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Abstract

:

Worldwide river systems are under pressure from human development. River managers need to identify the most important stressors in a stream basin, to propose effective management interventions for river restoration. In the European Union, the Water Framework Directive proposes the ecological status as the management endpoint for these interventions. Many decision support tools exist that use predictive water quality models to evaluate different river management scenarios, but only a few consider a river’s ecological status in this analysis explicitly. This paper presents a novel method, which combines abiotic monitoring data and biological monitoring data, to provide information and insight on why the ecological status does not reach the good status. We use habitat suitability models as a decision support tool, which can identify the most important stressors in river systems to define management scenarios. To this end, we disassemble the ecological status into its individual building blocks, i.e., the community composition, and we use habitat suitability models to perform an ecological gap analysis. In this paper, we present our method and its underlying ecological concepts, and we illustrate its benefits by applying the method on a regional level for Flanders using a biotic index, the Multimetric Macroinvertebrate Index Flanders (MMIF). To evaluate our method, we calculated the number of correctly classified instances (CCI = 47.7%) and the root-mean-square error (RMSE = 0.18) on the MMIF class and the MMIF value. Furthermore, there is a monotonic decreasing relationship between the results of the priority classification and the ecological status expressed by the MMIF, which is strengthened by the inclusion of ecological concepts in our method (Pearson’s R2 −0.92 vs. −0.87). In addition, the results of our method are complementary to information derived from the legal targets set for abiotic variables. Thus, our proposed method can further optimize the inclusion of monitoring data for the sake of sustainable decisions in river management.
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1. Introduction


Worldwide river systems are under pressure from human development [1]. Pollution from agriculture, households or industry changes water quality, and urban development or navigation often require hydromorphological alterations [2]. To preserve freshwater biodiversity and maintain the ecosystem services that rivers provide, pollution mitigation and river restoration are necessary [3]. River managers have taken various actions to restore rivers to their original status, but often river water quality remains low [4].



To increase the success of river restoration actions, it is necessary to understand which aspects of a river system, physical–chemical or hydromorphological, contribute to the impairment of water quality. Elosegi et al. [5] argue that river managers should perform a differential diagnosis, as a doctor would diagnose a patient. This means not only that they should monitor individual quality elements and compare them to their legal targets, but they should also interpret these results using a systems perspective [6]. These targets are typically only background values representing the minimum requirements [7]. For example, the legal target for dissolved oxygen concentration in river ecosystems can be interpreted as a minimal allowable lower limit. They thus serve as an orientation for what aspects of the river system are changed and could be considered stressors, but it is not necessarily so that river aspects that deviate from their legal targets always pose a stress on the river system. Therefore, Voulvoulis et al. [6] argue that river management should not focus on regulating individual monitored pollutants and hydromorphological changes, but that individual aspects of river system should be regulated from a systems perspective. For this, the ecological status needs to be central to an analysis that focuses on the causes of impairment [6]. However, at this stage it is unclear whether the classification of the ecological status provides enough information to identify the causes of river impairment. Within the European Water Framework Directive (WFD), a river’s ecological status is classified based on the ecological quality ratio. The ecological quality ratio consists of a set of biotic indices that show how far river water quality deviates from the so-called reference condition. Several authors argue that the ecological quality ratios, albeit being powerful quality assessment tools, do not provide the explanatory power to identify the causes of river impairment [5,8,9,10]. Rather, they are qualitative indicators [6] that indicate how large the need is for restoring water quality. This means it is not always clear on which aspect river managers should focus, given the observed ecological status.



The ecological status classification provides data on the ecological status and how much it deviates from the reference condition, the ecological gap [6], but little information and insight into what causes the impairment of river systems. A “moderate” status can represent many conditions in the field. Furthermore, many European countries use multimetric indices to calculate the ecological quality ratio [11]. These indices aggregate different metrics into one index. Due to this, they have a risk of information loss when aggregating multiple dimensions into one metric [12]. Although they have proven to be more robust than single metric indices to assess quality status, they may be subject to systematic bias from the conversion of raw data into categorical scores [12,13]. However, the building blocks of the biotic indices that measure ecological quality, being the taxonomic and functional composition of the biotic communities in a water body, do provide information and insight into what aspects of the river system have a negative impact on the ecological status and can thus be considered stressors [14]. By considering the relationship between the abiotic condition and the presence of individual taxa, rather than the aggregated index, river managers can better understand what the cause of the impairment is [15,16]. To this end, simulation models can be used. Many decision support tools will consider the ecological status as the endpoint for the models [17,18,19] in a predictive framework with which the effect of management scenarios can be evaluated. These frameworks are very valuable, but often they cannot be used as the explanatory tools [20] that we need for the diagnostic analysis that we want to perform. To date, there is a need for a novel an analysis that uses the ecological status and its building blocks as a starting point.



To evaluate the ecological status and the community composition, habitat suitability models can be used. Typically, data-driven and/or expert based habitat suitability modeling is used to express the relationship between species presence and stressors. The integration of these models into an analysis of the ecological status is a challenge, as the data requirements for describing the habitat suitability of large biotic communities are very high. Specifically, sensitive taxa that typically have a low occurrence in existing datasets [21] can be hard to model. This is a key issue, as they are often the taxa of interest for remediating water quality. However, recent improvements in the development of habitat suitability models, such as the integration of ecological theory in modeling frameworks, now make it possible to build species specific methods for many species, including rarer taxa [15,22,23,24]. Yet, the question remains how results from habitat suitability models can serve as reliable and applicable information for a decision maker [25]. To increase the potential of these models for use as diagnostic tools, it is necessary to relate their results to the ecological quality status.



