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In the present study, we investigated the efficiency of additional wastewater treatment based on powdered activated carbon and its benefit for the ecosystem of a connected river system in the catchment area of Lake Constance, Southern Germany. We focused on the overall health status of gammarids and the integrity of the macrozoobenthic community. Samples were taken up- and down-stream of a wastewater treatment plant (WWTP), as well as before and after its upgrading. The investigations showed that both sex ratio and fecundity of gammarids, as well as the macrozoobenthic community were affected by the effluent prior to the WWTP upgrade. After the upgrade, gammarids from the downstream site did not differ any longer from those collected upstream of the WWTP with respect to the investigated health parameters. Furthermore, the overall number of taxa and, particularly, the number of sensitive taxa within the macrozoobenthic community downstream of the WWTP increased considerably. Therefore, we conclude that the additional treatment with powdered activated carbon was highly efficient to improve invertebrate health and community integrity.
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INTRODUCTION

During the last decades, the occurrence of micropollutants including ingredients of, e.g., pharmaceuticals, pesticides or personal care products (Daughton and Ternes, 1999) in aquatic environments and their potential impact on biota has become a worldwide issue of scientific and public concern. Although their concentrations range only between a few ng/L to several μg/L (Daughton and Ternes, 1999; Triebskorn et al., 2013a; Luo et al., 2014), they have been reported to be responsible for adverse effects in exposed aquatic organisms (Schirling et al., 2005b; Ladewig et al., 2006; Bundschuh and Schulz, 2011a; Schneider et al., 2015; Vincze et al., 2015; Triebskorn, 2017). Effluents from wastewater treatment plants (WWTPs) are known as major point sources for the release of micropollutants into the water cycle (Triebskorn, 2017; Villa et al., 2018). This is due to the fact that municipal WWTPs have mainly been designed to eliminate particular matter and nutrients, whereas the removal of micropollutants was not in the particular focus in the past. As a consequence, the removal of micropollutants is often insufficient or even completely lacking (Luo et al., 2014). One possibility to improve micropollutants reduction in WWTPs is an upgrade with additional treatment steps like ozonation or activated carbon (Bundschuh and Schulz, 2011a; Henneberg and Triebskorn, 2015; Thellmann et al., 2017; Giebner et al., 2018). In the present study, the influence of a WWTP upgrade with an additional purification step on the macroinvertebrate community was investigated. The study was conducted in the area of Lake Constance, Southern Germany, which serves as a major drinking water reservoir. The focus was on two major tributaries of Lake Constance: the river Schussen as a model stream located in a densely populated catchment area, and the river Argen representing a less anthropogenically influenced reference stream (Triebskorn and Hetzenauer, 2012). At the Schussen, the largest WWTP (Langwiese, AZV Mariatal) which treats about 50% of the wastewater of the catchment area has been upgraded with an additional powdered activated carbon stage in September 2013. Chemical analyses of more than 150 micropollutants showed that the additional powdered activated carbon stage was highly efficient in reducing the concentrations of micropollutants in the effluent and also in the surface water downstream the WWTP (Scheurer et al., 2017a). The present study focuses on assessing the overall health status of gammarids abundant in the two streams and the integrity of the macrozoobenthic community in the Schussen prior and subsequent to the WWTP upgrade and, in parallel, in the Argen as a control river which was not influenced by this measure. In the first part of our study we investigated the health of gammarids as important representatives of freshwater ecosystems (Schirling et al., 2005b). Due to their diverse diet (detritus, aufwuchs, carrion, and small invertebrates), their broad distribution, high biomass, short generation time, and high productive rates, gammarids are highly important for aquatic ecosystems (Pöckl, 1993a; Brehm and Meijering, 1996), also acting as shredders of plant material (Schwoerbel, 1999). Furthermore, they are an important part of aquatic food webs, particularly as food sources for fish (Meijering and Pieper, 1982). As gammarids are known for their high sensitivity to pollutants, they are regarded as suitable monitoring organisms for ecotoxicological studies (Schirling et al., 2005b; Ladewig et al., 2006; Bundschuh and Schulz, 2011a). In the present study, we used different methods to investigate the physiological status of gammarids from the biochemical to the individual level: analyses of the heat shock protein Hsp70 level, determination of fecundity in females, sex ratio in gammarid populations, and distribution of different gammarid species at the sampling sites. These analyses contributed to an evaluation of potential toxic and endocrine effects caused by the WWTP effluent. Although numerous studies already have focused on gammarids as indicators for adverse ecosystem effects caused by WWTP effluents (Gross et al., 2001; Schirling et al., 2005a,b; Ladewig et al., 2006; De-La-Ossa-Carretero et al., 2012; Schneider et al., 2015), until now, investigations using gammarids in the context of a WWTP upgrade are still very rare. Only two studies from Bundschuh and Schulz (Bundschuh and Schulz, 2011a,b) deal with the effects of an additional ozonation-based treatment step on gammarids with respect to alterations in feeding rates and population sizes. In these studies, the authors concluded that ozonation is an appropriate tool that contributed to the improvement of gammarid health in wastewater influenced rivers and streams. With our study, we further investigated the efficiency of activated carbon in eliminating micropollutants on the basis of gammarid health prior to and after the WWTP upgrade. Furthermore, we extended our view to the entire macrozoobenthic community which is commonly assessed in the context of the European Water Framework Directive (WFD) (European Comission, 2000). Although the composition of macrozoobenthic communities can be influenced by numerous stressors including, e.g., pesticides or organic pollutants (Berenzen et al., 2005; Bonzini et al., 2008; Adámek et al., 2010), there is, to the best of our knowledge, no study which has investigated the success of an additional powdered activated carbon treatment step with respect to the macroinvertebrate fauna, until now. Thus, the objective of the current work is to evaluate the impact of a WWTP upgrade on both individual health of gammarids and, in addition, the integrity of the macroinvertebrate community.

