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Abstract

:

Predicting anthropogenic actions resulting in undesirable changes in aquatic systems is crucial for the development of effective and sustainable water management strategies. Due to the co-occurrence of stressors and a lack of appropriate data, the effects on large rivers are difficult to elucidate. To overcome this problem, we developed a partial canonical correspondence analyses (pCCA) model using 292 benthic invertebrate taxa from 104 sites that incorporated the effects of three stressors groups: hydromorphology, land use, and water quality. The data covered an environmental gradient from near-natural to heavily altered sites in five large rivers in Southeastern Europe. Prior to developing the multi-stressor model, we assessed the importance of natural characteristics on individual stressor groups. Stressors proved to be the dominant factors in shaping benthic invertebrate assemblages. The pCCA among stressor-groups showed that unique effects dominated over joint effects. Thus, benthic invertebrate assemblages were suitable for disentangling the specific effect of each of the three stressor groups. While the effects of hydromorphology were dominant, both water quality and land use effects were nearly equally important. Quantifying the specific effects of hydromorphological alterations, water quality, and land use will allow water managers to better understand how large rivers have changed and to better define expectations for ecosystem conditions in the future.
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1. Introduction


It is recognised that large rivers are economically important, but they also provide various ecosystem services and hence require sustainable management. The European Water Framework Directive [1] requires the identification of significant anthropogenic pressures and the assessment of their impacts on water bodies. Thus, we need to correctly predict human activities that create unacceptable impacts on large rivers. While the sources of stress in large rivers are numerous [2,3], little is known about the prevalence, spatial patterns, interactions with the natural environment and co-occurrence of stressors and their effects [4]. The effects of multiple stressors are difficult to predict due to the complexity of the interactions among stressors [5,6]. Thus, the effects of the individual stressor may be masked by the presence of other stressors.



Human pressures and land use patterns have long been recognised as a threat to the functioning and ecological integrity of aquatic ecosystems, as impacts on habitats, water quality, and biota involve complex pathways, e.g., [7,8]. High amounts of pollutants and nutrients have been discharged into large rivers as a result of industrial development, urbanization and intensive agriculture [8]. During the 19th and 20th centuries, stream regulation transformed large rivers to allow for navigation and power generation at the expense of habitat loss [9,10]. Large rivers became impounded, and their channels straightened and separated from oxbow lakes by levees to protect human settlements against floods [11,12,13]. These activities generally reduced longitudinal connectivity and connectivity between the main channel and adjacent floodplain channels [14], disturbing the natural gradients of chemical and physical parameters along large river courses were disturbed.



Aquatic communities are altered on a relatively predictable gradient from natural, e.g., undisturbed or minimally disturbed conditions, to severely altered conditions [15]. Ecological studies of large rivers are usually limited to individual rivers and are rarely based on data along the whole environmental gradient from near-natural to heavily altered sites. The reason might be that in individual large rivers, especially of developed countries including Europe, few near-natural remain [16]. However, in Southeastern Europe, despite large, altered stretches, the large rivers contain some of the last natural, free-flowing stretches in Europe. The Kupa and Una Rivers are in near natural conditions along their entire courses. The middle and lower stretches of the Drava and Mura Rivers are rare examples of unregulated, very large European rivers. Major lower sections of the Sava River still exhibit a relatively natural geomorphic structure and hydrological regime and are fringed by large protected wetlands.



Certain natural characteristics (e.g., catchment characteristics, depth, channel pattern) play a role in structuring benthic invertebrate communities, even in large river and at the regional scale e.g., [17]. Thus, the differences in these characteristics across large rivers must be accounted for before the impacts of stressors can be examined. Aside from natural conditions, hydromorphological alterations (the concept of ’hydromorphology’ is a term introduced by the EC Water Framework Directive [1] that includes hydrological, morphological, and river continuity characteristics), land use, and water quality profoundly affect benthic invertebrates in rivers. Understanding the specific and joint effects of these stressors is of critical importance for developing effective river basin management plans to shape environmental policy.



In this study, we examined the unique and joint effects (two or more factors) of natural factors and major stressors (hydromorphology, land use, and water quality) on the invertebrate fauna of Southeastern European large rivers using the data along the entire environmental gradient from near-natural sites up to heavily altered sites. The term stressor(s) refers to variable(s) of anthropogenic landscape changes and local abiotic stream conditions that reflect human activities, and herein is used in this sense. Natural factors not influenced by anthropogenic disturbance are referred to using the term typology. We posed three general hypotheses regarding benthic invertebrate responses to natural factors (typology) and major stressors:



(1) Stressors and natural factors play a key role in structuring benthic invertebrate communities in the large rivers of a certain region (e.g., Southeastern Europe), thus differences in natural characteristics must be accounted for before the impacts of stressors can be isolated.



(2) Hydromorphology, land use, and water quality have distinct individual effects on structuring stream benthic macroinvertebrate assemblages.



(3) Specific stressor effects of hydromorphology, land use, and water quality are more important than their joint effects in structuring the benthic macroinvertebrate assemblages of large rivers and thus benthic invertebrates can be used to disentangle the effects of these stressors on large rivers.




2. Materials and Methods


2.1. Study Area


The study was conducted in an area of two neighbouring countries: Slovenia with a total area of 20,273 km2 and 4573 km of rivers with catchments larger than 10 km2, and Croatia with a total area of 56,594 km2 and 12,884 km of rivers with catchments larger than 10 km2 (Figure 1). The rivers in each of the countries belong either to the Danube or Adriatic River Basin, though this study included only rivers of the Danube River Basin. The Danube River Basin covers 16,381 km2 (80.8%) of the Slovenian territory and 35,101 km2 (62%) of Croatia. The landscape within this basin is diverse in altitude and slope and features different river section types [18]. This study was limited to five major rivers of the Danube River Basin: the Drava with Mura, and the Sava with its tributaries Kupa/Kolpa and Una (Table 1). The Sava and Drava Rivers are among the largest discharge tributaries of the Danube River (1st and 4th, respectively) and represent some of the best-preserved rivers in Europe in terms of their biological and landscape diversity. The Sava River springs in Slovenia as a gravel-bed river under Alpine influences, the channel in Slovenia changes from simple straight to braided, before gaining its meandering course downstream of Zagreb and continuing to its mouth in Belgrade (Serbia). The Sava River is considered by nature conservationists and scientists to be one of the crown jewels of European nature [19]. The Drava River crosses ecoregions from high Alpine mountains to the Pannonian-Illyrian plain and features all typical fluvio-morphological river types from straight to braided to meandering channels. The lower Drava with the lower Mura River constitutes a 380 km free-flowing and semi-natural watercourse and represents one of the last remaining continuous, riverine landscapes in Central Europe [18]. Only stretches with a catchment area from between 5000 and 64,000 km2 and altitudes between 74 and 338 m were included in this analysis.




2.2. Environmental Variables


The sampling sites cover near-natural to highly disturbed conditions, reflecting the various disturbance levels caused by different stressors, e.g., hydromorphological alteration, catchment land-use, and water quality (Table 2). A total of 34 environmental variables were measured or calculated and classified into four groups: typology (natural), hydromorphology, land use, and water quality. The data for the five typology variables were obtained from the GIS database, the hydrological databases of the Slovenian Environment Agency (ARSO) and Croatian Meteorological and Hydrological Service (DHMZ), and from field analyses. Altitude and slope were calculated using a digital elevation model with 5 m accuracy. The natural predominant substrate was classified into three classes, as the smaller fraction (psammal-1), small to medium fraction (psammal/akal-2) and larger fraction (lithal-3), and the mean depth at low water level was defined as 1 when <1.5 m and 2 when >1.5 m.



Physical and chemical data were obtained monthly or at least four times a year (each season) from the national surface water monitoring programmes. In these analyses, only those 13 parameters were considered where data were available for all selected sites (Table 2): conductivity, pH, oxygen concentration, oxygen saturation, water temperature, COD(K2Cr2O7), BOD5, orthophosphate, total nitrogen, ammonium, nitrite, nitrate, and total suspended solids. In the analyses, the median of data gathered for each parameter in the year of benthic invertebrate sampling was used.



