of aquatic invertebrates and sb individuals during the sampling campaigns was higher in BB than in SB, but the percentage of sb individuals was higher in SB than in BB (Figure 3A).



Comparing the three sampling campaigns, the aquatic invertebrates sampled per campaign numbered 212 in November 2018, 345 in April 2019, and 294 in October 2019, with 8, 12, and 13 species, respectively. The sb individuals were in five taxa in November 2018, four taxa in April 2019, and six taxa in October 2019. The results showed that October 2019 was marked with the highest diversity and non-sb of three, eight, and seven taxa in Nov., Apr., and Oct., respectively. The percentage of sb individuals was the highest in November 2018 at 63% and the lowest in October 2019 and April 2019 at 37% and 34%, respectively (Figure 3B).




3.3. Microbiological Analyses (Biomass and Activity)


Water samples in BB showed that the biomass (total counts of prokaryotic cells; TCC) ranged from 6.23 × 106 to 1.53 × 108 cells/L, with an average of 6.21 × 107 cells/L. In SB, TCC ranged from 1.41 × 106 to 7.38 × 108 cells/L, with an average of 1.01 × 108 cells/L. The activity (the concentration of intracellular ATP) ranged from 9.70 × 10−1 to 6.79 × 102 pM with an average of 1.96 × 102 pM in BB, and from 1.74 to 1.74 × 103 pM with an average of 3.76 × 102 pM in SB (Tables S1 and S2). In the temporal view, TCC and ATP in Nov. 2018 ranged from 1.41 × 106 to 7.38 × 108 cells/L and from 1.42 to 2.25 × 102 pM, with an average of 1.30 × 108 cells/L and 8.95 × 10 pM, respectively. In April 2019 they ranged from 3.58 × 107 to 1.53 × 108 cells/L and from 2.54 × 102 to 1.74 × 103 pM with an average of 7.46 × 107 cells/L and 7.30 × 102 pM, respectively. The values in October 2019 ranged from 6.23 × 106 to 7.87 × 107 cells/L and from 9.70 × 10−1 to 1.13 × 102 pM, with averages of 4.03 × 107 cells/L and 3.80 × 101 pM, respectively.



In April 2019, when the groundwater level was high at the end of the groundwater recharge phase, water samples had the highest and most uniform cell activity, ranging from 2.54 × 102 to 1.74 × 103 pM, with high cell counts of 3.58 × 107 to 1.53 × 108 cells/L across all springs. This points to the fact that groundwater at this time shows very uniform ecological conditions, i.e., little spatial variation. The high cell count indicates fast recharge is taking place, which drives cells from the surface to the groundwater ecosystem. There were also probably sufficient nutrients present. The ATP at the end of the groundwater depletion phase in November 2018/October 2019 was low everywhere with more or less comparable numbers of cells (not taking into account the four outliers: November 2018, SB1, SB4, and October 2019, SB3, BB4). However, the number of cells varied considerably, and, thus, there are stronger spatial variations with more heterogeneous ecological conditions in a phase with reduced groundwater volume.



The overall TCC and ATP data were significantly positively correlated in November 2018 and October 2019 with correlation coefficients of r = 0.9 and 0.58 (p ≤ 0.05), respectively. These were, however, not correlated in April 2019 (r = 0.008; p ≤ 0.05). This might indicate that most cells in November 2018 were active and contained similar amounts of ATP. In other words, a good correlation between TCC and ATP indicates growth in the system, while a lack of correlation indicates starvation or the introduction of cells from outside. As mentioned before, the case in April 2019 was related to rising hGW. Figure 4 shows that, with some exceptions (samples outside the blue oval), there was a shift in ATP rather than a shift in TCC. The activity was lower in November 2018 (autumn), while it increased in April 2019 (spring) when recharge takes place and nutrients (DOC) are washed into the groundwater ecosystem, which stimulates cell activity (high ATP content). At the same time, not much growth was taking place (cell counts did not change much), and there is no indicator that cells were washed in. The ATP dropped again until October 2019 (autumn). With one exception, the same applies to TCC, which tended to be lower in November 2018 and October 2019 than in April 2019. This could be explained by the fact that during the recharge time, nutrients transported into the system allow cells to become more active, and/or some cells are transported from the surface into the groundwater system. Analyzing data on the main threats to groundwater ecosystems, i.e., agricultural activities, shows that microbial cell density can exhibit a delayed response to nutrient inputs [43], which causes an increase in TCC without changes in ATP. This would be the case if cells from the infiltration rainwater were transported into the groundwater but were inactivated by the characteristically lower nutrient levels in the groundwater compared to flow water [39].