MATERIALS AND METHODS
 Location and Description of Sampling Sites

The study was conducted at the Schussen river, a major tributary to Lake Constance in Southern Germany, which is influenced by effluents of 20 WWTPs and more than 100 stormwater overflow basins (SOBs) (Triebskorn et al., 2013a). The focus of the study was on the WWTP Langwiese (N47° 44′ 53.22″, E9° 34′ 35.49″), one of the major WWTPs connected to the Schussen river and upgraded with a powdered activated carbon stage in September 2013. Location and sampling sites are shown in Figure 1. Sampling sites S 0, S 1, S 2, and S 3 were located at the Schussen river. S 0 (N47° 45′ 29.59″, E9° 35′ 22.88″) was located 2.5 km upstream of the WWTP Langwiese as well as 150 m upstream of the SOB Mariatal, S 1 (N47° 40′ 19.57″, E9° 32′ 06.20″) was situated 1.12 km downstream of the SOB Mariatal and 630 m upstream of the WWTP, S 2 (N47° 44′ 42.27”, E9° 33′ 45.04″) was located 850 m downstream of the WWTP and S 3 (N47° 39′ 16.20”, E9° 31′ 52.93″) was located 15 km downstream of the WWTP. Sampling sites S 4 (N47° 44′ 20.46″, E9° 53′ 42.78″) and S 5 (N47° 36′ 09.71″, E9° 34′ 01.91″) were situated at the Argen river. This river served as a less polluted reference site (Triebskorn and Hetzenauer, 2012). Sampling of gammarids took place at S 0, S 3, and S 5, whereas the macrozoobenthic community was investigated at sites S 0, S 1, S 2, S 3, and S 4. As the results obtained for the gammarid investigations should be comparable to results gained from diverse analyses with feral fish conducted by other partners within the project our study was embedded in (SchussenAktivplus) (Triebskorn et al., 2013a; Henneberg et al., 2014; Henneberg and Triebskorn, 2015; Maier et al., 2015, 2016), fish and gammarids were caught simultaneously at the same sites at the Schussen river, at sites S 0 and S 3. S 0 was chosen as a sampling site upstream of the WWTP. In order to make sure that fish, caught downstream of the WWTP, did not have migrate upstream the WWTP, sampling of fish exclusively took place 15 km downstream of the WWTP (S 3). We refrained from sampling site S 2, because it was too close to the WWTP allowing fish to migrate up- and down-stream of this site. In contrast, macrozoobenthos is almost stationary (Langmaier, 2006; Di Lascio et al., 2013), hence, short distances between different sampling sites is not an issue. Thus, to get information on changes within the macrozoobenthic community along the course of the Schussen with higher spatial resolution, two additional sampling sites were included: S 1 was downstream of the SOB but upstream of the WWTP, whereas S 2 was 850 m downstream of the WWTP.
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FIGURE 1. Sampling sites at the Schussen and the Argen river, two tributaries to Lake Constance. Gammarids were collected at sampling sites S 0, S 3, and S 5. Macrozoobenthos was sampled at sampling sites S 0, S 1, S 2, S 3, and S 4. WWTP, wastewater treatment plant Langwiese (AZV Mariatal); SOB, stormwater overflow basin Mariatal. For exact coordinates of sampling sites see chapter 2.1. The map is based on OpenStreetMap. Map data: ©OpenStreetMap contributors, license: (http://opendatacommons.org/licenses/dbcl/1.0/).



Studies With Gammarids

The gammarid studies were conducted prior to and after the WWTP upgrade with a powdered activated carbon stage. At each site, animals were sampled up to four times per year resulting in a large data set which enabled the differentiation between effluent-dependent effects on the one hand, and seasonal or annual influences on the other hand. Prior to the WWTP upgrade, samples were collected in 2010 (April 19, June 29, August 19), 2011 (May 9, July 7, September 2, October 28), and 2012 (May 3, July 4, October 24). After the upgrade, gammarids were sampled in 2014 (May 21, July 1, October 2), 2015 (May 30, August 12), 2016 (May 3), and 2017 (May 18). Gammarids were pick-sampled at typical habitats such as roots, macrophytes, and conglomerations of leaves. Using a conventional sieve (mesh site 1 mm), 180 gammarids were collected at each site and sampling occasion and were stored together in a container. For each of the following investigations, the required number of gammarids was randomly taken from this container.