In this paper, we present a method to perform an ecological gap analysis using a system’s thinking approach, as suggested by Voulvoulis et al. [6]. The objective is to combine data on the biological status and the state of the supporting elements, being the physical–chemical status and hydromorphological status, to provide information for river managers on what aspects of a river system are stressors and have a need for management to restore the ecological status. The presented method can be used as part of a pressure and impact analysis following the requirements of the Water Framework Directive. To this end, the method analyses the state of a water body in terms of its ecological gap. This ecological gap can be interpreted as the deviation of the current biological status to its desired situation, being the good ecological status. This can be represented by a classification of the ecological status, but in this method, we go a step further and disassemble the ecological gap into its individual building blocks, being the community composition. The method thus compares the current community composition to an operational Leitbild [26] (good ecological state) to identify taxa that represent the ecological gap to the good ecological status. For each missing taxon, the method then evaluates the potential impact of elements of the abiotic state of the river system using habitat suitability models as presented in Bennetsen et al. [22]. This results in a classification of each abiotic variable in terms of their need for management to restore the ecological status. The objective of the paper is to present the method and its individual elements as developed for water bodies in Flanders, Belgium. We illustrate our method with an application on macroinvertebrate monitoring data from Flanders, using the Multimetric Macroinvertebrate Index Flanders (MMIF) [27]. We demonstrate that our method is sensitive enough to detect different types of impairments, that there is a good relationship with the quality status as defined by the MMIF and that our method allows flexibility when defining targets for river restoration.




2. Materials and Methods


2.1. Overview of the Method


In our method, we use a set of suitability models for 92 macroinvertebrates as developed in Bennetsen et al. [22] in combination with biotic monitoring data, to classify aspects of river system according to their priority for management to restore the ecological status (Figure 1).



In a first step, we compared the biological community observed in a river to a list of taxa describing the operational Leitbild [26] to identify missing taxa that represent the ecological gap. Secondly, for all taxa in the operational Leitbild that are not present in the community currently observed, we calculate the suitability of the current abiotic conditions with their respective habitat suitability models. Input data for these models are physical–chemical and hydromorphological variables (Table SA3). All variables describe different aspects of a river system of which alterations of the natural condition could potentially pose a negative impact on the state of the water body. We then classify the resulting habitat suitabilities of each abiotic variables into different priority classes according to their need for management actions and to what degree they can be considered stressors.



In what follows, we first describe the construction of the operational Leitbild (Section 2.2) that the method uses to select the habitat suitability models to perform the analysis. This Leitbild represents a description of the desired situation per water body type, being the good ecological status. It consists of two elements: a description of the expected community in terms of ecological groups (Section 2.2.1), and a taxa list containing taxa that are members of these ecological groups (Section 2.2.2). We describe this operational Leitbild in terms of ecological groups because it allows one to reduce the number of Type I errors, where a taxon is classified as missing, even though another taxon sharing a similar ecological niche is present (thus indicating that the habitat is suitable for the taxon considered). For example, if a taxon A on the reference list is missing from the community observed and no other taxon from its ecological group is found in a sample, this taxon A is considered missing.



Next, we present the algorithm to apply the method (Section 2.3) and its evaluation (Section 2.4). We then describe the example application for the region of Flanders, Belgium (Section 2.5).




2.2. Defining an Operational Leitbild


2.2.1. Defining Ecological Groups


As the goal of our method is to provide information on the need for action to reach a good ecological status, it is not necessary that a current community exactly matches the ecological assemblage on our taxa lists. We consider these lists to be descriptions of an assemblage of species archetypes, in which each taxon on the list represents a specific ecological niche. Our goal was to reduce the number of Type I errors, where a taxon would be classified as missing, even though another taxon sharing a similar ecological niche was present. This could, for example, be the case as a different taxon sharing a similar niche would have a larger presence in the stream basin of the water body, than the taxon on our taxa list. Functionally, they would represent the same group of taxa, but taxonomically they differ. Using this method, we also avoided focusing on taxonomical composition alone. It can be seen as an approximation of functional diversity [28,29]. For this purpose, we defined a set of ecological groups, using data on ecological preferences from Verberk and Nijboer [30]. We therefore conducted a data-driven cluster analysis to identify clusters of taxa, similar to the analysis presented in Usseglio-Polatera et al. [31]. The aim of these clusters was to define ecological groups of taxa that have similar ecological preferences. The dataset contained autecological information for 2325 species for the following variables: trophic state, saprobic state, depth, velocity, substrate, salinity, water surface area, intermittent flow and acidity. This selection of ecological traits also align with the suggested categories presented by Mueller et al. [28]. Only taxa that are part of the taxa list considered in the MMIF calculation [27] were taken into consideration. We used divisive analysis clustering with a Gower coefficient as the dissimilarity index to construct a hierarchical clustering tree of species [32]. We specifically selected the Gower coefficient, as it can handle mixed data. The data on ecological traits are ordinal (fuzzy-coded). We set the maximum number of clusters to 20.



