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In the context of river alteration, ecologists are asked to develop tools for the assessment of river integrity. Fish are known to be good bioindicators of the ecological condition of rivers. The Loire basin, (France) is often considered as relatively little impacted compared to most other large European systems. But curiously, no study clearly addressed the question of fish assemblages patterns in this system in order to assess this status. Thus, we studied fish assemblages along the river network in the Loire basin using self-organizing maps (SOMs) and we built a fish typology. Four basic assemblages were described and indicator species were identified. These assemblages varied in terms of individual species patterns as well as in terms of flow preference guilds and species richness. A discriminant analysis carried out on environmental variables revealed that they could be mainly determined by the slope, temperature and depth. Finally, fish assemblages were arrayed along a longitudinal gradient and roughly fitted the theoretical zonation expected in European rivers with the succession of brown trout (Salmo trutta fario), grayling (Thymallus thymallus), barbel (Barbus barbus) and bream (Abramis brama) zones in a downstream direction. Such patterns are still rarely observed in large European systems. However, the fish assemblage characteristic of the bream zone occurred more frequently than predicted on the basis of environmental variables. Such deviations between field data and theory suggest lotic-to-lentic shifts probably due to anthropogenic disturbances, especially in the grayling and barbel zones. In these river sectors, eurytopic and limnophilic species tend to replace rheophilic ones. Finally, the method used in this study to investigate fish patterns may be helpful to detect disturbances and may serve as a tool for the establishment of management plans. Copyright # 2007 John Wiley & Sons, Ltd. key words: fish assemblage; zonation; indicator species; disturbance; ecological status; fish guilds
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Biodiversity loss is a global phenomenon particularly striking in freshwater systems (Ricciardi and Rasmussen, 1999; Gibbs, 2000; Saunders et al., 2002; Dudgeon et al., 2006), and it is well recognized that it is mainly due to human activities (Abell, 2002; Saunders et al., 2002). The conservation of natural resources and biodiversity, especially in river systems, is a great challenge for the coming century (Ormerod, 1999). Environmental policies are being developed throughout the world. In order to identify priority areas for restoration or conservation, scientists are asked to propose simple, synthetic and—if possible—cheap tools for the evaluation of the ecological status of rivers (Wessel et al., 1998; European Union, 2000; Darwall and Vie´, 2005). In this context, the construction of classifications of sites (or areas) based on the species assemblages is a very up-to-date exercise in running water conservation ecology (Aarst and Nienhuis, 2003; Aarts et al., 2004; Tison et al., 2005; Fieseler and Wolter, 2006). For instance, the Water Directive Framework of the European Union (European Union, 2000) demands that member countries classify their surface water bodies on the basis of species
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assemblages. Generally, the deviation between the observed assemblage type and the one expected in undisturbed (theoretical) conditions provides an assessment of their ecological status. Because of their longevity, their mobility and their sensitivity to habitat modification, fish are good bioindicators and they are often used for the assessment of the ecological integrity of rivers (e.g. Karr, 1981; Verneaux, 1981; Schiemer, 2000; Oberdorff et al., 2002; Aarst and Nienhuis, 2003; Chovanec et al., 2003; Pont et al., 2006; Welcomme et al., 2006). Many theoretical classifications of running waters, notably fish-based classifications, have been proposed since the end of the 19th century (Miranda and Raborn, 2000). Among them, one of the most famous is the longitudinal fish zonation proposed by Huet (1959) in Western Europe. Huet distinguished four main fish zones from upstream to downstream reaches of natural river systems. These zones are determined by environmental factors (e.g. the slope and the width of the river section) and may be characterized by the dominant species: the brown trout (Salmo trutta fario), the grayling (Thymallus thymallus), the barbel (Barbus barbus) and the bream (Abramis brama) zones. While the zonation concept, notably Huet’s zonation (1959), is still highly cited in the literature and still serves as a baseline for many studies (e.g. Lorenz et al., 1997; Aarst and Nienhuis, 