Distribution of Species and Sex Ratio

For species and sex determination, 100 gammarids per site were chemically fixed with 2% glutardialdehyde (dissolved in 0.005 M cacodylate buffer) and examined under a stereomicroscope. Based on external morphological characteristics, the two gammarid species (Gammarus roeseli and Gammarus pulex), abundant in the Schussen and Argen rivers, could be distinguished. In G. roeseli, the carapax in the abdominal dorsal region of the body shows spine-like processes, while G. pulex does not show such morphological features (Pöckl, 1993a). The sex of each individual was determined based on secondary sexual characteristics. Thus, female gammarids were characterized by four pairs of oostegites (brood plates) and males by two genital papillae on the ventral body side (Welton, 1979). Since external sexual organs are not developed until the ninth molt, small gammarids (body length < 6 mm) were determined as “juvenile” (Pöckl, 1993a).

Fecundity

For determination of the fecundity, per site twenty breeding females were randomly selected from the sample container. Each breeding female was fixed separately in 2% glutardialdehyde (dissolved in 0.005 M cacodylate buffer) and examined using a stereomicroscope. The species of every breeding female was determined and the body length (distance from the anterior margin of the cephalothorax to the posterior margin of the telson) was measured on graph paper. Using dissecting needles, the marsupium was opened gently, and eggs and juveniles were retrieved and counted. Afterwards, the fecundity index (FI) was calculated as follows: FI = number of eggs or juveniles/body length of breeding female (Pöckl, 1993b; Pöckl et al., 2003).

Hsp70 Quantification

For the quantification of stress proteins (Hsp70), per sampling site 20 praecopula pairs (one male and one female gammarid) were picked randomly from the sample container. The exclusive use of praecopula pairs overcomes the problem of varying Hsp70 levels in different reproductive stages (Schirling et al., 2005a). In addition, the sex of the gammarids could easily be determined in the praecopula stage, since the males always hold the top position (Borowsky, 1984). Consequently, the Hsp70 level was analyzed in each sex separately. According to Sures and Radszuweit (2007) and Sures (2008) who found adversely affected stress protein expression in gammarids infected with Acanthocephala, we only used visibly uninfected gammarids. Analyses of Hsp70 level were carried out as described by Peschke et al. (2014). Analyses were conducted in whole body homogenates, and the determination of the total protein content of the samples was carried out according to Bradford (1976). SDS-PAGE was run to separate standard amounts of total protein. By semi-dry blotting, proteins were transferred to a nitrocellulose membrane. After two steps of antibody incubation (first: mouse anti-human hsp70 monoclonal antibody; second: goat anti-mouse IgG (H+L) antibody, both: Dianova, Hamburg, Germany), the Hsp70-antibody-complex was visualized using chloronaphthol. After digitalization, the optical volume (gray scale values × area) of the protein bands was quantified by densitometric image analysis (Image Studio Lite, 4.0.21, LI-COR Inc.). An internal standard, serving as a reference, was run in parallel on each gel.

Integrity of the Macrozoobenthic Community

Alike the investigations on gammarids, the macrozoobenthic community was studied prior to and after the WWTP upgrade. Prior to the upgrading, the macrozoobenthic organisms were sampled in 2012 (April 29, October 6) and 2013 (May 20, October 9). After the upgrade, samples were collected in 2014 (April 11, October 4), 2015 (June 11, October 3), and 2016 (July 9, October 8). On site, the macrozoobenthic organisms were collected by means of the multi habitat sampling method according to the protocol of the European Water Framework Directive 2000/60/EC (European Comission, 2000), using a Surber Sampler with a mesh size of 500 μm. After sampling, macrozoobenthic individuals were fixed in 80% ethanol. Subsequently, taxonomic determination in the laboratory was accomplished at least up to the level of the operational taxa list for German rivers (Haase et al., 2004). The ecological quality of the two rivers was determined by means of the evaluation software ASTERICS (AQEM/STAR Ecological River Classification System 4.04) including the German system PERLODES.