Land use variables were defined from the share of land use categories at the catchment scale, extracted from Corine Land Cover (CLC) data [20] using ArcGIS version 10.2.1 (Esri Corp., Redlands, CA, USA). The categories were combined into five land use variables: urban land use (CLC class 1), natural and semi-natural land use (CLC classes 3, 4, 5), non-intensive agriculture land use (CLC categories 2.3.1, 2.4.3, 2.4.4), intensive agriculture land use on arable land (CLC categories 2.1), and intensive agriculture land use on non-arable land (CLC categories 2.2, 2.4.1, 2.4.2). Nine hydromorphological (HM) variables were selected; four discharge parameters and five HM indices of the Slovenian hydromorphological (SIHM) assessment method [17,21,22]. The SIHM method was applied to examine habitat quality, habitat modifications, and the influence of main upstream barriers/impoundments were considered. First, a river habitat survey [23,24] was performed once for each sampling site and the data was used to calculate the two morphological indices [21,22]: river habitat quality index (RHQ), and river habitat modification index (RHM). Normalised values (converted to a common scale of 0-1; RHQnor, RHMnor; [17]) were used. We first defined the eco-hydromorphology types of the considered river stretches according to [17] (Table 1, Figure 1). The RHM index was normalised using the same values for all river types; a reference value and a lower anchor of 0 and 112, respectively. RHQ values were normalised using type specific reference values. For intermountain and lowland-deep eco-hydromorphology river types, a reference value of RHQ = 237 was used, whereas for lowland-braided the RHQ was set at 327. The lower anchor was the same (RHQ = 116) for all river types. The data on impoundments recorded in the catchment of each sampling site was used to calculate the hydrological modification index (HLM; [17,21]). Combining the indices RHQnor, RHMnor and HLM two HM indices were calculated: hydromorphological modification index (HMM) and hydromorphological quality and modification index (HQM) [17,21,22]. Hydrological variables were obtained from the available data on discharge from national monitoring gauging stations (ARSO, DHMZ). In addition to the mean daily value of discharge measured on the day of benthic invertebrate sampling (Q), the mean annual discharge (MQ), the lowest annual discharge (daily average; NQ), and the highest annual discharge (daily average; HQ) were also calculated for the sampling-year period.




2.3. Benthic Invertebrates


Biological data were obtained as part of the WFD monitoring and assessment system development programmes in Slovenia and Croatia between 2005 and 2011. In total, 104 samples were collected at 57 sites: 39 sites (82 samples) in Slovenia and 18 sites (22 samples) in Croatia (Figure 1, Appendix A). Some sites were sampled several times, but not more than once per year. Benthic invertebrates were collected during low to medium discharge using a multi-habitat sampling approach. Samples were collected in the wadeable part (up to 1.2 m) of the main channel or in the littoral zone of the impoundments to a depth of 1 m using a hand net (frame 25 × 25 cm, mesh-size: 500 µm). On each occasion, at every site, 20 sub-sampling units with a total sampling area of 1.25 m2 were taken along a 100–250 m river stretch. The sampling procedure in Slovenia followed the standardized Slovenian river bioassessment protocol [17,25,26]. Twenty sampling units were selected in proportion to the coverage of the microhabitat types [17,24]. Microhabitat types were defined as the combination of substrate and flow type with at least 5% coverage. The channel substrate of each sampling site was classified according to [27], and flow characteristics according to [27,28]. Sampling units were pooled, preserved with 96% ethanol in the field and transferred to the lab for further processing. Each sample was sub-sampled, and the benthic organisms from a quarter of the whole field sample were identified and enumerated [29]. In Croatia, samples were collected according to the AQEM sampling strategy [27]. A total of 20 sampling units were sampled from representative substrates (i.e., substrates >5% coverage in the sample reach). At sampling sites with homogenous substratum (sand and other soft sediments) 10 sub-sampling units were taken instead of 20 (five sampling sites). In such cases, the sample was taken by pushing the hand net through the upper part (2–5 cm) of the substratum. The sampling units were pooled, preserved with 96% ethanol in the field, and transferred to the lab for further processing. In 2006, a more elaborate sub-sampling design was used, and habitat (substrate)-specific subsampling units were pooled and analysed as separate samples. In the lab, at least 1/6 of the sample was sorted until the minimum targeted number of 500 (habitat-specific samples) or 700 individuals (multi-habitat samples) was reached. Benthic invertebrates were identified usually to the species and genus level, though Oligochaeta and Diptera were identified to the (sub) family and genus level (Appendix B).




2.4. Data Analyses


Direct ordination techniques were carried out to analyse associations among environmental variables and between different groups of environmental variables and benthic invertebrate assemblages. These analyses were performed using Canoco 5 [30]. Benthic invertebrate data were transformed (ln(x + 1)) prior to analysis. In addition, some environmental variables were transformed prior to the analyses to approximate the normal distribution [31] (Table 2). Catchment size, water quality variables, and hydrological variables were transformed using log(x + 1), whereas land use data (proportional data) were transformed using arcsin(sqrt x). Spearman rank correlation coefficients (RSp) were calculated between all pairs of environmental variables using SPSS Statistics version 21.0 [32]. The rationale was to identify associations among the analysed groups of variables and to compare them among different datasets. Since sampling season of benthic invertebrates differed among the samples, prior to performing the direct ordination analysis, the importance of the temporal variable represented by the sampling day in a year was tested. As the temporal variable explained only a low percentage in the variance of the benthic invertebrate dataset, in comparison to the environmental variables, it was not included in the further analyses.



To determine the compositional gradient length the invertebrate data were analysed using detrended correspondence analysis (DCA; [33]). Since these gradient lengths were greater than two standard deviations, we assumed unimodal species responses and, thus, canonical correspondence analysis (CCA; [34]) and partial canonical correspondence analysis were applied [35]. For the first overview of the relationship between the environmental variables and benthic invertebrate data, a CCA analysis with an automatic forward selection routine was applied to all environmental variables. This process specified the effects that each environmental variable added to the explained variance of the species data (marginal effects) and the remaining effect that each variable added to the model once when other variables had already been loaded (conditional effects) [34]. Significant variables were selected with forward selection routine, using the Monte Carlo permutation test with 999 unrestricted permutations. The same procedure was then applied within variable groups (i.e., typology, hydromorphology, water quality, land use). The selected variables were used for partitioning the explained variance among benthic invertebrate assemblages using partial CCA (pCCA). This test allows for the investigation of the effects of one variable group, while eliminating the effects of other variable groups, and hence the partitioning of the variance into unique and joined effects of variable groups. The total explained variance among benthic invertebrate assemblages with forward selected environmental variables from three groups was partitioned into (i) the variance uniquely explained by each variable group, (ii) the variance explained by combined effects of each pair of variable groups, and (iii) the variance explained by combined effects of all three variable groups together.





3. Results


3.1. Relationships between the Variables


Spearman rank correlation (RSp) resulted in several statistically significant relationships (P < 0.05) between pairs of environmental variables (Appendix C, Appendix D, Appendix E and Appendix F). Strong correlations (|RSp| > 0.70) among the variables of different stressor-groups were rare; natural and semi-natural land use related positively to altitude and negatively to conductivity, whereas alternatively non-intensive agriculture land use and intensive agriculture-non-tilled land use were negatively correlated with altitude and positively with conductivity. Other strong correlations were observed within all the stressor-groups, with the exception of the typology group. In the hydromorphology group, strong positive correlations were observed among hydrological variables and among indices (HLM, HMM, HQM). Several variable pairs of different stressor-groups showed moderate correlations (0.50 < |RSp| < 0.70). The lowest number of moderate and strong correlations was observed between the groups hydromorphology and water quality or land use. However, the indices HLM, HMM, and HQM showed a moderate positive correlation with conductivity and a negative correlation with natural and semi-natural land use. In the typology group, hydrological indices showed a moderate positive correlation with mean depth and catchment size and negative with slope. Most of the pairwise correlations were weak (|RSp| < 0.50) or insignificant.




3.2. Benthic Invertebrate Response to Environmental Variables


The total amount of variance (inertia) in the species data was 5.808, including the 104 sites and 292 benthic invertebrate taxa (Appendix B). The total explained variance in the dataset, including all 32 environmental variables, was 2.366 (41%). When tested individually, the highest explanatory power was observed for conductivity (0.22) (Table 3). Additionally, each of the 11 other variables showed more than 50% explanation power (>0.11) of the best explanatory variable. The variables of all four groups showed considerable explanation power. The hydromorphology group was represented with four indices (HLM index, HDM index, RHQ index and HMM index). An additional four eutrophication variables represented the water quality group (nitrogen-total, nitrate, nitrite, orthophosphate). Typology was represented by depth and altitude, whereas land use by natural and semi-natural land use. The remaining other 21 variables exhibited a weaker explanation power.



Testing each explanatory group individually, 22 of 32 environmental variables significantly contributed to the explained variance (Table 3). Each variable group comprised four to eight forward selected variables, used in the variance partitioning. The highest number of selected variables was in the hydromorphology group (eight out of nine), followed by the water quality group (six out of 13), typology group (four out of five) and land use group (four out of five). In the hydromorphology group, a combination of alteration indices and hydrological conditions was observed. For the water quality group, the selected variables reflected eutrophication, organic pollution and some other human activities. In the typology group, a combination of catchment conditions (catchment size, altitude) and instream conditions (depth, substrate) was observed. The land use group reflected urbanisation, agriculture, and other non-natural land use.