2003; Fieseler and Wolter, 2006; Petry and Schulz, 2006), some limits that may be problematic in conservation as well as in conceptual perspectives have been pointed out (Matthews, 1998; Miranda and Raborn, 2000; Aarts and Nienhuis, 2003). Three main criticisms are made. Firstly, the zonation concept suggests the existence of discrete entities (zones), whereas the response of a species to environmental gradients is usually continuous and variable depending on species (Pont et al., 2005). It is more likely that the community shifts occur by ‘transition’ rather than by ‘zonation’ (Matthew, 1998; Verneaux et al., 2003). Second, the identification of zones is based on the occurrence of indicator species. However, such indicator species may be absent from regions and streams so that the zonation concept cannot be applied (for instance, in France the grayling is absent from the Garonne basin; Park et al., 2006). Third, most European systems, notably where the zonation has been developed, are now heavily altered, so that the zonation does not fit the observed patterns. Thus, the zonation concept is sometimes considered to be an old-fashioned paradigm for most river ecologists notably because it cannot provide solutions for actual challenges (Miranda and Raborn, 2000). Now, it has been largely ousted by the continuum concept (Vannote et al., 1980). However, some authors have shown that the relevance of the zonation concept and its usefulness for the assessment of the ecological integrity of rivers can be enhanced. Indeed, instead of just considering characteristic species, it is possible to also consider environmental fish guilds (Aarst and Nienhuis, 2003; Welcomme et al., 2006). In a similar way, it is also likely that the use of modern methodological approaches to investigating spatial assemblage patterns could provide more flexibility to the zonation concept. Indeed, scientists who studied zonation in the last century often used very basic—and therefore not very powerful—analytical methods (e.g. graphical one; Miranda and Raborn, 2000). Some recent studies (Manel et al., 1999; Olden and Jackson, 2002; Olden et al., 2006; Park et al., 2006), using methods such as artificial neural networks, have shown that it was possible to successfully investigate the assemblage patterns as well as the individual species patterns along complex gradients. In addition, while the zonation concept largely relies on the occurrence of characteristic species, their indicator ability has been rarely evaluated, though useful tools are available (e.g. the IndVal method of Dufreˆne and Legendre, 1997). In this study, we test whether such methods can help to provide a further refinement of the zonation concept and to improve its usefulness in the conservation context, for instance, to evaluate the ecological status of rivers. We chose to carry out our study in the Loire basin, because in a recent study based on the analysis of the distribution patterns of individual species in the four largest French basins, Pont et al. (2005) showed that the Loire basin was less impacted than the others. Assessing fish assemblages patterns in this system was therefore interesting, notably to precise if it could serve as a reference system for calibrating a fish classification. Moreover, the Loire basin is quite large and hosts various riverine landscapes—ranging from mountains, foothills and floodplain rivers—and a relatively rich fish fauna, including the four characteristic species of the Huet zonation (1959). We firstly therefore classified the fish assemblages using self-organizing maps (SOMs; Kohonen, 2001). Secondly, we analyzed individual species patterns and we identified indicator species that could be used to summarize the assemblages using the IndVal method (Dufreˆne and Legendre, 1997). Thirdly, we modelled these assemblages according to environmental variables using stepwise discriminant analysis. Finally, divergences between the predictions of the theoretical zonation and field reality are discussed in the framework of the ecological status of river assessment.
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The Loire River is the largest French river (1012 km) and drains a basin of 117 000 km2. (Figure 1). The Loire basin presents a wide array of habitat conditions, ranging from mountain streams to foothills and large lowland rivers. The total length of the river network is estimated to be 107 000 km. The main axis of the basin (i.e. the Loire River and its main tributary, the Allier River) is less regulated and presents a good longitudinal connectivity, compared to other tributaries (including large rivers) that may be substantially impounded. However, the Loire basin is often considered as less impacted than other large systems in Europe (Pont et al., 2005).