Data Analyses and Statistics

Gammarid species distribution: The differences among data for the different sampling sites were analyzed by a chi-squared test (Fisher's exact test following a sequential Bonferroni-Holm correction). The statistical significance level was set to p < 0.05. Sex ratio: The ratio of male to female gammarids was calculated for each sampling site. Each ratio was analyzed for a significant deviation from a 1:1.5 ratio using a Likelihood-ratio χ2 test following a sequential Bonferroni-Holm correction. The statistical significance level was set to p < 0.05. This procedure is based on investigations of Ladewig et al. (2006) who reported the ratio of male to female gammarids differs from 1:1 in clean or only marginally polluted rivers and streams and showed a male to female ratio of 1:1.5 in a minor polluted stream in Germany. Based on these results, we assigned effects to be caused by the effluent of the WWTP in cases of significant deviation from a male to female ratio of 1:1.5 in favor of females. In a next step, the difference between the sex ratio at site S 0 upstream of the WWTP and site S 3 downstream of the WWTP was calculated as ΔS 3-S 0. By using TableCurve 2D (Systat Software Inc.) non-linear regression analysis was conducted for the ΔS 3-S 0 data prior to and after the WWTP upgrade. Fecundity: Following Pöckl (1993a), data obtained for breeding females of different species from the same site were pooled. In order to show differences between the sampling sites, the entire data set was statistically analyzed as follows: The data set was checked for normal distribution and homogeneity of variances. If both criteria were met, data from different sampling sites were compared with a one-way ANOVA linked to a Tukey-Kramer post hoc test. In case of normal distribution with inhomogeneous variances, a non-parametric Welch's t-test followed by a sequential Bonferroni-Holm correction was applied. If data were not normally distributed but variances were homogenous, a Kruskal-Wallis test with a Steel-Dwass post hoc test was performed. The statistical significance level was set to p < 0.05. Hsp70: Differences between data for the respective sampling sites were statistically analyzed as described above for the fecundity data. All statistical analyses were conducted using the software JMP (SAS Institute Inc., version 14.0.0). Integrity of the macrozoobenthic community: To determine potential effects of the WWTP's upgrade, we performed ANOSIM (analysis of similarities) using the Bray-Curtis dissimilarity measure on square root transformed data. ANOSIM were conducted on datasets either including or omitting data from sampling site S 4 (Argen river, reference stream). In order to show the results in a graphical way, we performed NMDS (non-metric multidimensional scaling). Both methods were conducted using R (version 3.5.2).

RESULTS AND DISCUSSION
 Studies With Gammarids
 Species Distribution

Distribution of gammarid species varied between sites S 0 (upstream of the WWTP) and S 3 (downstream of the WWTP) within the Schussen river, as well as between the rivers Schussen and Argen. In the Argen river (S 5) only G. pulex was found within the time of investigation (Figure 2). In contrast, two gammarid species, G. pulex and G. roeseli, were collected in the Schussen river. The distribution of species differed significantly between sampling sites upstream and downstream of the WWTP. At S 0 (upstream of the WWTP), significantly more G. pulex and fewer G. roeseli were present compared to S 3 (downstream of the WWTP). This held true for the investigation time prior to the WWTP upgrade, as well as subsequent to it. In general, both gammarid species prefer slowly running waters (Schwab, 1995) but G. pulex is more dominant in habitats with higher flow rates like in upper stream or spring sections (Pöckl and Humpesch, 1990). Thus, the dominance of G. roeseli at sampling site S 3 at the Schussen could be due to the rivers' morphology as the investigated sampling site is located at the lower section of the Schussen. In the Argen, the presence of G. pulex likely goes hand in hand with better water quality (Schwab, 1995). Given that there were no changes in species distribution downstream of the WWTP after the upgrade compared to the prior situation, we conclude that the effluent did not directly influence the occurrence of gammarid species at this sampling site.
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FIGURE 2. Distribution of gammarid species prior to (2010–2012) and after (2014–2017) the wastewater treatment plant (WWTP) upgrade. Sampling sites at the Schussen river: S 0 upstream of the WWTP, S 3 downstream of the WWTP. Sampling site S 5 at the river Argen. Number of individuals at each sampling site is totalized for every year under investigation. Sample sizes in 2010, 2011, 2012, and 2014 at every sampling site: 300. Sample sizes in 2015: 200 at each sampling site. Sample sizes in 2016 and 2017 at each sampling site: 100. Statistically analyzed: Fisher's exact test following sequential Bonferroni correction. Significant differences: 2010 S 0–S 3 (p = 0.0001), 2011 S 0–S 3 (p = 0.0001), 2015 S 0–S 3 (p = 0.0004), 2016 S 0–S 3 (p = 0.0001), 2017 S 0–S 3 (p = 0.0001). S 0 2017 significantly different to S 0 in 2016, 2015, 2014, 2012, 2011, and 2010 with every p = 0.0001 (not marked in the graph).



