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Abstract

:

Indices of fauna communities, including macroinvertebrates, have been widely used as indicators of environmental changes in streams with great success. However, in the evaluations of in-stream restorations, results from the deployment of macroinvertebrate community indices as bio-indicators have been inconclusive, with scanty evidence for success. This study aims to determine if in headwater streams, and particularly according to the type of in-stream restoration studied (i.e., suppression of concrete pipe), bio-indicators based on macroinvertebrate can be relevant. We monitored three headwater stream reaches where artificial structures constituting hydromorphological impairments to the streams were removed. We collected macroinvertebrate samples from impacted stream sections and control sites established along the streams. Samples were collected before and after the restoration activities, in a before-after-control-impact (BACI) study design. We used two macroinvertebrate-based multimetric tools (I2M2 and ERA) to evaluate the ecological status of the streams, based on macroinvertebrate community indices, and to identify the relative contributions of watershed anthropic pressures to the ecological status. We found that the removal of the artificial structures and the restoration of natural flow were successful in reducing clogging. However, only taxonomic richness showed a positive significant change. The results indicate that the presence of confounding factors, not addressed by the restoration works, may have been responsible for this minimal success in biodiversity recovery. Although the multimetric assessment tools were able to differentiate between streams and disentangle the effects of multiple pressures contributing to degradation in the streams, they were limited to a level below the watershed scale. Our results showed that for a better outcome for macroinvertebrate biodiversity improvement, methods of in-stream restorations must consider the multiple pressures contributing to the degradation of fauna communities in watersheds.
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1. Introduction


Anthropogenic activities have resulted in the widespread degradation of ecosystems worldwide, causing significant alteration to their ecological status [1,2]. The balance between spatial and temporal species occurrences is also being altered across all major ecosystems by human activities, in concert with the global change in climate [3]. Lotic systems, in particular, have seen increasingly severe impacts as a result of extensive land-use changes and river modifications [4,5,6,7,8].



According to the European Water Framework Directive (WFD), almost 60% of European surface waters, including rivers and streams, do not meet the criteria for a good ecological status [9]. Dams and other forms of hydraulic structures built across flow channels have severely altered the natural ecology of rivers [10,11]. For example, due to the reduction in flow current, there is impairment to sediment transport, with the consequent clogging of interstitial spaces upstream of the blocking structure [12]. Migratory species are impeded and species with an affinity for high flow currents are replaced by species with a preference for low flow currents [13,14].



To reverse this trend and improve the good ecological status of European streams, the WFD requires member states of the EU to implement appropriate management and restoration programs on impacted streams [15,16]. Consequently, the past decades have documented an increasing number of restoration works on hitherto degraded streams [17,18,19].



Ecological restoration can be described as the process of assisting the recovery of damaged, degraded, or destroyed ecosystems [20,21]. Restoration activities may differ, depending on the source of the degradation and the size (or type) of the targeted stream reach. However, the primary focus of most schemes has been the in-stream restoration of habitats [18,22,23,24]. The underlining assumption is that habitat restoration will lead to an increase in biodiversity and ultimately, the improvement of the ecological ‘health’ of such streams [25,26,27]. Consequently, biodiversity metrics of fauna have been the most common ecological indicators deployed for the assessment of stream restoration [28,29,30]. While post-restoration assessments are generally not widespread [17,24], the few studies that assessed biodiversity after restoration have recorded a limited recovery of biodiversity [26,31].



Due to the dearth of information and the peculiarities of the nature of degradation [32], the nature of ecological recovery remains uncertain in restored headwater streams [32,33]. Indeed, most post-assessment work on restored streams focused on large streams and rivers that represent only a small number of sites restored each year. For example, Zaidel et al., [34] reported that there are more than 90,000 dams in the USA, but if smaller dams are taken into account, the number reaches probably two million. In France, the national database on obstacles to water flow referenced 121,540 obstacles in 2021 [35]. Of these, only 0.5% have a waterfall height of more than 10 m, while 74% have a waterfall height of less than 1 m. Consequently, the vast majority of hydromorphological restoration operations are carried out on small structures in the headwaters. These structures act as barriers between the stream channels and their riparian zones; impair flow connectivity between the upstream and downstream reaches, especially during base flow; could potentially constitute a barrier to the migration of fauna; cause the clogging of the substrate upstream, due to fine sediment accumulation [36,37,38,39]. They are, however, rarely studied, both in terms of impact and in terms of response to restoration [38,39,40].



Structural metrics, such as indicator species, species diversity, richness or composition of communities, including those of macroinvertebrates, are frequently used for bio-assessment, because species can be lost or replaced in response to environmental stressors [19,24,41,42,43,44,45]. However, most assessment efforts have only reported scanty changes in diversity resulting from restoration, and diversity metrics have shown little difference between restored and unrestored streams [8,19,26,29,46,47]. We set out to determine whether this will be different in the headwaters of streams in response to hydromorphological restoration related to the removal of small-scale obstacles.