3.3. Variance Partitioning between Typology and Stressor-Groups


Variance partitioning between the typology group and an individual stressor-group revealed the unique effects of the stressor-groups, explaining from 36% (land use) to 53% (hydromorphology) of the benthic invertebrate assemblages explained variability (Figure 2). The joint effects (% of the total explained variance) of each stressor group and the typology group were relatively small (8–20%) in comparison to pure stressor effects. Joint effects always represented <30% of the stressor-group total explained variability.




3.4. Variance Partitioning of Three Stressor Variable Groups of Environmental Variables


Variance partitioning was run with 18 variables, after a forward selection routine for each variable group separately. Clearly, the unique effects of variable groups were more important in explaining the variation in the benthic invertebrate composition than joint effects (84% and 16% of the explained variance, respectively, Figure 3). The highest share (36%) was explained by the hydromorphology group, followed by water quality (27%) and land use group (21%). The explanatory power of any joint effect was much smaller where interaction between water quality and hydromorphology groups was most important, accounting for 10%. Other interactions between group pairs were less important (≤4%) and the joint effects of all three variable groups explained only 2% of the variation.





4. Discussion


Centuries of human activities including water pollution and habitat alterations have profoundly altered most large rivers and their aquatic assemblages. Conversion of native forests to agricultural and urban uses has increased concentrations of pollutants (e.g., nutrients), as well as habitat changes [36]. Only a few large European rivers still have stretches that appear to remain in their natural conditions. This study examined some of these stretches in Southeastern Europe, including natural and degraded large river stretches enabled us to cover the whole environmental gradient from near-natural up to heavily altered sites. Thus, our sampling sites exhibit a wide range of chemical and physical factors reflecting differences in habitat characteristics, land use and water quality.



Large rivers are unique ecosystems. Although they share some abiotic and biotic commonalities, certain natural characteristics play a role in structuring benthic invertebrate communities of large rivers, even within the same region (e.g., [17]). Bonada et al. [37] stated that isolating the natural variability along a large river course from the influence of water pollution, land use, and hydromorphological (HM) alterations is difficult due to their confounding effects. This study confirmed the presence of certain joint effects of natural characteristics and individual stressors, though the joint effects were found to be less conspicuous than the specific stressor effects. Our results indicated that regional data of large rivers can be pooled and stressor effects isolated, partly supporting the hypothesis that differences in natural characteristics must be accounted before the impacts of stressors can be determined. We found that, for large rivers, the joint effects also depend on the stressor group. Water quality showed the highest joint effects with typology reflecting that water pollution impacts depend on the natural characteristics of the large river. For example, the effects of nutrients are more evident in large rivers with slower water flow and higher water temperature [38,39]. Hydromorphological alterations showed the lowest joint effects with typology, which might reflect that HM alterations similarly change benthic habitats and communities of large rivers in way in all large rivers. This supports the findings of minimal differences in responses of benthic invertebrate assemblages to HM alterations among large river types [17]. Land use showed an intermediate joint effect, possibly reflecting the combination of effects on water quality (e.g., eutrophication) and habitat characteristics (e.g., sedimentation) [25,36]. Due to the presence of multiple stressors and the lack of appropriate data, effects on large rivers can be difficult to elucidate [17,40]. In this study, pure stressor-specific effects on benthic invertebrates were heavily dominant over the joint effects, and hence, benthic invertebrate assemblages be useful in disentangling the effects of hydromorphology, water quality, and land use. Nevertheless, substantial joint effects were observed between HM alterations and water quality. The combination of both these stressors likely exerts substantial change in benthic invertebrate communities in large rivers. It is often observed that HM alterations (e.g., water abstraction, damming) also lead to water quality issues (e.g., eutrophication) [39,41,42]. The joint effects of the other two stressor groups and all three stressor groups together were small. It is known that land use changes impact water quality and HM conditions, thus, substantial joint effects could be expected. However, it seems that in Southeastern Europe, land use is not so intensive to severely influence water quality and/or HM conditions of large rivers. Moreover, river damming and channelling are key HM pressures impacting large river benthic habitats in the region [43,44]. We found that the effects of HM alterations were more significant than those of water quality and land use changes. Although the sequence and timing of individual stressor effects were not determined in this study, there is evidence that water pollution was most important during the early to mid-20th century [45,46]. Changes in land use have long been present but are intensifying, whereas HM alterations have become more significant in recent decades. Physical pressures have been identified as major causes for a potential failure of water bodies to meet the Water Framework Directive environmental objectives [4,47]. Nevertheless, this study showed that special attention should also be given to the effects of water pollution and land use.



Modelling the relationship between biological communities and environmental parameters has played an increasingly important role in ecology [48]. Such a predictive approach can lead to a better understanding of how the species composition can potentially be affected by human pressures, and is especially promising for use in conservation planning and resource management [49]. Partial canonical correspondence analyses (pCCA), proved to be a useful method for disentangling the effects of addressed stressors. However, there are limitations since the results also depend on selected variables, length of the gradient, and correlation among variables (e.g., [25,50,51]). In this study, the stressor variables were selected according to the reported impacts on large river aquatic communities [8,17,41]. In the water quality group, several other parameters could have been selected, though we chose the most relevant parameters from the eutrophication and organic pollution group. Strong correlations were found between environmental variables, but only within the stressor group. Therefore, it was possible to isolate the effects of different stressors on benthic invertebrates. The long environmental gradient of sites from near-natural conditions up to heavily altered sites is crucial for building a reliable model. It is also important to view the large river community dynamics not only in the context of environmental variables, but also in biotic interactions [52]. Alien species in particular might influence benthic invertebrate community responses (e.g., [50]), though this was not an issue in this study, as recorded alien species (e.g., Corbicula fluminea, Dreissena polymorpha, Dikerogammarus villosus, D. haemobaphes, Jaera istri) usually represented less than 5% of the benthic invertebrate assemblages’ sample composition.



Understanding the impact of water pollution, hydromorphology, and land use change on the ecological status and ecosystem services is essential for developing effective river basin management plans (RBMPs) and shaping future environmental policy. Setting appropriate measures will enable environmental objectives to be achieved (e.g., good ecological status according to Water Framework Directive [1]). Relationships have previously been defined between the biota and water quality [53,54,55] what resulted in active river management for water quality improvement [56]. We showed that water quality issues still exist in large rivers and their effects also interact with HM alterations and land use. HM alterations are the dominant stressor in rivers throughout Europe [4,47], and many studies consider only HM alterations (e.g., [17,22,57,58,59,60]). We showed that in addition to HM alterations and water quality, land use impacts on benthic invertebrates are substantial. For example, increased urbanisation and intensive agriculture severely impact benthic invertebrate assemblages and the integrity of large rivers. Therefore, all major stressors need to be addressed and their effects disentangled to ensure implementation of sustainable river basin management strategies (e.g., Water Framework Directive). The integration of environmental objectives in sectoral policies (e.g., Common Agricultural Policy, Floods Directive, renewable energy, Natura 2000) having direct or indirect impacts on rivers and their catchments might help to achieve environmental objectives (e.g., good ecological status). Since most large European rivers have catchments that cross international borders, cooperation among countries is critical in planning and implementing management strategies. However, differences in development level, public opinion, and historical and political constraints can hinder attempts to achieve these common environmental objectives. Southeastern Europe is facing a range of development challenges, including the planning of new hydroelectric power plants, ongoing intensive urbanisation, and intensifying agriculture [13,25,44].



Public understanding of the importance of water quality, habitat conditions and land use in structuring aquatic assemblages in large rivers could provide a basis for greater support of effective large river protection and sustainable management efforts. However, the management agencies of Southeastern Europe need to change their paradigm of river water quality to the ecological quality of the river ecosystem, thereby supporting activities that would prevent large river deterioration as was observed in many parts of the world.




5. Conclusions


	
We disentangled the specific effects of hydromorphology, water quality, and land use using benthic invertebrate assemblages.



	
Joint effects of stressors and natural factors on benthic invertebrate assemblages depend on the stressor group.



	
Stressors proved to be the dominant factors in shaping benthic invertebrate assemblages of Southeastern Europe large rivers. Effects of hydromorphology dominated over water quality and land use effects, though these were still substantial. Thus, all major stressors need to be addressed and their effects determined for the implementation of the sustainable river basin management strategies.



	
Management agencies in Southeastern Europe need to change their paradigm from river water quality to the ecological quality of the river ecosystem, thereby supporting activities that will prevent large river deterioration.
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Table A1. List of Sampling sites and number of collected samples.






Table A1. List of Sampling sites and number of collected samples.