3.4. Groundwater Hydro(geo)chemistry


The relative abundances of major cations in groundwater within the study areas were in the order Ca2+ > Mg2+ > Na+ > K+, while the major anions were in the order HCO3− > SO42− > Cl−. Concentrations of Ca2+, Mg2+, Na+, and K+ in BB springs were in the range of 154.6–172.2 mg/L, 2.91–4.76 mg/L, 5.05–9.89 mg/L and 1.00–1.28 mg/L, respectively. In SB, the concentrations of these cations were in the range of 168.5–187.0 mg/L, 2.7–4.68 mg/L, 6.27–10.91 mg/L, and 1.16–1.98 mg/L, respectively. Nitrate, SO42− and Cl− were in the range of 342.21–373.48 mg/L, 41.70–50.5 mg/L, and 12.59–25 mg/L in BB and in the range of 317.2–393.97 mg/L, 46.02–59.74 mg/L and 23.19–35.64 mg/L in SB, respectively (Tables S1 and S2). The average concentrations of major cations and anions in groundwater during the three sampling months were almost constant. The dominant cation and anion were Ca2+ and HCO3− (Figure 5), in agreement with the carbonate lithology of the aquifer. Using Phreeqc [42] and applying the wateq4f database, all water samples had a saturation index of calcite (SIcalcite) in the range of 0.03–1.00. This means that groundwater in both areas was oversaturated with CO2, resulting in CaCO3 dissolution. In Figure 5, Mg2+, Na+, K+, NO3−, and PO43− show temporal variations (pink oval). The average concentration of nitrate (NO3−) and phosphate (PO43−) was higher in SB (NO3− = 53.5, PO43− = 0.21 mg/L) compared to BB (NO3− = 37 mg/L, PO43− = 0.19 mg/L). The high concentrations of NO3− in both regions are most likely related to land use and agricultural activities [26]. The average concentration of PO43− increased with time in SB and BB (Figure 5) but was, in general, low.



Apart from denitrification, NO3− is thought to be conservative in groundwater, the same as Cl− and bromide (Br−) [44]. Thus, the correlation between NO3− and Cl− can be informative regarding possible sources of NO3− in groundwater for BB and SB (Figure 6). In general, a positive correlation between NO3− and Cl− is significant in both areas but at different levels. In BB, the concentrations of NO3− and Cl− were lower than in SB. The variation range of Cl− was the same with 12 mg/L in both areas. In BB, one spring (BB1) showed nearly constant Cl− level with increasing NO3− concentration. This line parallel to the X-axis might be affected by denitrification [43]. In SB, one spring, SB4, showed a higher Cl− level at a similar NO3− concentration. Compared to the other springs in SB, SB4 is located in a more urban area.




3.5. Stable Isotope Signatures in Spring Water


3.5.1. Stable Isotopes of Water (δ2H and δ18O)


The spring water samples display variations between −55.49‰ and −49.8‰ for δ2H and from −8.1‰ to −7.3‰ for δ18O (Tables S1 and S2). The stable isotopic signatures of spring water show a significant temporal variation and can be separated into three groups. The first group (October 2019) consists of less depleted samples, and these are located above the GMWL for both areas. The second group (November 2018) is positioned almost on the LMWL. The trend of the samples of these two groups shows an inclination to the right of the LMWL. The third group (April 2019) exhibits more depleted values located on the GMWL, with a trend parallel to the GMWL (Figure 7).