Following the WFD, new macroinvertebrate monitoring tools emerged [48]. The WFD requires that bioassessment methods evaluate the ecological status of water bodies, by comparing biological quality elements between an observed versus a reference situation [49,50]. In France, the IBGN method (indice biologique global normalisé) has been used at the national scale since 1992 and was revised in 2004. However, it was no longer satisfying due to severe inconsistencies with the WFD (for further details, see [28]). Mandated by the French Ministry of Environment (MEDDTL), a new multimetric index was designed for the invertebrate-based ecological assessment of French wadeable streams (I2M2, [28]). This index incorporates both taxonomic characteristics and biological traits of benthic macroinvertebrates and is able to identify impaired reaches for 17 anthropogenic pressure categories. This index responds efficiently to the effects of physical, chemical, and hydromorphological pressures [51], as a proxy of site ecological status [52], and it is more robust than the IBGN [53]. Today, managers urgently need tools that can support them in the decision-making process for protecting and restoring river ecosystems, either for biodiversity conservation or the amelioration of anthropic stressors.



Due to multiple factors at play, the literature does not provide an overall consensus on the effect of stream restoration on invertebrates. In this context, we investigated the response of the promising I2M2 to the removal of small artificial hydraulic structures (i.e., concrete pipes) in three French headwater streams.



We analyzed the impact of removing concrete pipes in three headwater streams presenting different levels of anthropogenic disturbance, before and for two years after the removal of the structures. The first objective was to analyze the suitability of standard bioindicators (I2M2) developed for the WFD, to highlight the efficiency of the hydromorphological restoration and to check if the probabilities of impact by different anthropic pressures, identified by the Ecological Risk Assessment (ERA) tool (based on the biological characteristics of benthic macroinvertebrate communities, [54,55]), could be useful to weight multiple anthropogenic pressures influencing biotic assemblages in streams, before and after restoration. The second objective was to test if the lack of consensus on the efficiency of hydromorphological restoration in the literature may be related to the intensity of stress in the streams before restoration (e.g., low, intermediate, or high intensity of the disturbance). More specifically, we questioned if restoration is more efficient in highly impaired streams than in streams with low impairment. The third objective was to analyze the impact of hydromorphological impairments and the impacts of other anthropic pressures in the response of macroinvertebrate communities. This approach presents a unique opportunity to estimate the separate role of chemical pollution and the hydromorphological degradation on the impacts of multiple stressors in streams.




2. Materials and Methods


2.1. Study Sites


Three restored headwater stream reaches in Brittany region, North-Western France were followed for this study in a before-after-control-impact (BACI) design. The region consists of a patchy landscape with forests, pastures, crop cultures, and farming zones, exhibiting a wide range of agricultural practices [56]. Three reaches, belonging to 3 streams with differing anthropogenic pressures were selected (Figure 1). Land use around each reach has been assessed through the percentage of natural and anthropic land use cover as provided for in 2018 by the Corine Land Cover database [57] (Table 1).



Traou Breuder (48°27′30.2″ N 3°21′43.7″ W) is a first-order stream with a catchment weakly impacted by agricultural practices (mainly pasture). This site was restored in the summer of 2018 by the removal of a concrete pipe. The second reach is located on the Pontplaincoat stream, a second-order stream impacted by pasture, crop fields, and industrial cow and pig farming. The restoration done in autumn 2019 consisted of the removal of two successive weirs (1 and 1.5 m high) (48°41′08.3″ N 3°48′23.4″ W upstream and 48°41′25.7″ N 3°48′54.2″ W downstream). The last reach is located on the Malville stream (47°55′06.0″ N 2°24′36.4″ W) in a sub-urban watershed highly impacted by its hydromorphology, hydrology, and chemistry. The reach was partially restored in autumn 2018 by the removal of a concrete pipe. However, the restoration was incomplete because of the presence of a second concrete pipe downstream which cannot be removed (exit way of a motorway).



We defined three sampling sites per stream. The “impacted” site, located just upstream of the location of the artificial structure; a “control” (or reference) site, located between 30 and 200 m upstream of the impacted site; a “downstream” site, a few meters downstream of the artificial structure (Figure 2).




2.2. Macroinvertebrate Sampling


For an efficient quantitative assessment and to ensure that cryptic species were not left out, a standardized Surber net sampler (0.05 m2 and 0.5 mm mesh size) was used for benthic macroinvertebrates sample collection on all sites both before and after restoration works. Samples were collected in autumn and spring before restoration work and for 2 years in each case after the restoration. Twelve sample units per site (i.e., reference, impacted, downstream, Figure 2), following a standardized multi-habitat sampling protocol (Multi-Habitat Sampling, norm XP T 90-333 in [58]) with consideration for the relative coverage and fauna-hosting capacity of substrates, were performed during every sampling campaign. All invertebrates were stored in 96% alcohol and later sorted and identified to the least taxonomic level possible, which for most groups is the genus level except Oligochaeta and Diptera, which were identified to the family/subfamily level.