As the data in Verberk and Nijboer [30] were defined on the species level, and our data were defined on the genus or the family level, we had to aggregate the results to a higher taxonomic level. For each genus or family on our list of taxa, we determined the relative proportion of species in this taxon that was part of each group. We then assigned each taxon to the group with the highest proportion. To account for a loss of information in transforming these groups from a species level to a higher taxonomic level, we consulted three macroinvertebrate experts for Flanders. They were asked to check the proposed groups against the first criterion: similar ecological needs, but no assumed co-occurrence. The Flemish experts could also propose corrections to the original group compositions. We checked their propositions against the evidence that was provided by the cluster analysis (cfr. above). During the discussion, taxa were assigned to different groups by consensus.




2.2.2. Constructing the Taxa Lists Describing the Operational Leitbild


The reference condition for macroinvertebrates in Flanders has been defined based on expert judgment on the expected values of each metric in the MMIF by Gabriëls et al. [27]. Due to this, there are no taxa lists describing the expected community composition in each river type under reference conditions. Therefore, there are also no taxa lists describing the expected community at a good ecological status of each water body type. To overcome this, we developed lists of taxa for seven river types in Flanders, which describe the expected community composition under a good ecological status as defined by the MMIF. As the WFD requires member states the good ecological status the statutory requirement for water bodies, this is the desired situation and management endpoint for practitioners. Our taxa reference lists make a distinction between “base taxa”—generalist taxa that are generally present in this water body even at a lower than good ecological status—and “critical taxa”—sensitive taxa that only occur when a good ecological status is reached. The idea is that a good ecological status can only be reached with specific management that will lead to the (re)introduction of certain critical taxa in addition to these base taxa. These critical taxa are assumed to mainly occur in the good and high ecological status water bodies. This means that our benchmark describes a “least disturbed” or “best attainable condition” [33] rather than a “natural” or “historical” condition.



We developed the taxa lists using a dataset from the biological monitoring network of the Flanders Environment Agency. It contains 2910 samples between 2003 and 2012 describing the community composition observed at 714 sites in seven river types in Flanders. It also contains a classification of each sample according to the MMIF. Macroinvertebrate monitoring data were collected by kick sampling following De Pauw and Vanhooren [34]. The identification of the macroinvertebrates was carried out according to the taxonomic levels defined by Gabriels et al. [27], i.e., according to family, genus or another intermediate taxonomic level. A standardized list of taxa is provided in Gabriels et al. [27]. A full description of the datasets and the water quality status in the study area can be found in Tables SA1 and SA2.



We developed the taxa lists in two steps (Algorithm 1) to overcome the bias towards bad and poor ecological status in the dataset (Table SA1) and to avoid classifying sites focused on taxonomical composition alone. In the first step, we described the operational Leitbild by the species groups as were defined in Section 2.2.1. For this, we calculated the median and the mode of the number of individual taxa that were present per group at each sample with good or high ecological status. The median represents the typical number of taxa within each group that would be present at good ecological status. We then developed a list of candidate taxa with a data-driven analysis. To develop the initial list of candidate taxa, we calculated the fidelity score of each taxon to sites of a river type with a good or high ecological status. Fidelity is the degree to which a taxon prefers a water body type with a good or high ecological status, defined as the ratio of the relative frequency of a taxon in the subset of samples of sites in a river type with a good or high ecological status and their overall relative frequency [35]. We ranked the taxa according to their fidelity score, and for each river type we added the number of taxa per group as was calculated in the first step, starting with the taxon with the highest fidelity. This resulted in a first draft of the taxa list.



	Algorithm 1 Defining an operational Leitbild



	Data: dataset with macroinvertebrate samples and their respective MMIF score from 2003 to 2012



	Result: taxa list describing the good ecological status per water body type



	initialization;



	FOREACH water body type W



	  FOREACH taxon t



	    Calculate number of occurrences O



	    IF O > 40



	      Calculate Fidelity F for taxon t in all samples with MMIF ≥ 0.7



	    END



	  END



	  FOREACH species group G



	    Calculate median M and mode Mo of the number of representatives of group G in all samples with MMIF ≥0.7

    Select M taxa with the highest F from G and add to taxa list



	  END



	  Calculate MMIF mmifcal with taxa list using RA



	  WHILE mmifcal <0.7



	    FOREACH metric that is too low for a good status



	      Select species group Gm that contributes to metric with the highest Mo and of which the number of taxa on the existing list is lower than its respective Mo



	      Select taxon t with the next highest F from Gm and add to taxa list



	    END



	    Calculate MMIF mmifcal with taxa list using RA



	  END



	END








In a second step, we made sure that the taxa lists actually described a good ecological status, by calculating the expected MMIF with these taxa present (Section SB1). The MMIF is calculated using 5 submetrics: the number of taxa, the number of sensitive taxa, the mean tolerance score, the Shannon–Wiener index and the number of taxa from the group of Ephemeroptera, Plecoptera or Trichoptera [27]. If the MMIF for the proposed list of taxa did not reach 0.7 (the cutoff for a good ecological status) for a water body type, we reviewed the submetric values to assess which metric caused the lower MMIF value. If necessary we added one extra taxon from an ecological group to the list for that water body type, which would correct this submetric. When multiple groups were possible, we chose the group for which the mode of this group in this water body type was higher than the median as calculated above. We then iteratively went through this procedure until the MMIF associated with the taxa list for each water body type reached minimally 0.7. Furthermore, only taxa that had more than 40 occurrences in the dataset were considered, as there were no models for taxa with lower occurrences [22].