The most depleted isotopic signatures of δ18O and δ2H were recorded in April 2019, at the end of the groundwater recharge period, at the highest hGW. These low isotope values reflect winter recharge (precipitation under cold conditions). The samples were enriched in Nov. 2018 at the lowest level of the groundwater table. Summer 2018 was one of the warmest and driest summers in North Rhine Westphalia [47], with a low groundwater table of 113.91 m a.s.l until December 2018 [48]. In Oct. 2019, at the end of the groundwater depletion phase at lower groundwater levels, the δ18O values showed medium values. Summer 2019 was also one of the hottest summers on record [47]. Over the last two months, this enrichment was the result of evaporation under non-equilibrium conditions at different temperatures and humidity, which is supported by the slope of the samples lower than that of the LMWL.




3.5.2. Stable Isotope of Dissolved Inorganic Carbon (δ13CDIC)


The values of δ13CDIC fluctuated within a narrow range from −15.26 to −14.17‰ with an average of −14.75 ‰ in BB, while in SB, they ranged from −15.04 to −14.43‰ with an average of −14.73‰ (Tables S1 and S2). Different sources of DIC exist in groundwater, such as atmospheric and soil CO2, oxidation of organic matter, and water–rock interactions [18]. The pH values were in the range of 7–8, which means that DIC is mainly composed of bicarbonate (HCO3−) [49,50]. The oversaturation with CO2 results in the dissolution of carbonate rocks. Figure 8 shows the relationship between HCO3− and δ13CDIC in the water samples, with no significant correlation (p = 0.7). Values of δ13CDIC in groundwater reflect the dissolution of the carbonate aquifer rocks via carbonic acid resulting from the oxidation of organic matter in the overlying soil [5].




3.5.3. Stable Isotopes of Sulfate (δ34SSO4 and δ18OSO4)


The stable isotopes of sulfate range from −5.2‰ to −1.9‰ for δ34SSO4 and from 1.7‰ to 3‰ for δ18OSO4 in water samples from BB, and from −6.07‰ to −1.85‰ for δ34SSO4 and from 1.9‰ to 3.02‰ for δ18OSO4 in water samples from SB (Tables S1 and S2). There was no significant enrichment of both δ18OSO4 and δ34SSO4 in groundwater sulfate, which would be an indicator of microbial sulfate reduction [51]. This is also supported by the absence of a significant correlation (BB: r = 0.3; p = 0.4; SB: r = −0.3; p = 0.4) between SO42− and HCO3−in the water samples.



The dual isotopes δ34SSO4 and δ18OSO4 in the spring water samples from BB and SB are plotted in Figure 9. The water samples are located between the two end members of pyrite oxidation and manure [52]. According to [53], the samples of BB and SB are located in the region of terrestrial evaporites, which covers a wide range of δ34SSO4 (−15‰–+10‰). This would support the aforementioned hypothesis (dissolution of secondary gypsum) for the observed correlation in water samples from SB. However, the question is still open for the spring water samples from BB and further research is needed in this regard. Particulate organic matter residing in the groundwater zone has been identified as a main electron donor, but additional contributions from the oxidation of reduced inorganic substrates such as pyrite cannot be excluded [52,54].



Surprisingly, there exists a significant positive correlation (r = 0.6, p = 0.07) between Ca2+ and SO42− in water samples in SB. This significant correlation could point to gypsum dissolution. However, gypsum has not been documented in the regional stratigraphy of the BB/SB areas. Using Phreeqc calculation, SIgypsum of the collected water samples was in the range (−0.3)–(−1), which is close to equilibrium. This raises the question of whether precipitation/dissolution of secondary gypsum might control the SO4−2 concentration in SB. Secondary gypsum is well-known in soils of arid and semi-arid areas [57]. Precipitation of secondary gypsum could take place in the unsaturated zone due to evapoconcentration. This hypothesis considers a source of SO42− from the surface. This surficial source of SO42− is supported by the positive significant correlation (r = 0.9; p < 0.01) between SO42− and Cl−. With time, SO42− percolates downward and cycles of precipitation/dissolution of secondary gypsum increase SO42− in groundwater. The same, however, does not apply to BB, and this reflects an overlap of different processes which affect the hydro(geo)chemical situation.