2.3. Data Analyses


2.3.1. French Multimetric Index (I2M2) and Bioindicators


We estimated the ecological status of the streams using the French multimetric index (I2M2) for the invertebrate-based ecological assessment of French wadeable streams [28]. We used the I2M2 because it fulfills the WFD requirements. It significantly improves the detection of impaired reaches when compared to other multimetric indexes and it takes into account pressure–impact relations for a high number of pressure categories (including both water quality and habitat degradation) and considers both taxonomic characteristics and biological traits of benthic macroinvertebrate assemblages [28]. The I2M2 expresses ecological status in terms of the Ecological Quality Ratio (EQR). The EQR corresponds to the difference between the observed situation and the reference situation. This ratio is a number between zero and one, with values from ‘reference’ conditions close to one and values from impacted reaches with ‘bad’ ecological status close to zero [28]. The I2M2 integrates a suite of physico-chemical and hydromorphological pressures by assigning weight based on the specific pressure-type combination of five taxonomy-based and trait-based metrics of macroinvertebrates. The I2M2 score is divided into five categories (high, good, moderate, poor and bad with the threshold values 0.870; 0.733; 0.488 and 0.244, respectively).



We calculated five taxonomy-based and trait-based metrics as the ASPT (Average Score Per Taxon) score [59], the taxonomic richness (calculated at the reach level following taxonomic identification levels recommended by [60]), the Shannon diversity index [61], the relative abundance of ovoviviparous species and the relative abundance of the polyvoltine species [62].



We tested if the I2M2 score and the five taxonomy-based metrics differed significantly between streams, sampling session (i.e., before restoration, the first and the second year of monitoring after restoration), sites (i.e., reference, impacted, and downstream section), and their interactions. We performed a type III analysis of variance (ANOVA) using the package ‘car’ due to the presence of the interaction factor [63]. The normal distribution of the residuals of the model was checked using the Shapiro–Wilk test of normality. When a factor was significant, we performed Tukey post-hoc tests for pairwise comparisons. To illustrate the impact of the restoration, we also computed the deviations of the mean values of the taxonomic metrics at each site from the mean values at the control site for each sampling date.




2.3.2. Macroinvertebrate Community Analyses and Ecological Risk Assessment Tool (ERA)


To study the changes in macroinvertebrate community structures between the “control”, “impacted” and “downstream” sites, we performed type III PERMANOVAs under a reduced model for each stream with Bray–Curtis similarities and “site” as the fixed factor and “restoration” as the second factor (with 2 modalities “before” and “after” restoration).



We also used the Ecological Risk Assessment (ERA) tool [54,55] to establish the probabilities of impact by different anthropic pressures from the biological characteristics of benthic macroinvertebrate communities before and after restoration. This diagnostic tool aims to identify the potential weight of individual anthropogenic pressures influencing biotic assemblages in streams under a multiple pressure scenario [54]. Models were built for different types of pressures related either to water quality (based on the [64] assessment grids) or to the quality of the physical habitat at the level of the watercourse and its catchment. Models were constructed following the procedure described in [55]. The water quality degradation pressure categories considered were organic matter, nitrogen compounds (except nitrates), nitrates, phosphorous compounds, pesticides, and polycyclic aromatic hydrocarbons. The habitat degradation pressure categories considered were transportation facilities, riverine vegetation, hydrological instability, urbanization, clogging risk, and catchment anthropization. All the details about pressure categories are provided in [28]. The ERA tool retains the anthropic pressures with satisfactory performance among the 17 pressures [55].



To investigate the different anthropic pressures identified by the ERA tool before and after the restoration, we firstly conducted a principal component analysis (PCA) on the anthropic pressures retained among the 17 by the ERA tool as variables with the ‘ade4′ package [65]. The PCA enabled us to give a first descriptive approach since we also projected the I2M2 index and factors related to the five taxonomy-based metrics as supplementary variables (which do not influence the PCA). We also did a pairwise comparison of the I2M2 index and factors related to the five taxonomy-based metrics with the different anthropic pressures identified by the ERA tool using Spearman correlation analysis to test the relationship between the ecological status of the streams, macroinvertebrate community structure, and the environmental pressures respectively.



To analyze the effect of restoration for each site, we decided to work on the PCA coordinate projections on the PC1 and PC2 axes. We tested if the projection of the points on the first two dimensions significantly differed between session (i.e., before restoration, the first and the second year of monitoring after restoration), sampling site (i.e., reference, impacted, and downstream sites), and their interactions. We performed a two-way analysis of variance (ANOVA) with site as random effect using the ‘lmer4’ package [66] followed by a normal distribution check of the residuals of the model using the Shapiro–Wilk test of normality. When a factor was significant, we performed the Tukey post-hoc tests using ‘emmeans’ package [67] to characterize the differences.