	River
	Site
	No. Samples
	Latitude
	Longitude





	Drava
	Belišće
	1
	45.6924
	18.4187



	Drava
	Borl
	1
	46.3687
	15.9903



	Drava
	Botovo
	2
	46.2592
	16.9273



	Drava
	Bresternica
	1
	46.5678
	15.5971



	Drava
	Brezno
	2
	46.5949
	15.3154



	Drava
	Donji Miholjac
	1
	45.7831
	18.2070



	Drava
	Dravograd
	3
	46.5884
	15.0251



	Drava
	Frankovci
	2
	46.3974
	16.1687



	Drava
	Grabe
	2
	46.3919
	16.2542



	Drava
	Krčevina pri Ptuju
	3
	46.4403
	15.8333



	Drava
	Križovljan Grad
	1
	46.3846
	16.1157



	Drava
	Mariborski otok
	4
	46.5677
	15.6137



	Drava
	Markovci
	2
	46.4106
	15.8891



	Drava
	Ormož
	3
	46.3863
	16.1206



	Drava
	Ptuj
	2
	46.4178
	15.8690



	Drava
	Pušenci
	2
	46.4021
	16.1571



	Drava
	Ranca
	1
	46.4108
	15.8883



	Drava
	Ruše
	3
	46.5458
	15.5083



	Drava
	Slovenja vas
	1
	46.4441
	15.8130



	Drava
	Starše
	1
	46.4754
	15.7702



	Drava
	Terezino Polje
	1
	45.9425
	17.4822



	Drava
	Tribej
	2
	46.6020
	14.9783



	Drava
	Višnjevac
	1
	45.5762
	18.6452



	Drava
	Zgornji Duplek
	2
	46.5176
	15.7143



	Kupa
	Brest
	2
	45.4424
	16.2429



	Mura
	Bunčani
	1
	46.5985
	16.1484



	Mura
	Ceršak
	5
	46.7062
	15.6665



	Mura
	Gibina-Brod
	2
	46.5236
	16.3391



	Mura
	Goričan
	1
	46.4154
	16.7029



	Mura
	Gornja Bistrica
	1
	46.5404
	16.2714



	Mura
	Konjišče
	2
	46.7193
	15.8206



	Mura
	Mali Bakovci
	1
	46.6074
	16.1280



	Mura
	Mele
	2
	46.6495
	16.0504



	Mura
	Melinci
	1
	46.5719
	16.2227



	Mura
	Mota
	4
	46.5504
	16.2424



	Mura
	Peklenica
	1
	46.5105
	16.4753



	Mura
	Petanjci
	1
	46.6492
	16.0504



	Mura
	Trate
	1
	46.7070
	15.7855



	Sava
	Boštanj
	1
	46.0110
	15.2926



	Sava
	Brestanica
	2
	46.9873
	15.4657



	Sava
	Brežice
	1
	45.8981
	15.5903



	Sava
	Davor
	2
	45.1088
	17.5247



	Sava
	Dolenji Leskovec
	1
	45.9860
	15.4516



	Sava
	Drenje
	1
	45.8620
	15.6924



	Sava
	Galdovo
	1
	45.4833
	16.3935



	Sava
	Jasenovac
	1
	45.2633
	16.8998



	Sava
	Jesenice na Dolenjskem
	6
	45.8609
	15.6921



	Sava
	Mošenik
	1
	46.0922
	14.9228



	Sava
	Podgračeno
	2
	45.8759
	15.6500



	Sava
	Podkraj
	3
	46.1115
	15.1158



	Sava
	Račinovci
	1
	44.8501
	18.9661



	Sava
	Slavonski Šamac
	1
	45.0582
	18.5093



	Sava
	Suhadol
	3
	46.1057
	15.1253



	Sava
	Vrhovo
	4
	46.0445
	15.2089



	Sava
	Zagreb-Jankomir
	1
	45.7911
	15.8526



	Sava
	Županja
	1
	45.0685
	18.6745



	Una
	Hrvatska Dubica
	3
	45.1900
	16.7894
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Table A2. List of the 292 benthic invertebrate taxa recorded at 104 river sampling sites. Ad.-adults, Lv.-larvae, Gr.-group.






Table A2. List of the 292 benthic invertebrate taxa recorded at 104 river sampling sites. Ad.-adults, Lv.-larvae, Gr.-group.





	Higher Taxon
	Taxon





	Turbellaria
	Dendrocoelum album



	Turbellaria
	Dendrocoelum lacteum



	Turbellaria
	Dugesia gonocephala



	Turbellaria
	Dugesia lugubris/polychroa



	Turbellaria
	Dugesia lugubris



	Turbellaria
	Dugesia tigrina



	Turbellaria
	Phagocata sp.



	Turbellaria
	Planaria torva



	Turbellaria
	Polycelis nigra/tenuis



	Nematoda
	Nematoda Gen. sp.



	Oligochaeta
	Enchytraeidae Gen. sp.



	Oligochaeta
	Haplotaxis gordioides



	Oligochaeta
	Eiseniella tetraedra



	Oligochaeta
	Lumbriculidae Gen. sp.



	Oligochaeta
	Lumbriculus variegatus



	Oligochaeta
	Rhynchelmis sp.



	Oligochaeta
	Stylodrilus heringianus



	Oligochaeta
	Stylodrilus sp.



	Oligochaeta
	Chaetogaster sp.



	Oligochaeta
	Dero sp.



	Oligochaeta
	Nais sp.



	Oligochaeta
	Ophidonais serpentina



	Oligochaeta
	Pristina sp.



	Oligochaeta
	Stylaria lacustris



	Oligochaeta
	Uncinais uncinata



	Oligochaeta
	Vejdovskiella comata



	Oligochaeta
	Vejdovskiella sp.



	Oligochaeta
	Propappus volki



	Oligochaeta
	Aulodrilus pluriseta



	Oligochaeta
	Branchiura sowerbyi



	Oligochaeta
	Peloscolex sp.



	Oligochaeta
	Peloscolex velutina



	Oligochaeta
	Tubificidae juv without setae



	Oligochaeta
	Tubificidae juv with setae



	Hirudinea
	Dina punctata



	Hirudinea
	Erpobdella nigricollis



	Hirudinea
	Erpobdella octoculata



	Hirudinea
	Erpobdella sp.



	Hirudinea
	Erpobdella testacea



	Hirudinea
	Erpobdella vilnensis



	Hirudinea
	Trocheta bykowskii



	Hirudinea
	Alboglossiphonia heteroclita



	Hirudinea
	Glossiphonia complanata



	Hirudinea
	Glossiphonia concolor



	Hirudinea
	Glossiphonia nebulosa



	Hirudinea
	Glossiphonia paludosa



	Hirudinea
	Glossiphonia sp.



	Hirudinea
	Glossiphonia verrucata



	Hirudinea
	Helobdella stagnalis



	Hirudinea
	Hemiclepsis marginata



	Hirudinea
	Theromyzon tessulatum



	Hirudinea
	Haemopis sanguisuga



	Hirudinea
	Piscicola geometra



	Hirudinea
	Piscicola haranti



	Gastropoda
	Acroloxus lacustris



	Gastropoda
	Ancylus fluviatilis



	Gastropoda
	Bithynia tentaculata



	Gastropoda
	Bithynia sp.



	Gastropoda
	Borysthenia naticina



	Gastropoda
	Lithoglyphus naticoides



	Gastropoda
	Potamopyrgus antipodarum



	Gastropoda
	Sadleriana sp.



	Gastropoda
	Radix auricularia



	Gastropoda
	Radix balthica/labiata



	Gastropoda
	Radix balthica



	Gastropoda
	Radix labiata



	Gastropoda
	Esperiana acicularis



	Gastropoda
	Esperiana esperi



	Gastropoda
	Holandriana holandrii



	Gastropoda
	Theodoxus danubialis



	Gastropoda
	Theodoxus transversalis



	Gastropoda
	Physa fontinalis



	Gastropoda
	Physella acuta



	Gastropoda
	Gyraulus albus



	Gastropoda
	Gyraulus crista



	Gastropoda
	Planorbis carinatus



	Gastropoda
	Valvata cristata



	Gastropoda
	Valvata piscinalis



	Gastropoda
	Viviparus viviparus



	Bivalvia
	Dreissena polymorpha



	Bivalvia
	Musculium lacustre



	Bivalvia
	Pisidium sp.



	Bivalvia
	Sphaerium corneum



	Bivalvia
	Sphaerium sp.



	Bivalvia
	Sinanodonta woodiana



	Bivalvia
	Unio crassus



	Bivalvia
	Unio pictorum



	Bivalvia
	Unio tumidus



	Bivalvia
	Corbicula fluminea



	Arachnida
	Hydrachnidia Gen. sp.



	Amphipoda
	Synurella ambulans



	Amphipoda
	Gammarus fossarum



	Amphipoda
	Gammarus roeselii



	Amphipoda
	Corophium curvispinum



	Amphipoda
	Dikerogammarus haemobaphes



	Amphipoda
	Dikerogammarus villosus



	Amphipoda
	Niphargus sp.