3.5.4. Stable Isotope of Nitrate (δ15NNO3 and δ18ONO3)


The average nitrate concentration in spring water samples of BB (37 mg/L) was less than that of SB (54 mg/L) (Tables S1 and S2). The isotopes of nitrate had an average value of 5.8‰ δ15NNO3 and 6.1‰ δ18ONO3 in BB, and 6.1‰ δ15NNO3 and 4.6‰ δ18ONO3 in SB. The values of δ18ONO3 in BB and SB ranged from +1.5 to +8.3‰, indicating that atmospheric NO3− deposition (+55 to +75‰) was not a dominant source of NO3− to groundwater in BB and SB. Values of δ15NNO3 (+2.8 to +7.9‰) and δ18ONO3 (+1.5 to +8.3‰) reflect soil nitrate and a possible contribution from sewage and manure, but no contribution through NO3− fertilizer (Figure 10).





3.6. Statistical Analyses


For a better understanding of the quality of the data and the reliability relationship between parameters, a Spearman correlation matrix and principal component analysis were applied to the data to summarize the patterns in environmental variables. The diversity of aquatic invertebrates, pH value, and stable isotopes of nitrate (δ15NNO3 and δ18ONO3) were not considered in the statistical analyses.



3.6.1. Spearman Correlation


Spearman correlation assesses monotonic relationships. The correlation was conducted for BB and SB between 12 samples of 30 variables, considering a significance level of p ≤ 0.01. The correlation results (Tables S3 and S4) showed that ATP in BB and SB was significantly positively correlated with hGW, which is explained by the fast groundwater recharge and simultaneous nutrient input. In SB, this ATP was significantly positively correlated with Al3+, and significantly negatively correlated with δ2HH2O and PO43−. This negative correlation with PO43− is not easy to justify in light of the available data, because many factors affect PO43− release into/availability in groundwater. It is worth mentioning that phosphate tends to be absorbed into the soil and is not readily transported into groundwater [60], and its release is enhanced under anoxic conditions [61]. The inverse correlation of ATP with δ2HH2O is likely due to the enrichment of water isotopes under the influence of evapotranspiration on the surface/in the unsaturated zone; however, this signature is not reflected in the relationship between ATP and δ18OH2O. In BB and SB, the aquatic invertebrates (sf/    V  ˙   ) were significantly positively correlated with stygobites (sb/    V  ˙   ). As was stated in previous studies [43], aquatic invertebrates, TCC, and ATP were not correlated at the significance level of p ≤ 0.01. A significant negative correlation existed between stygobites (sb/    V  ˙   ) and SO42− and Cl− in SB. Fluctuation of the groundwater table was significantly positively correlated with Sr2+ and Fe2+, and significantly negatively correlated with PO43− only in SB. Aquatic invertebrates, TCC and ATP showed rare and inconsistent relationships with individual physicochemical and hydro(geo)chemical parameters of water samples in BB and SB, as was stated in previous studies [38,62].




3.6.2. Principal Component Analysis


Principal component analysis was applied to reduce the number of variables. The significance of the loadings was obtained at p ≤ 0.01. Before processing, data vectors were normalized to a mean value of zero and a standard deviation of one. The presence or absence of any influence of a specific parameter on the investigated variables could be inferred from similarities and variations in the studied variables. From the abiotic and biotic parameters (30 variables) of 12 spring samples, five principal components (PCs) were extracted, explaining 82.2% and 84.2% of the total variance for BB and SB, respectively. High positive loadings (Pearson correlation coefficient) of different variables on the same principal components may indicate a close relationship among the respective variables, whereas negative loadings between variables indicate an inverse relationship.