Taxa with a tolerance score lower than 6 (not very sensitive to pollution) were considered base taxa. Taxa with a tolerance score of 6 or higher were considered critical taxa. This threshold coincides with the threshold related to the submetric number of sensitive taxa in the MMIF calculation [27].





2.3. Classifying Aspects of a River System into Priority Classes


Our method uses a set of suitability models as presented in Bennetsen et al. [22]. We based the model development on ecological theory and calibrated the models using Flemish monitoring data and databases with ecological knowledge. We quantified the added value of incorporating ecological theory and knowledge on ecological preferences. One model for one taxon consists of different non-symmetric unimodal trapezoid functions describing the univariate suitability per abiotic variable. This simplification of the typical bell-shaped curve makes it possible to describe various types of distributions with different degrees of skewness and kurtosis [36]. For a detailed description of the model development, we refer to Bennetsen et al. [22]. A list of all input variables can be found in Table SA3. All input variables are variables describing the state of a water body. All variables included in the models have legal targets defined. When they deviate from the legal target and can be related to pressures in the water body system, they can potentially be considered a stressor. All hydromorphological variables included are defined as ordinal variables describing the degree of alteration of its state from the expected natural condition [22].



To define the priority class for each stressor (Algorithm 2), the current community is first compared to the taxa lists defined in Section 2.2. To identify a taxon as missing, we first compare the community observed in terms of ecological groups. If in the community observed the number of taxa in an ecological group is lower than the number of taxa in this ecological group on the reference list, this amount of taxa is considered missing. This number represents the ecological gap. In a second step, we selected from the taxa list this number of taxa per ecological group. These are referred to as the missing taxa. These will be the taxa for which we used the suitability models in the priority classification. These selected taxa cannot be present in the community observed. For each missing taxon, we then calculated the suitability index SI for each abiotic variable. This SI was quantified as a score between 0 and 1, which we divided into four priority classes. Each of these classes represents the need for management for each abiotic variable (Figure 2). In the first class (SI = 0, “Out of range, needs action”), a variable is out of range of suitability for a taxon, meaning that it poses an important pressure on the biological status and can be considered a stressor. The good ecological status cannot be reached unless this stressor is addressed. In the second class (0 < SI ≤ cutoff value, “Consider action”), the site has low habitat suitability for this abiotic variable. In this range, the degree to which this aspect of a river system can be considered a stressor depends on the interaction between different variables of lower suitability for this taxon. The cutoff for this suitability value is derived from the so-called interaction threshold as calibrated in Bennetsen et al. [22]. This interaction threshold represents the idea that if the suitability is low according to many variables, the likelihood that a taxon can be present decreases. In the third class (cutoff value < SI < 1, “Flagged”), a variable is suboptimal, which indicates that this variable probably does not pose an important stressor and should not be addressed with a high priority even if it deviates from its legal target. Still, there may be a risk for rapid deterioration when its value changes due to an incident or unexpected effected of management interventions. In the fourth case (SI = 1, “No action needed”), the habitat, according to this variable, is considered as suitable, which means that it is not a stressor and that it should not be taken into account when planning management actions in this river for macroinvertebrates.



	Algorithm 2 Defining priority classes for individual abiotic variables



	Data: dataset with macroinvertebrate samples, their respective abiotic conditions and their respective MMIF score from 2010–2012 D; taxa list describing a reference condition per water body type TL; a set of habitat suitability models HSM



	Result: description of missing taxa; classification of priorities



	initialization;



	FOREACH sample S in D



	  IF MMIF ≥ 0.7



	    Set number of missing taxa to 0 NMT

    Set priority P for all abiotic variables to 0



	  ELSE



	    Identify missing taxa TM

    Count number of missing taxa NMT



	    FOREACH TM and abiotic variable AV



	      Calculate suitability index SI



	        IF SI = 0



	            Set priority P to 0



	        ELSE IF SI < cutoff value CV & CV! = 1



	            Set priority P to 1



	        ELSE IF SI < 1



	            Set priority P to 2



	        ELSE IF SI = 1



	            Set priority P to 3



	        END



	    END



	    FOREACH abiotic variable AV



	      Priority Class PC = floor(weighted harmonic mean (P)) with weight = 1|2 for respectively base and critical taxa



	    END



	  END



	END








To obtain a priority class for each variable per water body, we aggregated the priority classes per variable and per missing taxon using a weighted harmonic mean. Critical taxa receive double the weight of base taxa. As we used the harmonic mean, taxa for which the variable has a lower suitability would have more impact on the final value for classification [37]. The aggregated priority scores were rounded to their lowest integer value and were coded into the same four classes as the individual classes. This results in a classification of each aspect of the river system of each water body in the dataset.




2.4. Evaluation of Our Method


Each individual suitability model was validated and tested as described in Bennetsen et al. [22]. We further tested our method, by calculating the expected MMIF by executing a simulation of the models developed in Bennetsen et al. [22] for the taxa that were included in the reference list, using a test dataset that was not used in model development, with data gathered from 2003 to 2012. For this we used the method described in Section B1 in supportive information. We compared this simulated MMIF value with the true MMIF, by constructing the confusion matrix on the classified MMIF and calculating Cohen’s Kappa and the accuracy. We also compared the accuracy to the no information rate (NIR), which is the proportion of the most prevalent class in the test dataset. The accuracy should be higher than this NIR to be acceptable [38]. For the MMIF value, we also calculated the RMSE.