3. Results


3.1. Efficiency of Bioindicators


I2M2 and associated metrics confirmed the difference and the intensity of stress between the three streams (Figure 3). The Traou Breuder stream was the stream with the highest EQR for all metrics. The Malville stream presented the lowest EQR for I2M2, ASPT and richness, and similar values to Pontplaincoat for Shannon diversity, ovoviviparity, and polyvoltinism. The Pontplaincoat had intermediate values of EQR. Moreover, before restoration, the ecological status of streams, as assessed through the values of I2M2, ranged from poor (Malville and Pontplaincoat streams) to moderate (Traou Breuder) (Table 2).



After restoration, the overall results per stream were strongly heterogeneous (Table 2). Traou Breuder presented a slight increase from moderate to good ecological status after two years (Table 2), whereas Malville changed from poor to bad after two years. Pontplaincoat’s ecological status remained classified as poor.



The ANOVA results showed a significant stream effect on the I2M2 and the five taxonomy-based metrics (Table 3). Except for the richness, which presented a significant difference according to the session, no significant differences were found for the I2M2 and the five taxonomy-based and trait-based metrics, according to the session, the sampling period, or their interaction (Table 3).



For taxonomic richness, the values showed a significant difference (Table 3; p = 0.05) between the before restoration session (0.61 ± 0.03) and the two years after restoration session (0.37 ± 0.05). There was no significant difference between the one year after restoration session (0.45 ± 0.04), the before restoration session, and the two years after restoration session. The deviation from the mean taxonomic richness of the control site significantly changed between streams (Figure 4; p < 0.001), sites (p = 0.040), and the hydromorphological restoration significantly increased the number of species (p = 0.002). However, we did not observe any significant interaction between the restoration and any other factors, neither with stream (p = 0.194) nor with site (p = 0.336). Moreover, the deviation from the control site was the highest in Pontplaincoat, in comparison with Traou Breuder and Malville (p < 0.001 and p = 0.033, respectively).




3.2. Assessment of Community Structure


The results of Bray–Curtis similarities of macroinvertebrate communities between each sampling site in the streams were very heterogeneous, before restoration and after restoration (Table 4). Before restoration, in Traou Breuder, there was no difference in the Bray–Curtis similarities between the macroinvertebrate community in the control and the upstream (p = 0.185) or downstream sites (p = 0.084), but a difference between the upstream and the downstream section (p = 0.034). In the Pontplaincoat, the upstream section was significantly different from the control (p = 0.001) and downstream section (p = 0.001), but control and downstream sections were marginally different (p = 0.064). In the Malville Stream, the control and upstream sections were similar (p = 0.117), but the downstream section significantly differed from the other sections (p values = 0.001).



After restoration, all the differences between the sites disappeared after two years, remained similar in Pontplaincoat, but slightly increased in Traou Breuder (Table 4).




3.3. Ecological Risk Assessment (ERA) Tool


The ERA tool identified the following 12 anthropic pressures: transportation facilities, organic matter, nitrogen compounds, phosphorous compounds, hydrological instability, urbanization, pesticides, polycyclic aromatic hydrocarbons (PAH), clogging, nitrates, catchment anthropization, and riverine vegetation.



The first two principal components of the PCA explained, respectively, 55.5% and 25.5% of the total variance (Figure 5A). The first component was mainly explained by the following six anthropogenic pressures: clogging at 13.20%, catchment anthropization at 12.06%, nitrates at 11.73%, PAH at 11.44%, pesticides at 9.93%, and urbanization at 9.88%. The second component was mainly explained by five other anthropic pressures, as follows: transportation facilities at 21.29%, organic matter at 21.06%, nitrogen compounds at 17.33%, phosphorous compounds at 7.29%, and riverine vegetation at 8.76%. The first principal component of the PCA is related to watershed chemical perturbations and sediment clogging, whereas the second principal component is related mainly to riparian vegetation and nutrients (Figure 5B).



These results were confirmed by the Spearman correlation tests (Figure 6). The I2M2 and the five associated metrics were significantly positively correlated. The six main anthropic pressures explaining the first axis of the PCA were also significantly positively correlated. Among the five main anthropic pressures explaining the second axis of the PCA, the organic matter, nitrogen compounds, and phosphorous compounds were highly positively and significantly correlated; riverine vegetation and transportation facilities were significantly negatively correlated.



The I2M2 and the five associated metrics showed significant negative correlations with the 11 anthropic pressures; only two non-significant relations occurred (top right part of Figure 6). Richness and Shannon indices did not correlate with the degradation from riverine vegetation and organic matter, respectively, and the transportation facilities, without any correlation, except with the ovoviviparity.