For BB, the percentages of variance explained by the five principal components were 25.42% for PC1, 22.23% for PC2, 14.68% for PC3, 11.71% for PC4, and 8.14% for PC5 (Table 1). The positive loading of Na+, Mg2+, and Sr2+, and the negative loading of SiO32− on the first principal component (PC1) show (hydro)geogenic influences from the easier incongruent dissolution of carbonates in the BB groundwater ecosystem, which increases when recharge decreases due to the increase in residence time. The negative loading of SiO32− on PC1 indicates the slower dissolution of SiO32− from kaolinite (average SIKaolinite = 2) in the unsaturated zone through recharge moving downward. The positive loading of NO3−, Ca2+, and negative loading of SO42− with detritus in PC2 shows the anthropogenic influences (application of fertilizers and sewage/manure) on the groundwater ecosystem, and this component could indicate the different origins of NO3− and SO42−, providing distinct signatures. The third component (PC3) shows significant positive loadings of hGW and ATP and a negative loading of δ18OH2O. The positive loading of hGW and ATP is explained by input of nutrients together with fast groundwater recharge and the decrease in the vadose zone thickness, which induces more microbial ingress from the surface. The negative loading of δ18OH2O is most likely due to recharge either from snow melting or precipitation or recharge with no effect of evaporation from raindrops, which in turn induces higher hGW. The fourth component (PC4) shows significant negative loadings of Cl−,     V  ˙    and positive loading of HCO3−, which is indicative of the dissolution of the aquifer matrix during slow groundwater flow with minimal exchange with the ground surface. Phosphate, GFI, sf/    V  ˙    and sb/    V  ˙    load positively on PC5, indicating an increase in the abundance of aquatic invertebrates and stygobite individuals with an enhanced influence from the surface, reflecting an intensive interaction with the surface at high groundwater level [38,62], which provides PO43− as a nutrient for aquatic fauna, especially when the content does not exceed 1.0 mg/L [63].



In the case of SB, the percentages of variance explained by the principal components are 29.96% for PC1, 22.20% for PC2, 12.8% for PC3, 11.03% for PC4, and 8.11% for PC5 (Table 2). In SB, the first principal component (PC1) showed positive loadings of EC, K+, Ca2+, and Temp., and negative loadings of δ34SSO4, detritus, and δ18OSO4. These loadings mostly indicate the interaction between groundwater and minerals (carbonate, potassium-rich clays, terrestrial evaporites, and secondary gypsum) in the aquifer. The PC2 shows negative loadings from DO, hGW, and ATP, with positive loading of δ18OH2O and δ2HH2O. The lower groundwater table causes less interaction with the surface and thus less potential for higher ATP and DO, while stable isotopes of water tend to be enriched due to long infiltration distance and more evapoconcentration. The third principal component (PC3) shows significant positive loadings of Na+ and Mg2+, and negative loadings of SiO32−; which indicates the same geogenic influences as in BB. The stable isotope of dissolved inorganic carbon (δ13CDIC), Fe2+, and Al3+ load positively on PC4. This component is explained by the dissolution of clays under the influence of carbonic acid resulting from carbonate dissolution which causes enrichment in δ13CDIC [64]. Chloride loads positively and sb/    V  ˙    loads negatively on PC5, which is an indicator of anthropogenic influence (sewage and manure) that increases Cl−, which negatively affects the abundance of stygobite individuals.






4. Conclusions


This research study showed that the microbial and faunal patterns corresponded clearly to dynamics in hydrogeology and hydrochemistry, as the statistical evaluation showed. The relationships between the selected parameters are not clear-cut and vary somewhat across the areas. In a fractured and slightly karstified aquifer, a combined investigation of stygobites per cubic meter, microbial activity, groundwater table (or spring discharge), stable isotopes of water, dissolved oxygen, detritus, Groundwater-Fauna-Index, phosphate, and chloride as key parameters is recommended. Stable isotopes of inorganic carbon, sulfate, and nitrate as possible indicators of geochemical and microbial processes in the groundwater ecosystem were not shown to be key parameters for the ecological evaluation of the groundwater system in both areas.



The hydro(geo)chemical results showed no important spatial variation of the major ions of Baumberge and Schöppinger Berg. Only a few ions showed very low temporal fluctuations, such as sodium, magnesium, potassium, phosphate, and chloride. Hydrochemical parameters and stable isotopes revealed that the hydro(geo)chemical evolution of the groundwater is mainly affected by water–rock interactions. Precipitation contributes most of the recharge to the groundwater system, as supported by the stable isotopes of water. These also showed monthly fluctuations, with a clear effect of evaporation before infiltration, despite a high infiltration rate in the study area.



Nevertheless, stable isotopes of nitrate refer to the natural pollution by mineralization of soil organic nitrogen and, to a lesser extent, anthropogenic contamination from sewage water and manure. The previously proposed pyrite oxidation as a source of sulfate could not be confirmed on the basis of the selected sampling time. The results of stable isotopes confirm an agricultural influence on the groundwater ecosystem. Hydro(geo)chemical and isotopic analyses do not show that denitrification happens in the groundwater system in both areas.