We also calculated the Pearson correlation of the number of missing taxa and the number variables with a priority class of 0 or 1 to the MMIF score.




2.5. Example Application: The Case of Flanders


We illustrate our method by applying it to a dataset of sampling data from 381 monitoring points collected between 2010 and 2012 in Flemish water bodies and local water bodies of the 1st order. To compile the abiotic input dataset, we coupled the biotic monitoring data to the statistical derivative of the physical–chemical abiotic data, as used for assessing water quality against the water quality norms in Flanders (Table SA2) and the hydromorphological observations reported for each water body. The statistical derivatives represent an overall view of the water quality per water body for the full year. All data were obtained from the WFD monitoring network run by the Flanders Environment Agency [39]. A full description of the dataset and the water quality status in the study areas can be found in Table SA2.





3. Results


3.1. Defining the Operational Leitbild


3.1.1. Ecological Groups


The ecological groups represents groups of taxa that have similar habitat needs, but do not necessarily co-occur. Based on the hierarchical cluster analysis and the expert consultation, we identified 16 ecological groups (Table SC1). Table 1 gives an overview of the final taxonomic composition of each group, and how many taxa were assigned to each group. The groups are mainly clustered on the ecological preferences, and the tolerance scores as defined in Gabriëls et al. [27]. However, some taxonomical clustering is also observed.




3.1.2. Taxa Lists


The final taxa lists (Table SC2) describe community assemblages with 25–30 taxa. Of these taxa, between 35% and 45% of taxa were identified as critical taxa, with a high fidelity score to the good water quality class. The distinction between critical taxa and base taxa is reflected in the tolerance scores as defined by Gabriëls et al. [27]. Critical taxa have a tolerance score of 6 and above, indicating high sensitivity to pollution.





3.2. Evaluation of the Method


Using the suitability models defined in Bennetsen et al. [22] for the taxa on the lists describing the operational Leitbild, we validated the predictive power of the models for the MMIF classification and score on a dataset independent from the dataset used in model development. Of all samples 47.7% were correctly classified, Cohen’s Kappa was 0.26 (p = 0.05) and the RMSE value on the MMIF score was 0.18. This accuracy was higher than the no information rate 32.96% (p = 0.008).



There is a monotonic decreasing relationship between the results of the priority classification and the ecological status expressed as the MMIF. The number of variables that have a low to high priority was negatively correlated with the MMIF score of the water body (r = −0.72, p < 0.001). The number of missing taxa (median count 14) was negatively correlated (r = −0.92, p < 0.001) with the MMIF value of the water body. If no ecological groups were considered, more missing taxa (median count 18) were identified. In this case the correlation of the number of missing taxa to the MMIF score would drop to −0.86 (Pearson correlation coefficient, p < 0.001).




3.3. Example Application: The Case of Flanders


The application of our method on the regional level of Flanders illustrates how the ecological status can serve as a classifier to determine the priority of management of different aspects of a river system (Table 2). Overall, hydromorphological variables were almost never classified as being out of range, except variables related to the profile (width and depth) and the presence of sediment banks. Physical–chemical variables were classified in on average 15% of cases as being out of range. The variables with the highest priority in Flanders are electrical conductivity (28%), Kjeldahl nitrogen concentration (25%) and nitrate concentration (19%). Some variables are mostly classified as “consider action”, because of lower suitability, such as the presence of plants (46%) and width variation (50%). The variables that are most often classified as suboptimal are: presence of dead wood (84%), variables related to stream patterns (pool-riffle pattern (69%) and stream variation (64%)). Only depth is to a high degree classified as having no need for action (60%).



The legal targets set for physical–chemical and hydromorphological variables can differ from the results of the priority classification (Table 2). For example, in 25% of samples the biological oxygen demand complies with its legal target, but according to our model results, there is still a need for action. On the other hand, there are water bodies whose profile has been modified, resulting in a non-compliance for the width-to-depth ratio with the legal target, yet the width and depth of these water bodies do not require action in respectively 19% and 29% of those samples for macroinvertebrates.



On average, 13 missing taxa were identified, and 9 variables were classified as in need of action (Figure 3A,B). There is a gradient in the number of missing taxa and in the number of limiting variables from west to east, which coincides with the gradient of the MMIF from west to east (Figure SD1). There are regional differences between the ways in which each stressor is classified according to their need for management (Figure 4A–C). Width variation is classified as “consider action” in smaller subsidiaries of larger water bodies. Biological oxygen demand can be of high priority all throughout Flanders, while orthophosphate phosphorus concentration specifically needs to be addressed in the westside of the region.





4. Discussion


4.1. Method Development


In this paper, we presented a method for classifying individual aspects of a river system according to their need for management, combining insights from biological monitoring and ecological modeling. The goal was to increase the value of individual biological measurements as explanatory tools, when planning for management actions in river restoration. To this end, we disassembled the biotic index for macroinvertebrates, the MMIF, into its individual building blocks.