Sex Ratio

Due to unequal frequency of gammarid species distribution, G. pulex and G. roeseli were examined together as G. spec for calculating the sex ratio. The number of G. pulex at S 3 was too low to reliably determine the sex ratio in this species separately. As a compromise, we examined G. pulex and G. roeseli together as G. spec. In order to examine potential effects of the WWTP effluent on the population structure at the downstream site, the ratio of male to female gammarids for each sampling site was calculated (Table 1). Studies from Ladewig et al. (2006) showed a male to female ratio of 1:1.5 in a minor polluted stream in Eastern Germany. As well, Welton (Welton, 1979) showed in her study that the sex ratio in gammarid populations in a minor polluted stream was not fixed to a ratio of 1:1 (male:female). According to Ladewig et al. (2006) she also determined shifted sex ratio in favor of females (Welton, 1979). Based on these results, the sex ratio in general should be regarded as to be affected whenever the ratio of male to female gammarids significantly differs from a 1:1.5 ratio toward females. Prior to the WWTP upgrade, we found a significantly shifted sex ratio toward females at S 3 (downstream of the WWTP) in spring 2010, 2011, and 2012, as well as in summer 2010. Subsequently to the upgrade, the sex ratio at S 3 was significantly shifted toward females in spring 2014 and 2015, only. However, in spring 2016 and 2017, 3 and 4 years after the upgrading, the sex ratio was not shifted toward more females downstream of the WWTP anymore. The presence of xenoestrogens can lead to a shifted sex ratio toward more females, as shown by Watts et al. (2002) in laboratory studies. After 100 days of exposure to 100 ng/L 17α-ethinylestradiol, the sex ratio in evenly distributed populations (1:1) switched to a 1:2.7 ratio (males: females) (Watts et al., 2002). On the basis of an E-Screen cell proliferation assay, Kuch (2017) detected 0.4 ng/L EEQ (estradiol equivalent concentration) at sampling site S 3 in the Schussen river downstream of the WWTP prior to the upgrade. Even though this concentration is much lower than the ethinylestradiol concentration used by Watts et al. (2002), it has to be taken into account that gammarids sampled in the field are permanently exposed to xenohormones. Therefore, even lower ethinylestradiol concentrations might have resulted in the shifted sex ratio toward more females downstream of the WWTP (S 3) prior to the upgrade. Flow channel experiments from Schneider et al. (2015) have shown corresponding effects regarding the sex ratio in gammarids. Using four flow channel systems, they exposed individuals of G. pulex to different concentrations of a WWTP effluent over a period of 30 days. They observed a shift in the sex ratio in favor of females with increasing wastewater concentrations (Schneider et al., 2015). In the Schussen river, after the upgrade of the WWTP, E-Screen assays showed significantly lower EEQs at field sites downstream of the WWTP compared to the situation prior to the upgrade (Kuch, 2017). Furthermore, determination of EEQs in wastewater samples from WWTP Langwiese taken subsequently to several cleansing steps showed a reduction of EEQs of 86% ± 5% after powdered activated carbon and flocculation filtration compared to the secondary clarifying step (Kuch, 2017). Consequently, the reduction of EEQs in the WWTP effluent led to lower EEQs at the sampling sites downstream of the WWTP, which is mirrored in the sex ratio of feral gammarid populations.


Table 1. Ratio of male to female gammarids in spring, summer, and autumn prior to (2010–2012) and after (2014–2017) the wastewater treatment plant (WWTP) upgrade.
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In order to visualize differences between the sampling sites S 3 and S 0 with respect to the sex ratio, a non-linear regression analysis using a Fourier polynomial 7 × 2 (r2 = 0.98) was performed (Figure 3). Prior to the WWTP upgrade, large deltas between S 3 and S 0 were found, particularly in spring and early summer. At those time points, the sex ratios at S 3 showed a stronger shift in favor of females compared to S 0. However, also after the upgrade deltas between S 3 and S 0 were found in spring. This might be due to the fact that sampling site S 3 is not only influenced by the WWTP effluent but also by agricultural activities. To the best of our knowledge, agricultural practices and the use of pesticides have not changed during the period of our investigations in the area of S 3. Therefore, also pesticides with estrogenic potential and which are mostly used in spring may have influenced females at S 3 in spring and early summer. However, due to reduced EEQs in the effluent (Triebskorn, 2017) the differences with respect to the sex ratio between S 3 and S 0 continuously decreased after the WWTP upgrade. Thus, it is very likely that differences between S 3 and S 0 regarding the sex ratio in spring and early summer after the WWTP upgrade are mainly caused by pesticide application in springtime.
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FIGURE 3. Differences between sex ratio at sampling site S 3 (downstream of the WWTP) and S 0 (upstream of the WWTP) prior to (2010–2012) and after (2014–2017) the upgrade. Non-linear regression analysis by Fourier series polynomial 7 × 2 (r2 = 0.98).