Before restoration, the probabilities of impact by the different anthropic pressures at Traou Breuder was relatively low, compared to the other two streams, and presented the highest ecological status, as suggested by the values of I2M2 and other metrics (Figure 5A). Pontplaincoat was located in the lower-right part of the PCA, mainly characterized by a high probability of clogging, catchment anthropization, strong nitrates inputs, and degradation of riverine vegetation. Finally, Malville, located at the right side of the axis, was characterized by a high probability of PAH, clogging, nitrates, catchment anthropization, and pesticides.



There were no significant effects in terms of sampling sites (i.e., control, upstream and downstream section) and their interactions (Table 5). Tukey post-hoc tests showed that the position of the points significantly shifted one year after restoration and remained stable after two years (Figure 5).



After restoration, the position of Traou Breuder and Pontplaincoat slightly shifted toward the left side of the first axis, confirming a decrease in the probabilities of the impacts of anthropogenic pressures on the two streams. Malville was the most influenced watershed, with a strong shift in the probabilities of the different anthropic pressures before and after restoration. After restoration, the points shifted significantly toward the top right part of the factorial plan, which indicated a high probability of nutrient, organic matter compounds and hydrological instability, and a reduced probability of clogging, PAH, and anthropization.





4. Discussion


Irrespective of the complexity of restoration projects [50], assessing the outcome of river restoration projects is vital for adaptive management, evaluating project efficiency, optimizing future programs, and gaining public acceptance [68]. Although subjective criteria exist [69], the development of indicators now makes it possible to evaluate the effects of restoration programs more objectively [70]. In France, the I2M2 was built on more than 1700 sites, designed to identify impaired reaches, and to be compliant with the European WFD [28,54], as it can be used as a proxy to assess the ecological status of rivers [52]. In this study, we went a step further, asking whether this index is also able to detect hydromorphological impacts on headwater streams under multiple pressures and the change in their ecological status after restoration. Associated to the I2M2, we also used the Ecological Risk Assessment (ERA) tool [54,55] to establish the probabilities of impact by different anthropic pressures from the biological characteristics of benthic macroinvertebrate communities, before and after restoration. The goal was to identify the potential weight of individual anthropogenic pressures, influencing biotic assemblages in streams under multiple pressure scenarios [54], in order to address the question of the efficiency of hydromorphological restoration, widely used in headwaters.



4.1. Macroinvertebrate Communities and the Ecological Status of Headwater Streams Impacted by Hydromorphological Impairments


There is a clear difference in the overall ecological status at the watershed scale, as depicted by the I2M2, which categorizes two streams (Malville and Pontplaincoat) as “poor” and Traou Breuder as “moderate”. The streams also differ in the macroinvertebrate metrics. Three of these metrics (Shannon diversity index, Average Score Per Taxon (ASPT), and taxonomic richness) are taxonomic metrics, considered to be the simplest measure of diversity [71,72]. However, within the streams (i.e., at the reach scale), neither the ecological status nor the macroinvertebrate metrics showed any important difference between sampling sites. These results indicate that the I2M2 and its associated metrics failed to highlight the impacts of physical impairments, such as concrete pipes and weirs, at the reach scale, as there is no differentiation between “control”, “upstream”, and “downstream” sections before restoration. This is contradictory to a previous study, showing that I2M2 was negatively influenced by variables describing hydromorphology at the reach scale [52], where they considered hydromorphological factors at the reach scale. These factors are different from those investigated in our study. Our study focused on small impairments affecting watersheds (from 30 to 200 m long reaches). At this small scale, the dispersal of invertebrates by drift or by flight remains possible and may likely compensate for physical impacts [56].




4.2. Ecological Status and Biodiversity Indices in Response to Hydromorphological Restoration


We expected an improvement in the ecological status of restored sites after restoration (Hypothesis 1), and more specifically, we expected that the ecological status of the restored sites would be comparable to the reference conditions at the control sites. The ecological status of the streams changed positively only in Traou Breuder, from “Moderate” to “Good”, but the status in Pontplaincoat remained “Poor” after restoration and changed from “Poor” to “Bad” in Malville. This result indicates that the estimation of the I2M2 -based ecological quality ratio in each stream is dependent on the totality of the factors (water quality, nutrient, hydromorphological, etc.) in the streams and not just hydromorphological changes [52].