The results of our method had a good correlation with MMIF values. Both the number of missing taxa identified from the reference lists, and the number of stressors identified have a good correlation with the MMIF. The monotonic negative correlation of the MMIF with the number of missing taxa identified strengthens from −0.86 to −0.92 when ecological groups are included in this step. Hence, the inclusion of ecological groups reduces the number of type I errors in our classification exercise. This reduces the risk of considering an aspect of a river system as a stressor, when no management action is needed, a reduction that can result in more cost-effective management [40]. Furthermore, the composition of the ecological groups is consistent with ecological preferences and to a lesser extent with taxonomical composition, but the latter is not a prerequisite for the purpose of this tool [41]. The combination of the taxa reference lists with the ecological groups can be linked to the idea of species surrogates for a good ecological status [42]. For inclusion of candidate taxa on the taxa lists describing the operational Leitbild, we considered both samples with a good and high ecological status in the dataset. This increased the applicability of the integrated model, as, in practice, a good ecological status will be considered the first management endpoint for seeking compliance with the WFD [6].



Bennetsen et al. [22] indicate that there is a good relationship between the performance of the suitability models used and the inclusion of ecological knowledge in the construction of the models. For example, compared to the use of threshold indicator taxa analysis (TITAN) to detect change points [43], both the average sensitivity (0.57 vs. 0.48) and specificity (0.87 vs. 0.67) for the prediction of species occurrence are higher. Furthermore, using the habitat suitability models from Bennetsen et al. [22], we assessed the predictive power for the MMIF of the models used. The accuracy of our models (47.7%) is within of the interval of accuracy (45–57%) presented when classifying the MMIF score directly with classification trees [44]. Major advantages of the presented method are the insights that are gained in the shifts in community aspects (diversity, tolerance and specific groups), which types of invertebrates are likely to occur or disappear as a consequence of changes in abiotic conditions and moreover an improved insight related to the uncertainty in the models and their predictions.




4.2. Example Application: The Case of Flanders


Our method is successful in identifying the most important stressors in water bodies. It also allows the detection of regional differences. For example, the importance of orthophosphate concentration decreases when going from west to east in Flanders. This could be explained by a decreasing proportion of agricultural and urban land use from the west to the east (Section SA). Furthermore, the results also show a distinction between small and large water bodies in terms of priorities. In smaller water bodies, hydromorphological variables such as the presence of width variation have a higher importance than in larger water bodies. The presence of width variation can be considered an indicator of the presence of diversity in microhabitats, like in, for example, a sequence of slow and fast flowing segments, and is expected to be higher in smaller water bodies, than in larger ones [45]. The diversity in microhabitats has been shown to be important for macroinvertebrates in streams [46]. Overall, physical–chemical variables seem to require a higher priority than hydromorphological variables, which coincides with insights in the literature [9,47,48]. Yet, many hydromorphological variables, such as the presence of water-related elements, the presence of macrophytes, the presence of natural erosion processes and the profile of a stream (width-to-depth ratio and width variation) are classified as “consider action” in between 30 and 50% of all water bodies. Many water bodies in Flanders are artificial or have been heavily modified, which is reflected in the moderate priority of channel processes that reflect habitat diversity in a watercourse, such as erosion processes and bedding vegetation.




4.3. Relationship of Our Method to Legal Targets


The results of our integrated model indicate that taxon specific responses have a different sensitivity to identify stressors than indicated by the legal targets set for physical–chemical and hydromorphological variables. The norms for these quality elements are based on supporting the ecological status [6], but the number of sites that are selected as being priority sites for management differ from the number of sites that do not comply with the norms in the WFD [39]. Hence, for reaching a good ecological status, river managers should not only focus on the compliance of individual elements, but rather consider a systems approach to the catchment [6]. This is possible as there are 48 sites that have a “good” MMIF status, whose physical–chemical status is poor to moderate, and there are 10 sites whose physical–chemical status is “good” and MMIF is only moderate. This is corroborated by studies such as Sundermann et al. [7], who argue that these norms should be considered ecological background values, not change point values for biological groups. This does not mean that these legal targets have no basis, as they are supportive of more biological groups than macroinvertebrates alone.



Our method is not the only method with which taxon-specific tipping points could be defined, there are examples with taxon-specific analyses using the TITAN algorithm [7]. Even the breakpoints in the classification trees relating directly to the MMIF [44,49] could inform on change points specific to macroinvertebrates. Our method differs from these other change point detecting method by assigning a fuzzy classification to these change points. When a suitability index is either 0 or 1, the classification for the need of management is clear-cut, but when habitat suitability is between 0 and 1, this makes for a grayer zone. There might or might not be a need for management. We introduce a more risk-based approach in which aspects of a river system that are altered to a degree that they result in a lower habitat suitability, are designated as “consider action”, and variables with a higher suitability are “flagged”. This informs river managers on uncertainty and allows for expert judgment on these aspects in local cases, using knowledge of stakeholders and river managers that cannot easily be captured in desktop analyses. This could increase the acceptance of our method by stakeholders and river managers [50]. Yet it still makes it possible to screen different aspects of river systems on regional differences in terms of their negative impact on the biological status, without further expert judgment.