Fecundity

Pöckl (Pöckl, 1993a) showed that the fecundity index in equally sized females of different European Gammarus species is almost identical which allowed us to pool data obtained for G. pulex and G. roeseli in respect to calculate fecundity indices. Prior to the WWTP upgrade, fecundity indices in breeding females of autumn samples were significantly lower at S 3 (downstream of the WWTP) compared to the upper site S 0 in 2010, 2011, and 2012 (Figure 4). In autumn 2014, after the WWTP upgrade, the fecundity index downstream of the WWTP did not differ from the upstream sampling site any more. The same pattern was observed in spring and summer samples. Despite lacking significance, a distinct trend toward decreased fecundity indices downstream of the WWTP (S 3) compared to the upper site was detected. As observed for the autumn samples, these differences did not longer occur after the WWTP upgrade. Regarding the comparison of sampling sites at the Schussen river to S 5 at the Argen, differences with respect to the fecundity index in breeding females were obvious. In 2010, the fecundity index at S 3 at the Schussen was significantly lower compared to S 5 at the Argen. In 2011 and 2012, no differences occurred between S 3 and S 5 but the fecundity indices at S 5 were found to be significantly lower compared to S 0. Investigations in 2014 after the upgrade showed a significantly higher fecundity index at S 5 at the Argen river in comparison to both sampling sites at the Schussen. These results are corroborated by physico-chemical data for the respective sampling sites prior to and after the WWTP upgrade which have been assessed according to the protocol of the European Water Framework Directive 2000/60/EC (European Comission, 2000). With respect to this, the water quality of the Argen can be classified as “very good” whereas the water quality of the Schussen has to be classified as “good” (Maier et al., 2015; Peschke and Triebskorn, 2017). Also micropollutant analyses conducted in parallel showed that the Argen river is less polluted with chemicals than the Schussen, but, however, cannot be classified as completely “unpolluted” (Triebskorn et al., 2013b; Scheurer et al., 2017b). Diverging differences in fecundity indices between Schussen and Argen as observed in our study can also be seen as further indicators for the need to investigate the Argen river more in-depth as already recommended by Triebskorn et al. (2013b). However, the results obtained for the Argen river in this study can be used to detect inter-annual variation in the entire area and, thus, are mandatory for the interpretation of temporal differences between the sampling sites at the Schussen river. Prior to the WWTP upgrade (2010, 2011, and 2012), fecundity indices at S 0, as well as at S 3 were significantly higher compared to the situation in 2014 after the WWTP upgrade. This was not the case for the reference river, Argen, which excludes general annual effects in 2014. The lower values obtained for the two sites at the Schussen river therefore must be attributed to Schussen-specific impacts of unknown origin.
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FIGURE 4. Fecundity index of female gammarids in autumn prior to (2010–2012, dark colors) and after (2014, light colors) the wastewater treatment plant (WWTP) upgrade. Arithmetic mean is graphed as black bar. Sampling sites at the Schussen river in gray colors: S 0 upstream of the WWTP, and in red colors: S 3 downstream of the WWTP. Sampling site S 5 at the Argen river in green colors. Sampling sizes: At each sampling site per year n = 20 breeding females. Statistically analyzed via Welch's t-test followed by sequential Bonferroni-Holm correction. Significant differences marked with asterisks: 2010 S 0–S 3 p = 0.0034, S 3–S 5 p = 0.0149; 2011 S 0–S 3 p = 0.0027, S 0–S 5 p = 0.0067; 2012 S 0–S 3 p = 0.0025, S 0–S 5 p = 0.0066; 2014 S 0–S 5 p = 0.0023, S 3–S 5 p = 0.0022. Furthermore, fecundity indices at S 0 in 2010, 2011, and 2012 were significantly higher compared to S 0 in 2014 (p = 0.0125, p = 0.0125, p = 0.0120) (not marked in the graph). Same was true for fecundity indices at S 3 in 2010, 2011, and 2012 compared to S 3 in 2014 (p = 0.0207, p = 0.0012, p = 0.0014) (not marked in the graph).



Despite the presence of endocrine disrupting chemicals (Watts et al., 2002; Mazurová et al., 2010; Schneider et al., 2015), fecundity in gammarids is also influenced by the water temperature (Pöckl, 1993a). Within the project SchussenAktivplus, at all investigated sampling sites limnological parameters were measured at every sampling time point. There were no significant differences in water temperature between the sampling sites, neither prior to nor subsequent to the WWTP upgrade (Peschke and Triebskorn, 2017). Gammarids in the field are likely exposed to a multifarious mixture of micropollutants. This mixture might adversely affect gammarid fecundity in a complex way and might possibly overwhelm potential endocrine effects by unspecific toxicity.

However, it is remarkable that, prior to the upgrade, the fecundity of gammarids at S 3 repeatedly was significantly lower than at the upstream site S 0 which suggests a toxic impact of the WWTP effluent on this parameter until 2012. By upgrading the WWTP, toxic loads presumably were reduced which resulted in comparably similar fecundity indices upstream and downstream of the WWTP.

Hsp70 Level

Data for Hsp70 in general were highly variable and, thus, no statistically significant differences between the sampling sites were detected. At most, data showed a trend toward higher Hsp70 levels in gammarids from S 3 (downstream of the WWTP) compared to those from S 0 (upstream of the WWTP) and S 5 (Argen river), as well as trends to differences in Hsp70 levels depending on the year of investigation. These trends were independent of the season and visible prior and subsequent to the WWTP upgrade. This finding was corroborated by results obtained for feral fish in these rivers (Wilhelm et al., 2017). Also for them, annual variation but no significant spatial effects have been recorded.

Integrity of the Macrozoobenthic Community
 Number of Taxa and Sensitive Taxa

The number of taxa differed between the sampling sites as well as between the situation prior and subsequent to the WWTP upgrade (Figure 5). Prior to the upgrade, a decrease in the number of taxa along the course of the river Schussen from S 0 to S 3 was detected in autumn. The number of taxa at sampling sites downstream of the WWTP (S 2 and S 3) was lower than upstream of the WWTP (S 0) and downstream of the SOB (S 1). The lowest number of macrozoobenthic taxa was recorded at S 3, 15 km downstream of the WWTP. After the WWTP upgrade, the number of taxa at S 0, S 1, and S 3 was lower than prior to the upgrade, same was true for sampling site S 4 at the river Argen. This might be due to annual effects. However, at site S 2 directly downstream of the WWTP the taxa number increased after the WWTP upgrade.
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FIGURE 5. Number of macrozoobenthic taxa in spring and autumn prior to (2012 and 2013, dark colors) and after (2014, 2015, and 2016; light colors) the wastewater treatment plant (WWTP) upgrade. Data are shown as arithmetic means and standard deviations. Data for the sampling sites at the Schussen river are shown in red colors: S 0 upstream of the WWTP and upstream of the stormwater overflow basin (SOB) Mariatal, S 1 upstream of the WWTP and downstream of the SOB, S 2 directly downstream of the WWTP, S 3 15 km downstream of the WWTP; data for the sampling site S 4 at the Argen river are shown in green colors.