Also, the I2M2 based taxonomic metrics show that only richness has a positive change after restoration, with the mean values of the impacted sites closest to reference conditions in each stream two years after restoration, and even exceeding the reference condition in Traou Breuder in the second year after restoration, while there is no observable change in diversity and other taxonomic indices. In Miller et al. [24], the authors also observed positive effects for in-stream restoration on macroinvertebrate richness and inconclusive effects on density. In addition, the PERMANOVA on the Bray–Curtis similarities indicates that there is no consistent pattern in the overall similarities in macroinvertebrate community structure between the control sites and the impacted sites in the streams, both before and after restoration. This scanty and inconsistent response in macroinvertebrate communities to in-stream restorations has been observed in previous studies [24,26,45]. Even in the stream where there is an observable improvement in the ecological status after restoration, only taxonomic richness has a corresponding significant increase with other indices, showing only minimal changes. One possible reason to explain this lack of robust response by macroinvertebrate communities to in-stream restorations is the presence of other stressors, which are not simultaneously addressed by most restoration strategies [26]. The removal of the artificial structures in the investigated streams in this study is expected to restore natural flow and enhance sediment transport, thus, improving the habitat conditions in the restored reaches. This strategy, however, has minimal to no effect on the other anthropic pressures (including water quality and nutrient load) present in the watersheds. This point is supported by our findings from the ERA tool, which reported the presence of multiple anthropic pressures in the three watersheds, both before and after restoration. In Malville, for example, the ERA result reported a reduced probability of clogging after restoration but a higher probability of nutrient and organic matter loading.




4.3. Disentangling the Impacts of Multiple Anthropic Pressures on the Ecological Status and the Response of Macroinvertebrate Communities to Hydromorphological Restoration


Every stream is subject to natural variations, of both the biotic and abiotic components [22,73]. The ability to maintain this variation at the permissible level for the continuous functioning of the system is inhibited in degraded streams, usually due to the presence of multiple stressors [74]. The unbundling of these stressors will be key to the proper and sustainable restoration of such a system. The simultaneous use of the ERA tool and the I2M2 multimetrics in our analyses presents the potential to be able to disentangle the impacts of the artificial structures from other anthropic pressures. Using the ERA tool, we identified the following 12 anthropic pressures: hydrological instability, urbanization, transportation facilities, catchment anthropization, riverine vegetation, clogging, organic matter, nitrogen compounds, phosphorous compounds, pesticides, polycyclic aromatic hydrocarbons (PAH) and nitrates, present at the watersheds at different probabilities of impact, before and after restoration. This is in addition to the impacts of the presence of the artificial structures before their removal. In this study, we found that the I2M2 and associated metrics generally have a negative relationship, with 10 of these anthropic pressures indicating that their presence adversely affects the ecological status of the streams and, consequently, the macroinvertebrate communities [75]. Moreover, the most important impacts suggested by the analysis of the probability of impacts for each stream (Figure 5) are consistent with the supposed impacts relating to the land use as a proxy for watershed scale conditions [24,56,76]. We equally found differentiation between the probability of impacts before and after restoration. Before restoration, the ERA tool clearly separates Traou Breuder from Malville and Pontplaincoat and highlights a gradient of anthropic pressures responsible for this difference. This is consistent with the nature and intensity of stress observed in those streams. After restoration, the probabilities of impact by different anthropic pressures, identified by the Ecological Risk Assessment (ERA) tool, decreased in Traou Breuder and Pontplaincoat, suggesting that the hydromorphological restoration can increase the overall quality of a watershed, even if other pressures (i.e., nutrient or chemical pollution) are still present. In Malville, there was a drastic change in the main anthropic pressures identified by the ERA tool. Before restoration, the main pressures identified were clogging, alteration of riverine vegetation, and anthropization of the catchment. After restoration, the main pressures became hydrological instability and organic matter. These changes are consistent with our observation of the stream after restoration, which had strong impacts of erosion and increased summer drying. The ERA tool is, hence, able to highlight not only the main visible pressure but also indicate the negative consequences of hydromorphological restoration. In addition, the results from the ERA tool indicate that the removal of the artificial structures in the streams is generally successful in removing the impact of clogging, which was the main identified impact from the presence of the structures [77,78], and this was most visible in Malville. However, the persistence of the impacts of chemical compounds and nutrient load in the watersheds, even after restoration, may have been responsible for the scanty improvement in macroinvertebrate biodiversity indices. Water quality has been shown to have more influence on the community structure of macroinvertebrates than other factors, including habitat availability [79,80,81].