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We used long-term data of the French Superior Council of Fisheries. This data set consists of a network of sampling sites distributed throughout the Loire basin and sampled each year between 1995 and 2003. Sampling was carried out in late summer during low water levels. Sampling could be by electrofishing by wading in shallow waters or electrofishing from a boat in deeper areas. In each case, all available habitats were investigated to obtain the most reliable picture of the fish community present in a given site (see Oberdorff et al., 2001 for more details). In order to standardize data, we selected sites that have been sampled in each of the nine sampling years. Finally, our data set was composed of 108 sites (Figure 1). Since abundance data are likely to be substantially influenced by the fishing technique or habitat characteristics (that in return may influence fishing efficiency), we used presence–absence data at each site and for a given sampling occasion (Oberdorff et al. 2002; Pont et al. 2005). Despite the simplicity of such input data, they may provide reliable information for analysing fish assemblage patterns (Ibarra et al., 2005; Park et al., 2006). Nevertheless, under the assumption that fish assemblages did not significantly change in the course of the study and in order to include more information, we used the mean occurrence along the study period (i.e. the frequency of years in which the species was detected) as an index of local species abundance. Sampling sites were described by measuring the distance to the source (km), the upstream drainage area (km2), the altitude (m), the mean depth (m), the mean width (m), the slope (%) and the mean air temperature of January and July (8C). According to Pont et al. (2005), the air temperature may be used as a surrogate for water temperature.
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Figure 1. Map of the Loire basin river network and sampling sites. Clusters of sites identified by the SOM procedure based on assemblage similarities are indicated by various symbols and colours. NB: only the main tributaries of the basin are shown on the map for a better legibility Copyright # 2007 John Wiley & Sons, Ltd.
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Fish assemblage patterns. A hierarchical classification of sites based on fish assemblages was performed using a SOM procedure. This non-supervised artificial neural network method can be used to analyze complex data sets and for the analysis of non-linear relationships (Kohonen, 2001). It has been recognized as a powerful tool for describing species distributions and assemblages (Lek et al., 2005), notably in fish (Ibarra et al., 2005; Park et al., 2006; Konan et al., 2007) where more details on the method are available. Samples with similar species composition and structure were classified in the same cell or in the neighbour cells. However, using weighed vectors of a trained SOM, a clustering technique (Ward’s method) can subdivide the SOM cells into several clusters, i.e. subgroups of species assemblages. The abundances of each species, the number of species according to guilds of flow preferences: rheophilic, limnophilic or eurytopic (according to Aarts et al., 2003), the number of native and exotic species (according to Keith and Allardi, 2001 and Copp et al., 2005) and species richness (the number of species per sampling site throughout the study) in the different clusters identified were compared using Kruskall–Wallis tests and Dunn’s post test. Indicator species. The comparison of mean occurrences between clusters of sites provides indications on individual patterns among clusters. However, to identify indicator species, account has to be taken of two important aspects of a species distribution. The first is the fidelity of the species to a given cluster. The fidelity is highest when the species is present in all the sites of a cluster. The second is the specificity to a given cluster. The specificity is highest when all the individuals of a species are found in the same cluster. We therefore used the indicator value (IndVal) according to the method developed by Dufreˆne and Legendre (1997). IndVal is based on both the fidelity and the specificity of species for each cluster of sites. The IndVal of species i in cluster type j is expressed as a % and is calculated as follows: IndValij ¼ Aij  Bij  100, where Aij (Abundance ij/Abundance i) is a measure of the specificity of species i to the type j, and Bij (¼Nsites ij/NsQ1ites j) is a measure of the fidelity of species i to type j. A randomization procedure is used to test the difference (a¼0.05) of the IndVal of each species in the different clusters of a hierarchy level. Only significant IndVal > 25 have been taken into account, because an IndVal>25 implies that the species is present in at least 50% of the sites of the cluster, and that this cluster contains