To our knowledge, this is the first combined investigation of the spatial and temporal patterns of aquatic invertebrate and microbial parameters with physicochemical aspects and stable isotope investigation in the scientific community in this study area. The data presented reveal that the fluctuating hydrogeological conditions (readable from the groundwater level or spring discharge) exhibit pronounced temporal changes, especially in the stable isotopes of water, microbial information (activity), and stygobite individuals per volume. However, sampling adjusted to the groundwater level is highly recommended to cover the different hydrogeological conditions of the groundwater ecosystem in the area. Monitoring for successive years is also important to confirm the indicated temporal trends.
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Figure 1. Location map of the study area. The upper right map shows Germany with border lines of its different states and the study area as a red rectangle. The main map shows the study areas with the locations of eight sampled springs in Baumberge (black dots) and Schöppinger Berg (red dots), observation well (blue dot), rivers (blue lines), selected elevation contour lines (60, 90, 120, and 150 m a.s.l), and real-world images of the two springs, Arning Ost (BB) (bottom right) and Leerbach (SB2) (upper left). Background map: SRTM DEM (The Shuttle Radar Topography Mission Digital Elevation Model; PROCESSED SRTM DATA VERSION 4.1, downloaded from CIAT-CSI SRTM website, on 20 August 2020). 






Figure 1. Location map of the study area. The upper right map shows Germany with border lines of its different states and the study area as a red rectangle. The main map shows the study areas with the locations of eight sampled springs in Baumberge (black dots) and Schöppinger Berg (red dots), observation well (blue dot), rivers (blue lines), selected elevation contour lines (60, 90, 120, and 150 m a.s.l), and real-world images of the two springs, Arning Ost (BB) (bottom right) and Leerbach (SB2) (upper left). Background map: SRTM DEM (The Shuttle Radar Topography Mission Digital Elevation Model; PROCESSED SRTM DATA VERSION 4.1, downloaded from CIAT-CSI SRTM website, on 20 August 2020).



[image: Geosciences 13 00140 g001]







[image: Geosciences 13 00140 g002 550] 





Figure 2. The average number of aquatic invertebrates individuals (sf/    V  ˙   ) and stygobites individuals (sb/    V  ˙   ) per cubic meter of spring discharge (Ind./m3) during the three sampling campaigns in Baumberge (BB, left) and Schöppinger Berg (SB, right). 
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Figure 3. (A) Taxonomic composition of aquatic invertebrates (partly differentiated by stygobites [sb] and non-stygobites [non-sb]) in Baumberge (BB, top) and Schöppinger Berg (SB, down) over the three sampling campaigns. The proportion of stygobite individuals is outlined in red. (B) Taxonomic composition of aquatic invertebrates (partly differentiated by stygobit non-stygobites [non-sb]) in Nov. 2018 (top), Apr. 2019 (middle) and Oct. 2019 (down) in spring water of Baumberge and Schöppinger Berg. The proportion of stygobite individuals is outlined in red. 
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Figure 4. Bivariate plot showing the distribution of spring water samples along the variables of TCC and ATP for Baumberge (BB; dot) and Schöppinger Berg (SB; triangle) during the three sampling campaigns (blue: November 2018, green: April 2019, and red: October 2019). 
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Figure 5. Schoeller diagram of major ions by equivalent ion concentration (mmol/L) of spring water samples, in the three sampling campaigns November 2018, April 2019, and October 2019, in four springs in Baumberge (BB; left) and four springs in Schöppinger Berg (SB; right). Pink oval refers to the ions with temporal variation. 






Figure 5. Schoeller diagram of major ions by equivalent ion concentration (mmol/L) of spring water samples, in the three sampling campaigns November 2018, April 2019, and October 2019, in four springs in Baumberge (BB; left) and four springs in Schöppinger Berg (SB; right). Pink oval refers to the ions with temporal variation.