	Isopoda
	Asellus aquaticus



	Isopoda
	Jaera istri



	Ephemeroptera
	Baetis buceratus



	Ephemeroptera
	Nigrobaetis digitatus



	Ephemeroptera
	Baetis fuscatus



	Ephemeroptera
	Baetis fuscatus/scambus



	Ephemeroptera
	Baetis liebenauae



	Ephemeroptera
	Baetis lutheri



	Ephemeroptera
	Baetis rhodani



	Ephemeroptera
	Baetis scambus



	Ephemeroptera
	Baetis sp.



	Ephemeroptera
	Baetis vardarensis



	Ephemeroptera
	Baetis vernus



	Ephemeroptera
	Baetis buceratus/vernus



	Ephemeroptera
	Centroptilum luteolum



	Ephemeroptera
	Centroptilum sp.



	Ephemeroptera
	Cloeon dipterum



	Ephemeroptera
	Caenis sp.



	Ephemeroptera
	Brachycercus sp.



	Ephemeroptera
	Serratella ignita



	Ephemeroptera
	Ephemerella notata



	Ephemeroptera
	Ephemerella mucronata



	Ephemeroptera
	Torleya major



	Ephemeroptera
	Ephemera danica



	Ephemeroptera
	Ephemera sp.



	Ephemeroptera
	Ecdyonurus sp.



	Ephemeroptera
	Epeorus sylvicola



	Ephemeroptera
	Heptagenia sp.



	Ephemeroptera
	Heptagenia sulphurea



	Ephemeroptera
	Rhithrogena sp.



	Ephemeroptera
	Habroleptoides confusa



	Ephemeroptera
	Habrophlebia fusca



	Ephemeroptera
	Paraleptophlebia submarginata



	Ephemeroptera
	Oligoneuriella rhenana



	Ephemeroptera
	Potamanthus luteus



	Ephemeroptera
	Siphlonurus aestivalis



	Ephemeroptera
	Siphlonurus lacustris



	Ephemeroptera
	Siphlonurus sp.



	Plecoptera
	Chloroperla sp.



	Plecoptera
	Xanthoperla apicalis



	Plecoptera
	Capnia sp.



	Plecoptera
	Leuctra sp.



	Plecoptera
	Nemoura sp.



	Plecoptera
	Nemurella pictetii



	Plecoptera
	Protonemura sp.



	Plecoptera
	Dinocras cephalotes



	Plecoptera
	Perla sp.



	Plecoptera
	Marthamea vitripennis



	Plecoptera
	Isoperla sp.



	Plecoptera
	Perlodes sp.



	Plecoptera
	Brachyptera sp.



	Plecoptera
	Taeniopteryx nebulosa



	Odonata
	Calopteryx splendens



	Odonata
	Cercion lindenii



	Odonata
	Enallagma cyathigerum



	Odonata
	Ischnura elegans



	Odonata
	Coenagrionidae Gen. sp.



	Odonata
	Cordulegaster bidentata



	Odonata
	Cordulegaster heros



	Odonata
	Gomphus sp.



	Odonata
	Gomphus vulgatissimus



	Odonata
	Gomphus flavipes



	Odonata
	Onychogomphus forcipatus



	Odonata
	Ophiogomphus cecilia



	Odonata
	Orthetrum brunneum



	Odonata
	Platycnemis pennipes



	Heteroptera
	Aphelocheirus aestivalis



	Heteroptera
	Corixinae Gen. sp.



	Heteroptera
	Micronecta sp.



	Megaloptera
	Sialis fuliginosa



	Megaloptera
	Sialis lutaria



	Megaloptera
	Sialis nigripes



	Hymenoptera
	Agriotypus armatus



	Coleoptera
	Bidessus sp. Ad.



	Coleoptera
	Platambus maculatus Ad.



	Coleoptera
	Elmis sp. Ad.



	Coleoptera
	Elmis sp. Lv.



	Coleoptera
	Esolus sp. Ad.



	Coleoptera
	Esolus sp. Lv.



	Coleoptera
	Limnius sp. Ad.



	Coleoptera
	Limnius sp. Lv.



	Coleoptera
	Normandia nitens Ad.



	Coleoptera
	Oulimnius sp. Ad.



	Coleoptera
	Oulimnius sp. Lv.



	Coleoptera
	Riolus sp. Ad.



	Coleoptera
	Riolus sp. Lv.



	Coleoptera
	Stenelmis canaliculata Ad.



	Coleoptera
	Orectochilus villosus Lv.



	Coleoptera
	Haliplus sp. Ad.



	Coleoptera
	Haliplus sp. Lv.



	Coleoptera
	Helophorus sp. Ad.



	Coleoptera
	Hydraena sp. Ad.



	Coleoptera
	Ochthebius sp. Ad.



	Trichoptera
	Brachycentrus montanus



	Trichoptera
	Brachycentrus subnubilus



	Trichoptera
	Ecnomus tenellus



	Trichoptera
	Agapetus sp.



	Trichoptera
	Agapetus laniger



	Trichoptera
	Glossosoma boltoni



	Trichoptera
	Glossosoma conformis



	Trichoptera
	Glossosoma intermedium



	Trichoptera
	Goera pilosa



	Trichoptera
	Silo nigricornis



	Trichoptera
	Silo piceus



	Trichoptera
	Cheumatopsyche lepida



	Trichoptera
	Hydropsyche bulbifera



	Trichoptera
	Hydropsyche bulgaromanorum



	Trichoptera
	Hydropsyche contubernalis



	Trichoptera
	Hydropsyche incognita



	Trichoptera
	Hydropsyche modesta



	Trichoptera
	Hydropsyche ornatula



	Trichoptera
	Hydropsyche pellucidula



	Trichoptera
	Hydropsyche siltalai



	Trichoptera
	Hydropsyche sp.



	Trichoptera
	Hydroptila sp.



	Trichoptera
	Orthotrichia sp.



	Trichoptera
	Lepidostoma hirtum



	Trichoptera
	Athripsodes albifrons



	Trichoptera
	Athripsodes cinereus



	Trichoptera
	Athripsodes sp.



	Trichoptera
	Ceraclea annulicornis



	Trichoptera
	Ceraclea dissimilis



	Trichoptera
	Mystacides azurea



	Trichoptera
	Mystacides longicornis



	Trichoptera
	Mystacides nigra



	Trichoptera
	Oecetis lacustris



	Trichoptera
	Oecetis notata



	Trichoptera
	Setodes punctatus



	Trichoptera
	Setodes sp.



	Trichoptera
	Anabolia furcata



	Trichoptera
	Chaetopteryx sp.



	Trichoptera
	Halesus digitatus



	Trichoptera
	Halesus radiatus



	Trichoptera
	Limnephilinae Gen. sp.



	Trichoptera
	Limnephilus extricatus



	Trichoptera
	Potamophylax rotundipennis



	Trichoptera
	Potamophylax sp.



	Trichoptera
	Philopotamus sp.



	Trichoptera
	Cyrnus trimaculatus



	Trichoptera
	Polycentropus flavomaculatus



	Trichoptera
	Lype reducta



	Trichoptera
	Psychomyia pusilla



	Trichoptera
	Tinodes sp.



	Trichoptera
	Rhyacophila s. str. sp.



	Trichoptera
	Notidobia ciliaris



	Trichoptera
	Sericostoma sp.



	Diptera
	Limnophora sp.



	Diptera
	Lispe sp.



	Diptera
	Atherix ibis



	Diptera
	Ibisia marginata



	Diptera
	Ibisia sp.



	Diptera
	Liponeura sp.



	Diptera
	Ceratopogoninae Gen. sp.



	Diptera
	Dasyhelea sp.



	Diptera
	Brillia bifida



	Diptera
	Chironomini Gen. sp.



	Diptera
	Chironomus obtusidens-Gr.



	Diptera
	Chironomus plumosus-Gr.



	Diptera
	Chironomus thummi-Gr.



	Diptera
	Chironomus plumosus



	Diptera
	Chironomus sp.



	Diptera
	Corynoneura sp.



	Diptera
	Orthocladiinae Gen. sp.



	Diptera
	Diamesinae Gen. sp.



	Diptera
	Monodiamesa sp.



	Diptera
	Orthocladiinae Gen. sp.



	Diptera
	Paratendipes sp.



	Diptera
	Potthastia longimana-Gr.



	Diptera
	Procladius sp.



	Diptera
	Prodiamesa olivacea



	Diptera
	Prodiamesa rufovittata



	Diptera
	Tanypodinae Gen. sp.



	Diptera
	Tanytarsini Gen. sp.



	Diptera
	Thienemanniella sp.



	Diptera
	Dolichopodidae Gen. sp.



	Diptera
	Clinocerinae Gen. sp.



	Diptera
	Hemerodromiinae Gen. sp.



	Diptera
	Antocha sp.



	Diptera
	Chioneinae Gen. sp.



	Diptera
	Hexatoma sp.



	Diptera
	Limnophilinae Gen. sp.



	Diptera
	Limoniinae Gen. sp.