4.4. Possible Applications of the Method


The most important application of our method is that of turning a bulk of measurement data into structured information for river managers. This allows for setting regional priorities and local priorities: which areas should we address first, and what aspects? Our method has similarities to that proposed by De Zwart et al. [51]. A more typical use of the habitat suitability models as presented in Bennetsen et al. [22] would be to assess the effect of different water quality management scenarios, by integrating them as the last set of models in an integrated modeling chain with other water quality models. However, we think that such an integrated modeling framework overlooks a crucial step in planning and decision support: how can we design management scenarios? To test a great number of different scenarios with water quality models can be very time-consuming, either owing to computational time and requirements, or to the sheer complexity of preparing the various input data. To reduce the number of scenarios that should be tested with water quality models, a crucial first step is something that can be referred to as solution scanning [52]. By first analyzing the system and making a diagnosis [5] of the impairment at hand, river managers can specify a limited set of management options [53] that could be tested in scenario calculations with perhaps more complex water quality models. Due to this, we argue to not only put the ecological models as the last model in an integrated modeling framework, but to use them also as a first step in these frameworks. There is of course logic to putting these models last, as they typically represent the management endpoint within integrated water management. However, as other authors and we [7] have illustrated, ecological responses do not always align with information derived from legal targets. Performing an ecological data analysis first makes it possible to perform a gap analysis sensitive to ecological responses. Thus, by putting the ecological models first, our method aligns with the argument for a true systems approach in integrated water management [6].




4.5. Outlook and Future Development


Our method is able to identify different types of stressors, has a good relationship with the ecological status and is flexible in terms of target setting for river restoration. As each individual aspect of a river system is classified individually, it would for example also be possible to run these models on incomplete data, with the indication that on these aspects no information is available.



Yet its univariate character is a potential disadvantage of our method, as no interaction between stressors is identified in our calculations. However, as the interaction value, used to designate variables either as “consider action” or “flagged”, is based on the multivariate interaction between different stressors [22], interactions are nevertheless considered, albeit indirectly. Yet a possible improvement to the method would be an input variable selection, for example using genetic algorithms [36], to reduce the number of input variables, which would make the consideration of interactions between stressors a less complex problem.



The method presented in this paper used an operational Leitbild developed using data from 2003 to 2012 for an application on a dataset from 2010 to 2012. To apply the method in the future on more recent data, or in different regions, it is advised to update this Leitbild with more recent biological data or data from that specific region to ensure that it describes the expected community under a good ecological status in terms of taxa that have a strong presence in the region and period considered. This will ensure that the results of the classification are the most relevant to the most important taxa in the area at that time.



Furthermore, dispersal or the recolonization potential is not considered in the method presented in this paper. Yet model performance improved significantly when a simple dispersal metric was included in the initial model development [22]. Recently, several authors have indicated the importance of recolonization potential in planning ecological river restoration [54,55]. There are also water bodies in our example application with large ecological gaps, indicating many missing taxa for a good water ecological status, but where water quality is nevertheless good. Perhaps a better explanation than individual stressors would be the absence of source populations for these water bodies [55]. Furthermore, by combining our method with that proposed in Dahm et al. [56], water bodies that have a high potential of reaching good water quality status immediately after river restoration could be identified, and thus prioritized spatially.





5. Conclusions


In this study, we aimed to combine suitability models with information on the ecological status to classify aspects of a river system as potential stressors according to their need for management. We showed that disassembling the ecological status into its individual building blocks has great potential to integrate the ecological status from a systems perspective into models supporting the WFD implementation and integrated water management in general. Specifically, our method considers the ecological status not only as an endpoint in decision support modeling to evaluate scenarios, but also considers it the starting point for a diagnostic analysis related to the pressure and impact analysis. More in particular, we found that the results of our method correlate well with other biotic index studies, and that our method adds new knowledge on the following points: (1) our explicit inclusion of ecological theory and knowledge makes it possible to disassemble biotic indices into their individual building blocks and (2) this approach allows a fuzzy classification of aspects of a river system as potential stressors and their priority for management, which allows expert judgment in local cases. Thus, our method is beneficial to currently used methods directly relating information to the biotic index.



The method presented results in a solid classification of individual aspects of a river system according to their priority for management. It can be supporting of the pressure-impact analyses of water bodies and in the design of a river restoration plan. The inclusion of ecological knowledge and expert insight improves the ecological soundness of the individual elements and the reliability of the method. It also results in good confidence in the prioritization of stressors, despite a moderate predictive performance of the underlying models. We presented the application of our model for Flanders and only for macroinvertebrates, but the principles of the method can be implemented in any region and with other underlying models.
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Figure 1. Overview of our method. The method classifies aspects of a river system in 4 priority classes by identifying missing taxa from the reference lists and revealing their most important stressors through the calculation of the suitability of the abiotic environment for these taxa. The abiotic state is classified into priority classes according to their respective need for action for obtaining a good ecological status. 
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Figure 2. Visual representation of the translation of the suitability index (SI) into priority classes. The variable (e.g., oxygen concentration) is shown on the x-axis. The y-axis shows the suitability index ranging from 0 to 1, for a missing taxon. In case the suitability is 0, the variable is classified as “out of range” (red). In case suitability is between 0 and the interaction threshold, the variable is classified as “consider action” (orange). If the suitability is between the interaction threshold and 1, the variable is classified as “flagged” (yellow) and in case the suitability equals 1 it is classified as “no action required” (green). 
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Figure 3. Geographical representation of the number of missing taxa (A) and the number of limiting variables (B). The visualizations are made on the stream basins of each individual water body in Flanders. 
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Figure 4. Geographical representation of the priority classification of width variation (A), biological oxygen demand (B) and orthophosphate phosphorus concentration (C). The visualizations are made on the stream basins of each individual water body in Flanders. 
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Table 1. Overview of the composition of the ecological groups in terms of species order (%) and number of taxa per group
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	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16