5. Conclusions


The prediction and distinction of the effects of multiple potential stressors represent a serious practical need for prioritizing management options to efficiently enhance river reach ecological quality [82]. Our study highlights that the presence of these confounding factors can potentially limit the gains from hydromorphological restoration. Restoration works monitored in this study were done at the reach scale. Results showed that available macroinvertebrate-based assessment tools, including the I2M2 and the ERA, measuring the impacts of multiple pressures on the ecological status of streams, are most effective at the watershed scale [83]. Hence, despite observing significant differences between streams in most of the metrics, the contributions of the reach scale changes to these differences were not detected. Additional restoration measures, such as adding beneficial bank vegetation and macrophytes, sediment traps and meanders, were shown to improve the quality of rivers, even those stressed by nutrients and chemical pollution.
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Figure 1. Maps of (a) France (grey) with Brittany region (black), and (b) Brittany region showing the locations of the 3 restoration sites. Grey lines represent the stream networks of the region. 
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Figure 2. Channel profile before (upper part) and after (lower part) the replacement of the concrete pipe. The shaded areas delimited by dotted lines represent the three sampling sites (i.e., reference, impacted, and downstream) for each stream. 
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Figure 3. Boxplots representing the I2M2 median values (±25th and 75th percentile) and the five taxonomy-based metrics in terms of Ecological Quality Ratio (EQR) in the three streams. Different lower-case letters represent significant differences according to the results of Tukey’s posthoc tests (ASPT: Average Score Per Taxon; Richness: taxonomic richness and Shannon: Shannon’s diversity index; Ovoviviparity: relative abundance of ovoviviparous species; polyvoltinism: relative abundance of the polyvoltine species). 
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Figure 4. Annual mean deviation (±SE) from the mean taxonomic richness in the “control” sites before and after restoration (N: before restoration; N + 1: first year of monitoring after restoration; N + 2: second year of monitoring after restoration). 
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Figure 5. (A) Principal Component Analysis (PCA) of the three sites according to the different anthropic pressures identified by the ERA tool. The colored circles represent the barycenters of the sessions (Before: before restoration; A1: first year of monitoring after restoration; A2: second year of monitoring after restoration). (B) Correlation circle showing correlations among the 12 water quality and habitat degradation pressure categories retained (PAH: polycyclic aromatic hydrocarbons). The I2M2 (red arrow) and the five taxonomy-based metrics (blue arrows) are projected as quantitative supplementary variables (ASPT: Average Score Per Taxon, Richness: taxonomic richness, Shannon: Shannon’s diversity index, Ovoviviparity: relative abundance of ovoviviparous species, polyvoltinism: relative abundance of the polyvoltine species). 
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Figure 6. Spearman correlations between the I2M2, the five taxonomy-based and trait-based metrics in terms of Ecological Quality Ratio (ASPT: Average Score Per Taxon, Richness: taxonomic richness, Shannon: Shannon’s diversity index, Ovoviviparity: relative abundance of ovoviviparous species, polyvoltinism: relative abundance of the polyvoltine species) and the 12 water quality and habitat degradation pressure categories (PAH: polycyclic aromatic hydrocarbons). The values represent the correlation coefficients. The colored squares represent the significant coefficients (red or blue, p-value < 0.05) according to the scale of the values indicated on the right of the correlogram. The black lines are used to visually separate the I2M2, the five taxonomy-based and trait-based metrics from the 12 water quality and habitat degradation pressure categories. 
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Table 1. Proportion (%) of land use per watershed according to Corine Land Cover 2018 data.
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	Land Use
	Traou Breuder
	Pontplaincoat
	Malville





	Artificial surfaces
	2.6
	9.5
	12.5



	Agricultural areas
	80.0
	78.3
	78.2



	Forest and semi-natural areas
	17.4
	11.7
	9.3



	Wetlands
	0.0
	0.45
	0.0
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Table 2. Ecological status (I2M2) of the three streams before and after restoration (Before: before restoration; after1: first year of monitoring after restoration; after2: second year of monitoring after restoration) according to the five taxonomy-based and trait-based metrics. The threshold values used to define the ecological status classes are those from [28]. These threshold values are respectively: 0.870; 0.733; 0.488; 0.244. Values are expressed as mean ± variance in terms of Ecological Quality Ratio (EQR).






Table 2. Ecological status (I2M2) of the three streams before and after restoration (Before: before restoration; after1: first year of monitoring after restoration; after2: second year of monitoring after restoration) according to the five taxonomy-based and trait-based metrics. The threshold values used to define the ecological status classes are those from [28]. These threshold values are respectively: 0.870; 0.733; 0.488; 0.244. Values are expressed as mean ± variance in terms of Ecological Quality Ratio (EQR).





	
Site

	
Session

	
I2M2 (EQR)

	
Ecological Status






	
Malville

	
Before

	
0.325 ± 0.001

	
Poor




	
After1

	
0.426 ± 0.024

	
Poor




	
After2

	
0.217 ± 0.005

	
Bad




	
Pontplaincoat

	
Before

	
0.462 ± 0.017

	
Poor




	
After1

	
0.448 ± 0.014

	
Poor




	
After2

	
0.405 ± 0.011

	
Poor




	
Traou Breuder

	
Before

	
0.706 ± 0.013

	
Moderate




	
After1

	
0.666 ± 0.001

	
Moderate




	
After2

	
0.814 ± 0.000

	
Good
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Table 3. Results of the ANOVA for the effects of stream, session, the sampling site and their interaction on the I2M2 and the five taxonomy-based metrics (Df = degree of freedom; F: F value; p: p-value, bold when significant; ASPT: Average Score Per Taxon; Richness: taxonomic richness and Shannon: Shannon’s diversity index; Ovoviviparity: relative abundance of ovoviviparous species; polyvoltinism: relative abundance of the polyvoltine species).