	Diptera
	Dicranota sp.



	Diptera
	Pedicia sp.



	Diptera
	Psychodidae Gen. sp.



	Diptera
	Psychodidae Gen. sp.



	Diptera
	Psychodidae Gen. sp.



	Diptera
	Ptychoptera sp.



	Diptera
	Prosimulium sp.



	Diptera
	Simulium sp.



	Diptera
	Syrphidae Gen. sp.



	Diptera
	Chrysops sp.



	Diptera
	Tabanus sp.



	Diptera
	Tipula sp.



	Lepidoptera
	Nymphula stagnata
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Table A3. Statistically significant Spearman’s correlation coefficients (RSp) for the combinations of typology variables with variables from all groups (** P < 0.01, * P < 0.05); |RSp| > 0.50 are in bold. See Table 2 for environmental variable codes. Med–median.






Table A3. Statistically significant Spearman’s correlation coefficients (RSp) for the combinations of typology variables with variables from all groups (** P < 0.01, * P < 0.05); |RSp| > 0.50 are in bold. See Table 2 for environmental variable codes. Med–median.













	
	Depth_Mean
	C_Size
	Slope
	Altitude
	Substrat_Code





	Depth_mean
	
	0.494**
	−0.613**
	
	−0.373**



	C_size
	0.494**
	
	−0.405**
	
	−0.465**



	slope
	−0.613**
	−0.405**
	
	0.299**
	0.337**



	altitude
	
	
	0.299**
	
	0.499**



	substrat_code
	−0.373**
	−0.465**
	0.337**
	0.499**
	



	T_med
	0.197*
	
	−0.278**
	−0.361**
	



	pH_med
	
	−0.277**
	
	
	



	cond_med
	−0.461**
	−0.418**
	
	−0.631**
	



	DO_med
	−0.257**
	
	
	−0.209*
	



	DOsat_med
	
	
	
	
	



	TSS_med
	0.329**
	0.391**
	−0.233*
	
	−0.293**



	KPK_Cmed
	−0.313**
	
	
	−0.278**
	−0.277**



	BPK5_med
	−0.221*
	
	
	−0.443**
	−0.248*



	PO4_P_med
	−0.505**
	−0.561**
	0.243*
	−0.353**
	



	Ntot_med
	−0.643**
	−0.427**
	0.401**
	
	



	NH4_N_med
	−0.213*
	−0.404**
	
	
	



	NO2_N_med
	−0.613**
	−0.573**
	0.461**
	
	0.439**



	NO3_N_med
	−0.607**
	−0.444**
	0.414**
	
	



	Q
	0.591**
	0.564**
	−0.509**
	−0.198*
	−0.450**



	Qnp
	0.571**
	0.520**
	−0.513**
	−0.250*
	−0.488**



	Qs
	0.544**
	0.443**
	−0.546**
	−0.378**
	−0.490**



	Qvk
	0.336**
	
	−0.382**
	−0.487**
	−0.383**



	RHQ
	−0.652**
	
	0.350**
	−0.330**
	



	RHM
	
	
	
	0.299**
	0.254**



	HLM
	−0.395**
	
	
	−0.685**
	−0.437**



	HMM
	−0.392**
	
	
	−0.582**
	−0.410**



	HQM
	−0.408**
	
	
	−0.625**
	−0.408**



	C_urb
	−0.524**
	−0.366**
	0.243*
	
	



	C_nat
	0.205*
	
	
	0.922**
	0.491**



	C_agrE
	−0.327**
	−0.444**
	
	−0.703**
	



	C_agrI1
	
	0.467**
	
	
	



	C_argI2
	
	
	−0.214*
	−0.879**
	−0.398**
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Table A4. Statistically significant Spearman’s correlation coefficients (RSp) for the combinations of water quality variables with variables from all groups (** P < 0.01, * P < 0.05); |RSp| > 0.50 are in bold. See Table 2 for environmental variable codes. Med–median.






Table A4. Statistically significant Spearman’s correlation coefficients (RSp) for the combinations of water quality variables with variables from all groups (** P < 0.01, * P < 0.05); |RSp| > 0.50 are in bold. See Table 2 for environmental variable codes. Med–median.





















	
	T_med
	pHMed
	Cond_Med
	DO_Med
	DOsat_Med
	TSS_Med
	KPK_Cmed
	BPK5_Med
	PO4_P_Med
	Ntot_Med
	NH4_N_Med
	NO2_N_Med
	NO3_N_Med





	Depth_mean
	0.197*
	
	−0.461**
	−0.257**
	
	0.329**
	−0.313**
	−0.221*
	−0.505**
	−0.643**
	−0.213*
	−0.613**
	−0.607**



	C_size
	
	−0.277**
	−0.418**
	
	
	0.391**
	
	
	−0.561**
	−0.427**
	−0.404**
	−0.573**
	−0.444**



	slope
	−0.278**
	
	
	
	
	−0.233*
	
	
	0.243*
	0.401**
	
	0.461**
	0.414**



	altitude
	−0.361**
	
	−0.631**
	−0.209*
	
	
	−0.278**
	−0.443**
	−0.353**
	
	
	
	



	substrat_code
	
	
	
	
	
	−0.293**
	−0.277**
	−0.248*
	
	
	
	0.439**
	



	T_med
	
	
	0.314**
	
	
	
	
	
	
	
	
	
	



	pH_med
	
	
	0.261**
	
	
	
	
	
	
	
	
	
	−0.205*



	cond_med
	0.314**
	0.261**
	
	
	
	−0.306**
	
	0.381**
	0.654**
	0.418**
	
	0.222*
	0.410**



	DO_med
	
	
	
	
	0.570**
	
	
	
	
	
	
	
	



	DOsat_med
	
	
	
	0.570**
	
	
	
	
	
	−0.273**
	−0.381**
	−0.220*
	−0.211*



	TSS_med
	
	
	−0.306**
	
	
	
	
	
	−0.324**
	
	
	−0.259**
	



	KPK_Cmed
	
	
	
	
	
	
	
	0.597**
	0.420**
	0.484**
	0.278**
	0.205*
	0.382**



	BPK5_med
	
	
	0.381**
	
	
	
	0.597**
	
	0.481**
	0.323**
	0.194*
	
	0.259**



	PO4_P_med
	
	
	0.654**
	
	
	−0.324**
	0.420**
	0.481**
	
	0.664**
	0.496**
	0.667**
	0.687**



	Ntot_med
	
	
	0.418**
	
	−0.273**
	
	0.484**
	0.323**
	0.664**
	
	0.423**
	0.754**
	0.945**



	NH4_N_med
	
	
	
	
	−0.381**
	
	0.278**
	0.194*
	0.496**
	0.423**
	
	0.502**
	0.377**



	NO2_N_med
	
	
	0.222*
	
	−0.220*
	−0.259**
	0.205*
	
	0.667**
	0.754**
	0.502**
	
	0.817**



	NO3_N_med
	
	−0.205*
	0.410**
	
	−0.211*
	
	0.382**
	0.259**
	0.687**
	0.945**
	0.377**
	0.817**
	



	Q
	
	
	−0.293**
	
	
	0.340**
	
	
	−0.321**
	−0.417**
	−0.250*
	−0.529**
	−0.397**



	Qnp
	
	
	−0.253**
	
	
	0.360**
	
	
	−0.312**
	−0.434**
	−0.212*
	−0.554**
	−0.456**



	Qs
	
	
	
	
	
	0.287**
	
	
	−0.214*
	−0.439**
	−0.283**
	−0.555**
	−0.436**



	Qvk
	0.336**
	0.250*
	0.281**
	0.307**
	
	
	
	
	−0.251*
	−0.265**
	−0.379**
	−0.237*
	



	RHQ
	−0.214*
	
	0.306**
	0.207*
	
	
	0.358**
	0.231*
	0.249*
	0.395**
	
	0.245*
	0.332**



	RHM
	
	
	−0.216*
	
	
	
	
	
	
	
	
	0.224*
	



	HLM
	
	
	0.521**
	0.248*
	
	
	0.480**
	0.407**
	0.313**
	0.284**
	
	
	0.224*



	HMM
	
	
	0.552**
	0.250*
	
	
	0.275**
	0.338**
	0.280**
	
	
	
	



	HQM
	
	
	0.542**
	0.249*
	
	
	0.332**
	0.390**
	0.303**
	0.210*
	
	
	



	C_urb
	
	
	
	
	−0.224*
	
	0.573**
	0.335**
	0.500**
	0.689**
	0.442**
	0.626**
	0.637**



	C_nat
	−0.314**
	−0.199*
	−0.752**
	−0.203*
	
	
	−0.356**
	−0.467**
	−0.508**
	−0.202*
	
	
	



	C_agrE
	0.317**
	0.253**
	0.838**
	
	
	−0.299**
	0.235*
	0.387**
	0.630**
	0.279**
	0.305**
	
	0.233*



	C_agrI1
	−0.340**
	−0.252**
	−0.519**
	
	−0.232*
	0.321**
	0.503**
	
	
	
	
	
	



	C_argI2
	0.415**
	
	0.785**
	
	0.212*
	−0.211*
	
	0.384**
	0.526**
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Table A5. Statistically significant Spearman’s correlation coefficients (RSp) for the combinations of land use variables with variables from all groups (** P < 0.01, * P < 0.05); |RSp| > 0.50 are in bold. See Table 2 for environmental variable codes. Med–median.