[image: Geosciences 13 00140 g005]







[image: Geosciences 13 00140 g006 550] 





Figure 6. Plots of nitrate (NO3−) and chloride (Cl−) (mg/L) in spring water samples of Baumberge (BB; left) and Schöppinger Berg (SB; right). 
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Figure 7. Stable isotopes of water (δ2H and δ18O (‰)) of spring water samples in Baumberge (BB; dot) and Schöppinger Berg (SB; triangle) (blue: November 2018; green: April 2019, red: October 2019), compared to the GMWL (global meteoric water line [45]) and the LMWL (local meteoric water line, Emmerich [46]). 
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Figure 8. Stable isotope of dissolved inorganic carbon (δ13CDIC (‰, VPDB)) versus HCO3− (mg/L) of spring water samples from Baumberge (BB; dot) and Schöppinger Berg (SB; triangle) (blue: November 2018; green: April 2019, red: October 2019). 
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Figure 9. Stable isotopes of sulfate (δ34SSO4 and δ18OSO4 (‰)) of spring water samples of Baumberge (BB; dot) and Schöppinger Berg (SB; triangle) in three campaigns (blue: November 2018; green: April 2019, red: October 2019). The blue line is the pyrite/manure model and the red line is the pyrite/precipitation model. The diagram was modified after [53,55,56]. 
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Figure 10. Patterns of δ15NNO3 and δ18ONO3 for spring water samples in Baumberge (BB; dot) and Schöppinger Berg (SB; triangle) in two campaigns (blue: November 2018 and green: April 2019). The diagram is modified after [58,59]. 
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Table 1. Principal component loadings from 30 variables for 12 samples for BB collected at three sampling campaigns (correlation coefficients of loadings at corresponding principal components are significant at p ≤ 0.01 (two-tailed)).
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	Parameter
	PC1
	PC2
	PC3
	PC4
	PC5





	Na+
	0.98
	
	
	
	



	SiO32−
	−0.96
	
	
	
	



	Mg2+
	0.86
	
	
	
	



	Sr2+
	0.84
	
	
	
	



	NO3−
	
	0.85
	
	
	



	SO42−
	
	−0.81
	
	
	



	Detritus
	
	−0.81
	
	
	



	Ca2+
	
	0.80
	
	
	



	ATP
	
	
	0.90
	
	



	hGW
	
	
	0.89
	
	



	δ18OH2O
	
	
	−0.89
	
	



	Cl−
	
	
	
	−0.87
	



	HCO3−
	
	
	
	0.85
	



	     V  ˙    
	
	
	
	−0.84
	



	PO43−
	
	
	
	
	0.89



	sb/    V  ˙   
	
	
	
	
	0.79



	GFI
	
	
	
	
	0.78



	sf/    V  ˙   
	
	
	
	
	0.73



	% of Variance
	25.42
	22.23
	14.68
	11.71
	8.14



	Cumulative%
	25.42
	47.65
	62.34
	74.05
	82.20
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Table 2. Principal component loadings from 30 variables for 12 samples for SB collected at three sampling campaigns (correlation coefficients of loadings at corresponding principal components are significant at p ≤ 0.01 (two-tailed)).
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	Parameter
	PC1
	PC2
	PC3
	PC4
	PC5





	EC
	0.90
	
	
	
	



	δ34SSO4
	−0.87
	
	
	
	



	K+
	0.82
	
	
	
	



	Detritus
	−0.82
	
	
	
	



	δ18OSO4
	−0.81
	
	
	
	



	Ca2+
	0.81
	
	
	
	



	Temp.
	0.71
	
	
	
	



	DO
	
	−0.82
	
	
	



	δ18OH2O
	
	0.80
	
	
	



	hGW
	
	−0.73
	
	
	



	ATP
	
	−0.72
	
	
	



	δ2HH2O
	
	0.71
	
	
	



	Na+
	
	
	0.89
	
	



	Mg2+
	
	
	0.84
	
	



	SiO32−
	
	
	−0.80
	
	



	δ13CDIC
	
	
	
	0.96
	



	Fe2+
	
	
	
	0.94
	



	Al3+
	
	
	
	0.92
	



	Cl−
	
	
	
	
	0.89



	sb/    V  ˙   
	
	
	
	
	−0.82



	% of Variance
	29.96
	22.20
	12.87
	11.03
	8.11



	Cumulative%
	29.96
	52.16
	65.03
	76.06
	84.17
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