Table 3. Results of the ANOVA for the effects of stream, session, the sampling site and their interaction on the I2M2 and the five taxonomy-based metrics (Df = degree of freedom; F: F value; p: p-value, bold when significant; ASPT: Average Score Per Taxon; Richness: taxonomic richness and Shannon: Shannon’s diversity index; Ovoviviparity: relative abundance of ovoviviparous species; polyvoltinism: relative abundance of the polyvoltine species).





	

	

	
I2M2

	
ASPT

	
Richness

	
Shannon

	
Ovoviviparity

	
Polyvoltinism




	

	
Df

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p






	
Stream

	
2

	
45.63

	
<0.001

	
109.2

	
<0.001

	
36.94

	
<0.001

	
8.02

	
<0.001

	
24.42

	
<0.001

	
10.17

	
<0.001




	
Session

	
2

	
1.26

	
0.29

	
1.31

	
0.28

	
3.55

	
0.04

	
2.54

	
0.09

	
1.19

	
0.31

	
0.21

	
0.81




	
Site

	
2

	
0.14

	
0.87

	
0.59

	
0.56

	
0.91

	
0.41

	
0.25

	
0.78

	
0.48

	
0.62

	
0.001

	
0.99




	
Session × site

	
4

	
0.51

	
0.73

	
0.71

	
0.59

	
0.75

	
0.56

	
0.37

	
0.83

	
0.62

	
0.64

	
0.58

	
0.67
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Table 4. Results of PERMONAVAs on the Bray–Curtis similarities (BCs) between macroinvertebrate communities before and after restoration (Before: before restoration; after1: first year of monitoring after restoration; after2: second year of monitoring after restoration; C = Control site; up = upstream section and down = downstream section).






Table 4. Results of PERMONAVAs on the Bray–Curtis similarities (BCs) between macroinvertebrate communities before and after restoration (Before: before restoration; after1: first year of monitoring after restoration; after2: second year of monitoring after restoration; C = Control site; up = upstream section and down = downstream section).





	

	

	
Traou Breuder Stream

	
Pontplaincoat Stream

	
Malville Stream




	

	

	
BCs

	
T

	
p

	
BCs

	
T

	
p

	
BCs

	
T

	
p






	
Before

	
C/up

	
43.8

	
1.304

	
0.084

	
36.6

	
2.621

	
0.001

	
43.4

	
1.245

	
0.117




	

	
C/down

	
43.6

	
1.152

	
0.185

	
44.6

	
1.368

	
0.064

	
32.9

	
2.380

	
0.001




	

	
Up/down

	
44.1

	
1.368

	
0.034

	
34.7

	
2.370

	
0.001

	
36.6

	
2.621

	
0.001




	
After 1

	
C/up

	
47.0

	
1.141

	
0.214

	
41.0

	
1.573

	
0.02

	
39.4

	
1.073

	
0.304




	

	
C/down

	
45.9

	
1.276

	
0.136

	
43.0

	
1.324

	
0.085

	
42.4

	
1.637

	
0.003




	

	
Ups/down

	
44.0

	
1.529

	
0.027

	
41.0

	
2.017

	
0.002

	
42.9

	
1.172

	
0.16




	
After 2

	
C/up

	
54.7

	
1.386

	
0.040

	
40.4

	
1.631

	
0.009

	
40.4

	
0.914

	
0.577




	

	
C/down

	
57.2

	
1.000

	
0.379

	
38.7

	
1.362

	
0.051

	
39.4

	
1.077

	
0.296




	

	
Up/down

	
54.5

	
1.496

	
0.033

	
36.3

	
1.769

	
0.003

	
38.6

	
1.208

	
0.155
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Table 5. Results of the two-way ANOVA with random effects for the stream, the session, the sampling site, and their interaction on the two first dimensions of the PCA (Df = degree of freedom; F: F value; p: p-value).






Table 5. Results of the two-way ANOVA with random effects for the stream, the session, the sampling site, and their interaction on the two first dimensions of the PCA (Df = degree of freedom; F: F value; p: p-value).





	

	

	
PC1

	
PC2




	

	
Df

	
F

	
p

	
F

	
p






	
Session

	
2

	
8.10

	
0.001

	
2.89

	
0.07




	
Site

	
2

	
0.01

	
0.99

	
0.20

	
0.82




	
Session × Site

	
4

	
0.41

	
0.80

	
0.43

	
0.78
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