Table A5. Statistically significant Spearman’s correlation coefficients (RSp) for the combinations of land use variables with variables from all groups (** P < 0.01, * P < 0.05); |RSp| > 0.50 are in bold. See Table 2 for environmental variable codes. Med–median.













	
	C_urb
	C_Nat
	C_AgrI
	C_AgrE
	C_AgrI2





	Depth_mean
	−0.524**
	0.205*
	
	−0.327**
	



	C_size
	−0.366**
	
	
	−0.444**
	



	slope
	0.243*
	
	−0.286**
	
	−0.214*



	altitude
	
	0.922**
	−0.948**
	−0.703**
	−0.879**



	substrat_code
	
	0.491**
	−0.507**
	
	−0.398**



	T_med
	
	−0.314**
	0.323**
	0.317**
	0.415**



	pH_med
	
	−0.199*
	
	0.253**
	



	cond_med
	
	−0.752**
	0.629**
	0.838**
	0.785**



	DO_med
	
	−0.203*
	
	
	



	DOsat_med
	−0.224*
	
	
	
	0.212*



	TSS_med
	
	
	
	−0.299**
	−0.211*



	KPK_Cmed
	0.573**
	−0.356**
	0.328**
	0.235*
	



	BPK5_med
	0.335**
	−0.467**
	0.440**
	0.387**
	0.384**



	PO4_P_med
	0.500**
	−0.508**
	0.423**
	0.630**
	0.526**



	Ntot_med
	0.689**
	−0.202*
	
	0.279**
	



	NH4_N_med
	0.442**
	
	
	0.305**
	



	NO2_N_med
	0.626**
	
	
	
	



	NO3_N_med
	0.637**
	
	
	0.233*
	



	Q
	−0.244*
	
	0.223*
	
	



	Qnp
	−0.328**
	
	0.286**
	
	



	Qs
	−0.372**
	−0.312**
	0.423**
	
	0.337**



	Qvk
	−0.383**
	−0.483**
	0.530**
	0.378**
	0.565**



	RHQ
	0.239*
	−0.272**
	0.251*
	0.218*
	



	RHM
	0.208*
	0.208*
	−0.221*
	
	−0.238*



	HLM
	0.204*
	−0.697**
	0.591**
	0.499**
	0.483**



	HMM
	
	−0.604**
	0.491**
	0.464**
	0.464**



	HQM
	
	−0.638**
	0.545**
	0.473**
	0.479**



	C_urb
	
	
	
	
	



	C_nat
	
	
	−0.948**
	−0.841**
	−0.917**



	C_agrE
	
	−0.841**
	0.740**
	
	0.858**



	C_agrI1
	0.492**
	
	
	−0.482**
	−0.391**



	C_argI2
	
	−0.917**
	0.928**
	0.858**
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Table A6. Statistically significant Spearman’s correlation coefficients (RSp) for the combinations of hydromorphology variables with variables from all groups (** P < 0.01, * P < 0.05); |RSp| > 0.50 are in bold. See Table 2 for environmental variable codes. Med–median.






Table A6. Statistically significant Spearman’s correlation coefficients (RSp) for the combinations of hydromorphology variables with variables from all groups (** P < 0.01, * P < 0.05); |RSp| > 0.50 are in bold. See Table 2 for environmental variable codes. Med–median.

















	
	Q
	Qnp
	Qs
	Qvk
	RHQ
	RHM
	HLM
	HMM
	HQM





	Depth_mean
	0.591**
	0.571**
	0.544**
	0.336**
	−0.652**
	
	−0.395**
	−0.392**
	−0.408**



	C_size
	0.564**
	0.520**
	0.443**
	
	
	
	
	
	



	slope
	−0.509**
	−0.513**
	−0.546**
	−0.382**
	0.350**
	
	
	
	



	altitude
	−0.198*
	−0.250*
	−0.378**
	−0.487**
	−0.330**
	0.299**
	−0.685**
	−0.582**
	−0.625**



	substrat_code
	−0.450**
	−0.488**
	−0.490**
	−0.383**
	
	0.254**
	−0.437**
	−0.410**
	−0.408**



	T_med
	
	
	
	0.336**
	−0.214*
	
	
	
	



	pH_med
	
	
	
	0.250*
	
	
	
	
	



	cond_med
	−0.293**
	−0.253**
	
	0.281**
	0.306**
	−0.216*
	0.521**
	0.552**
	0.542**



	DO_med
	
	
	
	
	0.207*
	
	0.248*
	0.250*
	0.249*



	DOsat_med
	
	
	
	0.307**
	
	
	
	
	



	TSS_med
	0.340**
	0.360**
	0.287**
	
	
	
	
	
	



	KPK_Cmed
	
	
	
	
	0.358**
	
	0.480**
	0.275**
	0.332**



	BPK5_med
	
	
	
	
	0.231*
	
	0.407**
	0.338**
	0.390**



	PO4_P_med
	−0.321**
	−0.312**
	−0.214*
	
	0.249*
	
	0.313**
	0.280**
	0.303**



	Ntot_med
	−0.417**
	−0.434**
	−0.439**
	−0.251*
	0.395**
	
	0.284**
	
	0.210*



	NH4_N_med
	−0.250*
	−0.212*
	−0.283**
	−0.265**
	
	
	
	
	



	NO2_N_med
	−0.529**
	−0.554**
	−0.555**
	−0.379**
	0.245*
	0.224*
	
	
	



	NO3_N_med
	−0.397**
	−0.456**
	−0.436**
	−0.237*
	0.332**
	
	0.224*
	
	



	Q
	
	0.806**
	0.780**
	0.476**
	−0.336**
	
	
	
	



	Qnp
	0.806**
	
	0.945**
	0.649**
	−0.273**
	
	
	
	



	Qs
	0.780**
	0.945**
	
	0.800**
	−0.317**
	
	
	
	



	Qvk
	0.476**
	0.649**
	0.800**
	
	−0.247*
	
	
	
	



	RHQ
	−0.336**
	−0.273**
	−0.317**
	−0.247*
	
	−0.338**
	0.560**
	0.511**
	0.610**



	RHM
	
	
	
	
	−0.338**
	
	−0.355**
	−0.667**
	−0.629**



	HLM
	
	
	
	
	0.560**
	−0.355**
	
	0.842**
	0.887**



	HMM
	
	
	
	
	0.511**
	−0.667**
	0.842**
	
	0.965**



	HQM
	
	
	
	
	0.610**
	−0.629**
	0.887**
	0.965**
	



	C_urb
	−0.244*
	−0.328**
	−0.372**
	−0.383**
	0.239*
	0.208*
	0.204*
	
	



	C_nat
	
	
	−0.312**
	−0.483**
	−0.272**
	0.208*
	−0.697**
	−0.604**
	−0.638**



	C_agrE
	
	
	
	0.378**
	0.218*
	
	0.499**
	0.464**
	0.473**



	C_agrI1
	0.244*
	
	
	−0.391**
	0.263**
	
	
	
	



	C_argI2
	
	
	0.337**
	0.565**
	
	−0.238*
	0.483**
	0.464**
	0.479**
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Figure 1. Study area showing the examined larger rivers and sampling sites (diamonds). 
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Figure 2. Unique and joint effect contribution of the typology group and each of the stressor variable groups (hydromorphology, land use, and water quality) to the explained variability of benthic invertebrate assemblages; given as percentage of joint and both unique contributions. 
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Figure 3. Venn diagram representing stressor-specific and joint effect contributions of the stressor variable groups to the explained variability of the benthic invertebrate assemblages. Explained variability is given as percentage of the total explained variance. 
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Table 1. Main characteristics of sampled rivers with the number of sampling sites and samples.
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	Country
	River
	Eco-Hydromorphological Type
	Catchment Size Range (km2)
	Altitude Range (m a.s.l.)
	No. Sites (Samples)





	Slovenia
	Drava
	Intermountain
	11,720–13,091
	253–338
	6 (14)



	Slovenia
	Drava
	Lowland-braided
	13,189–15,079
	178–236
	12 (23)



	Slovenia
	Mura
	Lowland-braided
	9784–10,506
	165–246
	11 (21)



	Slovenia
	Sava
	Intermountain
	4946–5203
	191–222
	3 (7)



	Slovenia
	Sava
	Lowland-deep
	7151–7655
	154–191
	4 (8)