Data for the macrozoobenthic community were analyzed in addition with respect to responses of taxa particularly sensitive to toxic effects according to Fauna Aquatica Austriaca (Ofenböck et al., 2010). These include several ephemeropteran and plecopteran taxa, but also riffle beetles (Elmidae) like Elmis sp., Esolus sp., and Riolus sp. (Ofenböck et al., 2010; Moog et al., 2017). The number of sensitive taxa varied largely in terms of space and time at the Schussen river (Figure 6). Prior to the WWTP upgrade, less sensitive taxa were found downstream of the SOB (S 1) and downstream of the WWTP (S 2) compared to the upper sampling site (S 0). The lowest number of sensitive taxa was found at sampling site S 2, directly downstream of the WWTP, the highest at sampling site upstream of the WWTP (S 0) and at the river Argen (S 5). After the WWTP upgrade, the number of sensitive taxa at S 0 and S 4 was lower compared to the situation prior to the upgrade. This might be due to annual effects. But the number of sensitive taxa at S 2 directly downstream of the WWTP increased considerably after the upgrade.
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FIGURE 6. Number of sensitive taxa in spring and autumn prior to (2012 and 2013, dark colors) and after (2014, 2015, and 2016; light colors) the wastewater treatment plant (WWTP) upgrade. Data are shown as arithmetic means and standard deviations. Data for the sampling sites at the Schussen river are shown in red colors: S 0 upstream of the WWTP and upstream of the stormwater overflow basin (SOB) Mariatal, S 1 upstream of the WWTP and downstream of the SOB, S 2 directly downstream of the WWTP, S 3 15 km downstream of the WWTP; data for the sampling site S 4 at the Argen river are shown in green colors.



The data generated by ANOSIM for the whole community and the sensitive taxa datasets corroborated these results. Regarding the ANOSIM including sampling site S 4 (Argen river) differences between the river Argen (S 4) and the Schussen river (S 0, S 1, S 2, and S 3) with respect to the entire macrozoobenthic community became obvious (Figure 7A). The comparison of the community structure prior vs. subsequent to the upgrade of the WWTP showed significant differences (ANOSIM, p = 0.014; R statistic = 0.11) (Figure 7B). Furthermore, performing ANOSIM solely for the river Schussen (excluding sampling site S 4, Figure 7C) the difference between the situations prior to and after the upgrade of the WWTP became much more significant indicating that the effect of the upgrade was more pronounced than the natural variations observed for the river Argen dataset (S 4).
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FIGURE 7. NMDS (non-metric multidimensional scaling) for the dataset of the whole macrozoobenthic community. (A) Difference between the river Schussen (S 0, S 1, S 2, and S 3) and the river Argen (S 4). (B) NMDS including S 4 (Argen). Significant difference between the datasets prior to and after the upgrade of the WWTP. ANOSIM: p = 0.014; R statistic = 0.11. (C) NMDS for the river Schussen solely (excluding S 4). Significant difference between the datasets prior to and after the upgrade of the WWTP. ANOSIM: p = 0.001; R statistic = 0.37.



For plecopteran taxa, highly increased abundances at S 2 downstream of the WWTP after the WWTP upgrade became evident. The number of individuals of Perla abdominalis, Protonemura sp., and Leuctra fusca was almost doubled in comparison to the situation prior to the WWTP upgrade. Moreover, the highly sensitive Perla marginata was detected for the first time at sampling sites downstream of the WWTP after the WWTP upgrade. Also the number of riffle beetles (Elmidae) of the genus Elmis, Esolus, and Riolus increased notably at sampling sites downstream of the WWTP after the WWTP upgrade. In addition, Brachycentrus subnubilus (Trichoptera), as well as Epeorus assimilis, Heptagenia longicauda, and Heptagenia sulphorea (Ephemeroptera) were detected more frequently than prior to the upgrading. The occurrence of “new” taxa downstream of the WWTP after the upgrade and the increase of macrozoobenthic taxa, which was detected in every year subsequently to the upgrade, showed that the upgrade of the WWTP led to considerably positive changes in the integrity of the macrozoobenthic community. The current abundances of these “new” taxa, however, were still too low for calculating statistical differences. However, based on the observed changes that appeared within a rather short period of time, we can assume that ongoing alterations regarding the distribution of sensitive species can be statistically undermined within the next few years.