	Coleoptera
	0
	0
	0
	56
	0
	7
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0



	Crustacea
	0
	0
	0
	0
	8
	0
	0
	0
	7
	9
	0
	0
	100
	0
	0
	0



	Diptera
	0
	0
	0
	0
	75
	21
	0
	0
	0
	18
	0
	0
	0
	100
	0
	0



	Ephemeroptera
	0
	0
	0
	0
	0
	7
	38
	67
	0
	0
	0
	0
	0
	0
	0
	0



	Hemiptera
	0
	0
	0
	31
	0
	0
	8
	0
	86
	0
	0
	0
	0
	0
	0
	0



	Hirudinea
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	67
	0
	0
	0
	0



	Megaloptera
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	50
	0



	Mollusca
	100
	100
	100
	0
	0
	0
	0
	0
	0
	55
	0
	0
	0
	0
	50
	0



	Odonata
	0
	0
	0
	6
	0
	0
	15
	0
	0
	0
	100
	0
	0
	0
	0
	0



	Oligochaeta
	0
	0
	0
	6
	8
	0
	0
	0
	0
	18
	0
	0
	0
	0
	0
	0



	Plathelminthes
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	33
	0
	0
	0
	0



	Plecoptera
	0
	0
	0
	0
	0
	29
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0



	Polychaeta
	0
	0
	0
	0
	8
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0



	Trichoptera
	0
	0
	0
	0
	0
	36
	38
	33
	7
	0
	0
	0
	0
	0
	0
	100



	Number of taxa
	8
	9
	5
	16
	12
	14
	13
	3
	14
	11
	17
	12
	10
	8
	2
	4










[image: Table] 





Table 2. Overview of the classification of each stressor according to their management need (% samples). The last two columns describe the overlap between stressors classified as low to no priority that do not comply with their legal targets, and stressors classified as moderate to high priority that comply with their legal targets. For some variables no specific legal targets exist, which is indicated by NA in the last two columns.
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	Variable
	Out of Range
	Consider Action
	Flagged
	No Action Required
	Not good

Status with Low Priority
	Good Status with High Priority





	Bank structure
	0.0
	22.1
	61.3
	16.6
	2.1
	5.8



	Biological oxygen demand
	12.3
	32.8
	40.2
	14.7
	0.0
	25.4



	Chemical oxygen demand
	9.7
	29.7
	37.0
	23.6
	0.0
	1.3



	Chloride concentration
	15.8
	6.8
	61.2
	16.3
	0.0
	5.1



	Curvature erosion
	0.0
	50.1
	29.7
	20.2
	NA
	NA



	Depth
	9.2
	5.3
	25.2
	60.4
	28.9
	0.4



	Electrical conductivity
	28.0
	6.3
	50.1
	15.6
	0.0
	7.3



	Kjeldahl nitrogen concentration
	24.7
	16.3
	40.2
	18.9
	0.0
	17.7



	Lateral connectivity
	0.3
	18.6
	66.9
	14.2
	4.7
	13.4



	Micromeandering
	0.0
	4.7
	81.1
	14.2
	NA
	NA



	Nitrate-nitrogen concentration
	18.7
	28.9
	28.6
	23.9
	0.0
	30.5



	Orthophosphate-phosphorus concentration
	9.2
	15.2
	58.8
	16.8
	11.0
	7.0



	Overhanging vegetation
	0.0
	17.3
	67.7
	15.0
	2.0
	5.5



	Oxygen concentration
	14.2
	25.5
	39.6
	20.7
	0.8
	8.0



	Oxygen saturation
	7.6
	18.9
	52.8
	20.7
	1.3
	14.4



	pH
	14.7
	2.4
	56.7
	26.3
	0.0
	12.0



	Pool-riffle pattern
	0.0
	15.2
	69.3
	15.5
	0.0
	7.5



	Presence of algae
	0.0
	69.0
	8.5
	22.6
	6.0
	4.9



	Presence of dead wood
	0.3
	1.3
	84.2
	14.2
	30.6
	1.5



	Presence of macrophytes
	0.0
	45.5
	34.2
	20.3
	15.4
	2.4



	Presence of sediment banks
	2.9
	2.1
	79.3
	15.8
	30.8
	0.9



	Presence of water-related elements
	0.0
	30.8
	53.4
	15.8
	18.3
	1.0



	Sinuosity
	0.0
	5.4
	68.3
	26.3
	28.1
	2.0



	Sludge layer depth
	0.0
	41.8
	39.5
	18.7
	12.7
	4.9



	Stream variation
	0.3
	20.1
	65.0
	14.7
	0.3
	11.0



	Substrate
	1.7
	14.2
	63.9
	20.3
	15.2
	0.4



	Suspended solids
	12.6
	23.1
	45.7
	18.7
	0.0
	15.8



	Temperature
	11.0
	10.0
	57.0
	22.1
	0.0
	19.0



	Total phosphorus concentration
	15.8
	7.6
	53.3
	23.4
	6.7
	0.0



	Width
	4.5
	20.7
	38.1
	36.8
	19.0
	1.1



	Width erosion
	0.0
	42.3
	40.4
	17.3
	NA
	NA



	Width variation
	0.0
	49.7
	34.4
	15.9
	12.7
	0.0
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