	Slovenia
	Sava
	Lowland-braided
	7782–10,411
	132–139
	3 (9)



	Croatia
	Mura
	Lowland-braided
	10,930–10,930
	153–153
	1 (1)



	Croatia
	Mura
	Lowland-deep
	11,731–11,731
	141–141
	1 (1)



	Croatia
	Drava
	Lowland-braided
	14,363–31,038
	122–190
	2 (3)



	Croatia
	Drava
	Lowland-deep
	33,916–39,982
	81–100
	4 (4)



	Croatia
	Sava
	Lowland-braided
	10,997–12,316
	113–132
	2 (2)



	Croatia
	Sava
	Lowland-deep
	12,884–64,073
	74–91
	6 (7)



	Croatia
	Kupa
	Lowland-deep
	9184–9184
	92–92
	1 (2)



	Croatia
	Una
	Lowland-deep
	9368–9368
	94–94
	1 (2)



	Total
	
	
	4946–64,073
	74–338
	57 (104)
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Table 2. Groups of environmental variables with their Median, Min (minimum) and Max (maximum) values.
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	Environmental Variable
	Unit
	Variable Group
	Code
	Median (Min-Max)
	Transformation





	Catchment size
	km2
	Typology
	C_size
	11,720.1 (4945.8–64,073)
	log(x + 1)



	Depth mean
	Classified 1–2
	Typology
	Depth
	1 (1–2)
	



	Slope
	(%)
	Typology
	slope
	0.9 (0–3.6)
	



	Altitude
	(m a.s.l.)
	Typology
	altitude
	190 (74–338)
	



	Substrate
	Classified 1–3
	Typology
	substratum
	3 (1–3)
	



	Water temperature
	°C
	Water quality
	T
	12 (8.6–20.5)
	log(x + 1)



	pH
	
	Water quality
	pH
	8 (7.7–8.3)
	log(x + 1)



	Conductivity
	µS/cm
	Water quality
	cond
	339.5 (262–517)
	log(x + 1)



	Oxygen concentration
	mg O2/L
	Water quality
	DO
	9.5 (7.4–11.5)
	log(x + 1)



	Oxygen saturation
	(%)
	Water quality
	DOsat
	89 (79.5–104.2)
	log(x + 1)



	Total suspended solids
	mg/L
	Water quality
	TSS
	7 (2.4–56)
	log(x + 1)



	Chemical oxygen demand (K2Cr2O7)
	mg O2/L
	Water quality
	COD
	5.7 (2.5–19.6)
	log(x + 1)



	Biochemical oxygen demand (5 days)
	mg O2/L
	Water quality
	BOD5
	1.2 (0.7–2.9)
	log(x + 1)



	Orthophosphate
	mg P/L
	Water quality
	PO4
	0 (0–0.3)
	log(x + 1)



	Total nitrogen
	mg N/L
	Water quality
	Ntot
	1.6 (0.7–2.6)
	log(x + 1)



	Ammonium
	mg N/L
	Water quality
	NH4
	0 (0–0.3)
	log(x + 1)



	Nitrite
	mg N/L
	Water quality
	NO2
	0 (0–0.1)
	log(x + 1)



	Nitrate
	mg N/L
	Water quality
	NO3
	1.4 (0.5–2)
	log(x + 1)



	Urban land use
	(%)
	Land use
	C_urb
	3.1 (0.9–5)
	arcsin(sqrt x)



	Natural and semi-natural land use
	(%)
	Land use
	C_nat
	70.8 (55–78.6)
	arcsin(sqrt x)



	Non-intensive agriculture land use
	(%)
	Land use
	C_agrE
	12.1 (10.1–24.9)
	arcsin(sqrt x)



	Intensive agriculture-tilled land use
	(%)
	Land use
	C_agrI1
	3.6 (0.7–14.7)
	arcsin(sqrt x)



	Intensive agriculture-non-tilled land use
	(%)
	Land use
	C_agrI2
	7.2 (4.5–20.9)
	arcsin(sqrt x)



	Discharge
	m3/s
	Hydromorphology
	Q
	119.2 (5.2–824)
	log(x + 1)



	Mean annual discharge
	m3/s
	Hydromorphology
	NQ
	114.7 (6.6–648)
	log(x + 1)



	Lowest annual discharge
	m3/s
	Hydromorphology
	MQ
	216.7 (9–998)
	log(x + 1)



	Highest annual discharge
	m3/s
	Hydromorphology
	HQ
	483.3 (31.1–1530)
	log(x + 1)



	River habitat quality index
	Total score 1
	Hydromorphology
	RHQ
	218.6 (43.5–324.3)
	



	River habitat modification index
	Total score 1
	Hydromorphology
	RHM
	28.6 (0–116)
	



	Hydrological modification index
	Total score 1
	Hydromorphology
	HLM
	0.8 (0–1)
	



	Hydromorphological modification index
	Total score 1
	Hydromorphology
	HMM
	0.7 (0–1)
	



	Hydromorphological quality and modification index
	Total score 1
	Hydromorphology
	HQM
	0.7 (0–1)
	







1 Calculated score of individual features according to the SIHM method [20].
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Table 3. Percentage of benthic invertebrate assemblages variance explained by each environmental variable’s independent (before forward selection) and conditional effects (after forward selection within each environmental variable group).






Table 3. Percentage of benthic invertebrate assemblages variance explained by each environmental variable’s independent (before forward selection) and conditional effects (after forward selection within each environmental variable group).





	

	

	
Before FS

	
After FS Groups




	
Environmental Variable

	
Variable Group

	
ƛ

	
ƛ

	
P

	
F






	
Depth

	
Typology

	
0.16

	
0.16

	
0.001

	
2.86




	
Altitude

	
Typology

	
0.14

	
0.14

	
0.001

	
2.51




	
Slope

	
Typology

	
0.11

	
0.07

	
0.122

	
1.3




	
Catchment size

	
Typology

	
0.1

	
0.09

	
0.001

	
1.73




	
Substratum

	
Typology

	
0.07

	
0.09

	
0.013

	
1.63




	
Conductivity

	
Water quality

	
0.22

	
0.22

	
0.001

	
3.93




	
Nitrogen-total

	
Water quality

	
0.14

	
0.06

	
0.444

	
1.01




	
Nitrate

	
Water quality

	
0.13

	
0.05

	
0.358

	
1.05




	
Nitrite

	
Water quality

	
0.13

	
0.06

	
0.273

	
1.09




	
Orthophosphate

	
Water quality

	
0.13

	
0.09

	
0.001

	
1.75




	
Ammonia

	
Water quality

	
0.11

	
0.09

	
0.011

	
1.68




	
COD

	
Water quality

	
0.1

	
0.07

	
0.066

	
1.29




	
Temperature

	
Water quality

	
0.08

	
0.07

	
0.04

	
1.34




	
BOD5

	
Water quality

	
0.08

	
0.06

	
0.12

	
1.21




	
Dissolved oxygen saturation

	
Water quality

	
0.08

	
0.08

	
0.031

	
1.41




	
Dissolved oxygen concentration

	
Water quality

	
0.07

	
0.07

	
0.1

	
1.2




	
pH

	
Water quality

	
0.07

	
0.05

	
0.412

	
1.02




	
Total suspended solids

	
Water quality

	
0.06

	
0.07

	
0.033

	
1.36




	
Natural and semi-natural land use

	
Land use

	
0.12

	
0.12

	
<0.0001

	
2.19




	
Intensive agriculture-non-tilled land use

	
Land use

	
0.11

	
0.12

	
<0.0001

	
2.12




	
Intensive agriculture-tilled land use

	
Land use

	
0.11

	
0.06

	
0.187

	
1.16




	
Non-intensive agriculture land use

	
Land use

	
0.11

	
0.09

	
0.005

	
1.72




	
Urban land use

	
Land use

	
0.08

	
0.1

	
0.002

	
1.81




	
Hydrological modification index

	
Hydromorphology

	
0.18

	
0.18

	
0.001

	
3.29




	
Hydromorphological quality and modification index

	
Hydromorphology

	
0.17

	
0.08

	
0.011

	
1.62




	
River habitat quality index

	
Hydromorphology

	
0.15

	
0.08

	
0.001

	
1.61




	
Hydromorphological modification index

	
Hydromorphology

	
0.15

	
0.08

	
0.015

	
1.45




	
Discharge

	
Hydromorphology

	
0.1

	
0.08

	
0.015

	
1.51




	
River habitat modification index

	
Hydromorphology

	
0.1

	
0.1

	
0.002

	
1.73




	
Highest annual discharge

	
Hydromorphology

	
0.08

	
0.07

	
0.039

	
1.29




	
Lowest annual discharge

	
Hydromorphology

	
0.08

	
0.08

	
0.015

	
1.51




	
Mean annual discharge

	
Hydromorphology

	
0.08

	
0.05

	
0.528

	
0.96
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