at least 50% of the total abundance of the species. As suggested by Dufreˆne and Legendre (1997), the level for which a species has its highest IndVal value should be considered as the best classification level for that indicator species. However, lower IndVal values may provide supplementary information on the distribution pattern trends of the species especially at lower hierarchical levels. Environmental factors. A backward stepwise discriminant analysis was used to determine whether clusters of sites derived from the SOM procedure and based on mean species occurrence could be discriminated based on a set of selected environmental variables. A random Monte Carlo permutation test and a leave-one-out cross validation were used to assess the ability of these variables to predict the clusters of fish communities. Analyzes of indicator values were performed using INDVAL 2.0. The SOM and cluster analysis were computed with the SOM toolbox# (Alhoniemi et al., 2000, http://www.cis.hut.fi/projects/somtoolbox/) under the Matlab environment (The Mathworks, Inc., Natick, MA, USA) and other statistical analyzes were conducted with SYSTAT 8.0 (SPSS, Inc., Chicago, IL, USA) and RQ2 (Ihaka and Gentleman, 1996). RESULTS
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A total of 32 species were sampled in the 108 sites in the course of this 9-year study (Table I). Among them, 14 species were rheophilic, 14 were eurytopic, and only four were limnophilic. Only five species were non-native of the Loire basin but they were all well acclimated. Among them, the Gibel carp Carassius auratus gibelio, the black bullhead Ameiurus melas and the pumpkinseed Lepomis gibbosus are ‘undesirable’ species suspected of competing with native species and disturbing natural communities, whereas the pikeperch Sander lucioperca and common carp Cyprinus carpio have a fishery value and are stocked in some areas. The mean occurrence (i.e. the frequency of years in which the species was detected) was highly variable depending on species. It was on an average 32.6% (Table I). Three species were very common (mean occurrence >75%): the gudgeon Gobio gobio, the stone loach
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Black bullhead Bitterling Rudd Tench Stream bleak Stone loach Barbel Nase Toxostome Gudgeon Brook lamprey Chub Dace Burbot Minnow Salmon Brown trout Grayling
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Common bream Bleak Eel Gibel carp Common sculpin Carp Pike Three-spined stickleback Ruffe Pumpkinseed Perch Ten-spined stickleback Roach Pikeperch
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Order: Angu ¼ anguilliforme, Cypr ¼ cypriniforme, Gadi ¼ Gadiforme, Gast ¼ Gasterosteriforme, Perc ¼ Perciforme, Petr ¼ Petromyzontiforme, Salm ¼ Salmoniforme, Scop ¼ Scorpaeiforme, Silu ¼ Siluriforme; origin: N ¼ native, E ¼ exotic according to Keith and Allardi, 2001 and Copp et al., 2005). Mean occurrence (SD in parentheses) in overall sites and by cluster are presented. In the latter case, mean values followed by the same letter are not statistically different (a ¼ 0.05) according to Dunn’s post test when Kruskall–Wallis tests are significant (a ¼ 0.05;  ¼ < 0.001,  ¼ < 0.01,  ¼ < 0.05, ns ¼ not significant).



Eurytopic Abramis brama Alburnus alburnus Anguilla anguilla Carassius auratus gibelio Cottus gobio Cyprinus carpio Esox lucius Gasterosteus aculeatus Gymnocephalus cernuus Lepomis gibbosus Perca fluviatilis Pungitus pungitus Rutilus rutilus Sander luciopercia Limnophilic Ameiurus melas Rhodeus sericeus amarus Scardinius erythrophthalmus Tinca tinca Rheophilic Alburnoides bipunctatus Barbatula barbatula Barbus barbus Chondrostoma nasus Chondrostoma toxostoma Gobio gobio Lampetra planeri Leuciscus cephalus Leuciscus leuciscus Lota lota Phoxinus phoxinus Salmo salar Salmo trutta fario Thymallus thymallus
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Table I. List of species classified according to flow preferences: eurytopic, limnophilic and rheophilic according to Aarts and Nienhuis (2003)
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Figure 2. (a) Distribution of the sampled sites on the SOM. Clusters of sites identified by the Ward’s Euclidean method are indicated by a full black and bold line (higher hierarchical level) and dotted black and bold lines (lower hierarchical level). (b) Indicator species of the clusters of sites at the two levels. Indicator values (%) are given in parentheses, and bold characters indicate the highest indicator value for a given species. Characteristic species of the Huet zonation are underlined
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Barbatula barbatula and the chub Leuciscus cephalus. Three others were common (mean occurrence between 50 and 75%): the minnow Phoxinus phoxinus, the roach Rutilus rutilus and the brown trout. In contrast, five species were scarce (mean occurrence 
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