Saprobic Index

Between 2012 and 2016, prior to as well as after the WWTP upgrade, the saprobic index at all sampling sites in the Schussen river was classified as “good” [range of 1.6 to 2.1, according to WFD, (European Comission, 2000)] (Figure 8). The saprobic index at S 4 at the Argen river was lower compared to the river Schussen, hence, the water quality, in terms of nutrients, at the Argen river was comparatively better than at the river Schussen. Prior to the WWTP upgrade, the saprobic indices in the Schussen increased along the course of the river from site S 0 upstream of the WWTP to site S 1 downstream of the SOB and, further on, to site S 2 directly downstream of the WWTP. Subsequently to the WWTP upgrade, the saprobic index decreased between S 1 and S 2 and, furthermore, became lower at S 2 after the upgrade compared to the prior situation. Changes in the saprobic index are caused by changes in the abundance of several macrozoobenthic taxa. As previously discussed, the number of sensitive taxa increased downstream of the WWTP after the upgrading. In contrast, the abundance of taxa which were classified as saprobic taxa and benefit from organic matter, like the leech Erpobdella octoculata or the sludge worm Tubifex sp., decreased downstream of the WWTP after the upgrade. This indicates a slight reduction of organic substances caused by upgrading of the WWTP. Positive changes detected for sampling site S 2 did not apply to sampling site S 3 15 km downstream of the WWTP. Subsequently to the WWTP upgrade, the saprobic index did not substantially differ from the situation prior to the expansion. The area around sampling site S 3 is characterized by intensive cultivation farming of hops and fruits, whereas around S 2 the agricultural use is rather moderate. In addition, the stream Schwarzach enters the river Schussen between S 2 and S 3. The catchment area of this tributary to the Schussen is characterized by large areas dominated by the cultivation of special crops. The abundance of sensitive species which are included in the calculation of the saprobic index can be affected by pesticides. Therefore, pesticides may induce changes with respect to the saprobic index. Sampling site S 3 might be influenced by pesticide runoff and/or manure from agricultural use which potentially has overwhelmed the positive changes achieved at sampling site S 2 by the WWTP upgrade.
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FIGURE 8. Saprobic index in spring and autumn prior to (2012 and 2013, dark colors) and after (2014, 2015, and 2016; light colors) the wastewater treatment plant (WWTP) upgrade. Data are shown as arithmetic means and standard deviations. Data for the sampling sites at the Schussen river are shown in red colors: S 0 upstream of the WWTP and upstream of the stormwater overflow basin (SOB) Mariatal, S 1 upstream of the WWTP and downstream of the SOB, S 2 directly downstream of the WWTP, S 3 15 km downstream of the WWTP; data for the sampling site S 4 at the Argen river are shown in green colors.



Conclusion

Our investigations on gammarids showed that the sex ratio of gammarids sampled in the river Schussen downstream of the WWTP was significantly shifted toward females in spring and summer before the WWTP had been upgraded. Furthermore, the fecundity index of breeding females downstream of the WWTP was lower than at the upstream site. After the installation of the additional purification step, the situation has considerably changed. Fecundity indices of breeding females have been found to be comparably similar upstream and downstream of the WWTP. Three and four years after the upgrading, changes concerning the sex ratio in gammarids became obvious: the sex ratio in the gammarid population residing downstream of the WWTP was no longer shifted in favor of females. Concomitant chemical analyses (Scheurer et al., 2017a,b) have revealed such substances to be eliminated by the additional treatment step which could have caused these effects. Our investigations of the macrozoobenthic community integrity mirrored the changes found in our studies with gammarids. Prior to the upgrading, the total number of macrozoobenthic taxa and the number of sensitive taxa had been found to be lower downstream of the WWTP than upstream of it. After the installation of the additional treatment step, a distinctive increase of the total numer of taxa and the number of sensitive taxa was apparent at the sampling site downstream of the WWTP. Therefore, the upgrade with the powdered activated carbon step was shown to be highly efficient in reducing the toxicity of the WWTP effluent and, thus, to restore invertebrate health and improve the macrozoobenthic community integrity within a rather short period of time, and, consequently, to sustainably protect aquatic ecosystems.
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Spring Summer Autumn
SO s3 S5 SO S3 S5 SO S3 S5
2010 1:1.04 1:2.52* 1:1.16 1:1.54 1:4.00* 1:1.39 1:1.04 1:1.66 1:1.17

2011 1:1.45 1:2.63* 1:22.81 1:2225 1:1.87 1:1.71 1:1.26 1:1.24
2012 1:1.21 1:227* 1:1.78 1:1.73 1:1.46 1:1.67 1:1.16 1:1.20

WWTP upgrade

2014 1:1.45 1:347* 1:096 1:156 1:1.79 1:0.60 1:085 1:096 1:0.32
2015 1:1.13 1:2.33* 1:1.08 1:0.83 1:0.92 1:0.38

2016 1:094 1:223 1:1.00

2017 1:080 1:1.82 1:0.28

Sampling sites at the Schussen river: S 0 upstream of the WWTP, S 8 downstream of
the WWITP. Sampling site S 5 at the river Argen. Statistically analyzed for shifted ratio
toward females (= more than ratio of 1:1.5): Likelroock-ratio x? test following a sequental
Bonferroni-Holm correction. Significant shifts toward females are marked in bold and with
asterisks. Spring: $ 3 2010 p = 0.0185, $ 32011 p = 0.0100, $ 3 2012 p = 0.0041, S
32014 p = 0.0009, S 3 2015 p = 0.0377. Summer: S 3 2010 p = 0.0001.
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