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BOREA, IRD 207, D´epartement Milieux et Peuplements Aquatiques, Mus´eum National d’Histoire Naturelle, 43 rue Cuvier, 75231 Paris cedex, France 2 Laboratoire Ecosyst`emes Lagunaires, UMR 5119 (CNRS-IFREMER-UM2-IRD), Universit´e Montpellier 2, Place Eug`ene Bataillon, 34095 Montpellier Cedex 5, France 3 Ecosystem Management Research Group, Department of Biology, Faculty of Sciences, University of Antwerp, Universiteitsplein 1, 2610 Antwerpen (Wilrijk), Belgium 4 Laboratoire d’Ecologie Fonctionnelle, UMR 5545, CNRS-Universit´ e Paul Sabatier, 118 route de Narbonne, 31062 Toulouse cedex 4, France 5 Faculty of Geosciences, Utrecht University, P.O. Box 80115, 3508 TC Utrecht, The Netherlands Correspondence should be addressed to Thierry Oberdorﬀ, [email protected] Received 12 January 2011; Accepted 28 March 2011 Academic Editor: Panos V. Petrakis Copyright © 2011 Thierry Oberdorﬀ et al. This is an open access article distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. We integrate the respective role of global and regional factors driving riverine fish species richness patterns, to develop a synthetic model of potential mechanisms and processes generating these patterns. This framework allows species richness to be broken down into diﬀerent components specific to each spatial extent and to establish links between these components and the processes involved. This framework should help to answer the questions that are currently being asked by society, including the eﬀects of species invasions, habitat loss, or fragmentation and climate change on freshwater biodiversity.



1. Introduction The diversity of life, usually referred to as “biodiversity”, is not evenly distributed throughout the globe. A considerable proportion is to be found in the tropics, while the poles are only home to a small fraction, and between the two extremes there is a whole diversity gradient. Ecologists, biogeographers, and paleontologists have studied the reasons for these diﬀerences, but the question remains open despite the dozens of hypotheses that have been put forward on the subject [1–5]. The present analysis is limited to one important aspect of biodiversity, species richness, which is defined as the number of species present at a given time in a given place. Species richness gradients can be examined across a variety of spatial extents (extent is the geographic separation between the furthest points) and grains (grain is the area of the sampling unit) [6]. But ecologists, who up to



the 90s preferred experimental approaches, mainly focussed on the factors and processes that influence species richness at fine grain sizes and spatial extents (based on published papers in Ecology between 1980 and 1986, cited by May [7]). However, it is now recognized that species richness patterns are directly influenced by processes working at much larger scales; that is, regional or even continental [8– 12]. This gave birth to macroecology [13, 14], whose aim is to highlight the statistical properties that emerge from complex ecosystems, in order to identify general patterns at diﬀerent space-time scales of observation, and particularly at the macroscopic scale. If we follow Brown’s ([13, page 6]) definition of macroecology: “it is a non-experimental, statistical investigation of the relationship between the dynamics and interactions of species populations that have typically been studied on small scales by ecologists and the processes of speciation, extinction, and expansion and contraction of



2 ranges that have been investigated on much larger scales by biogeographers, paleontologists, and macroevolutionists. It is an eﬀort to introduce simultaneously a geographical and a historical perspective in order to understand more completely the local abundance, distribution, and diversity of species, and to apply an ecological perspective in order to gain insights into the history and composition of regional and continental biotas.” In fact, determining which factors and processes are responsible for the variation in species richness patterns is a crucial issue for conservation planning in the face of current and future global and regional anthropogenic impacts [15]. Here, we review patterns and predictors of riverine fish species richness at the drainage basin grain and at global and regional extents. The “freshwater fish” model is particularly well adapted to this type of study since drainage basins are separated from one another by barriers (oceans, or land) that are—for all practical purposes—insurmountable for strictly freshwater fishes, and thus form a kind of insular habitats. Like remote islands, drainage basins are not under equilibrium conditions, as they receive new colonists so rarely that immigration and speciation often occur on similar timescales. This absence of migration between river basins over large temporal scales implies that extinction and speciation processes are specific of each drainage basin [16]. Thus, river basins are, to some extent, independent entities that could be used in comparative analysis to explore the factors that shape overall fish community richness between them. Incidentally, a considerable amount of exploitable data is now available that enables the use of comparative approaches to test the main ecological hypotheses currently under consideration. In this chapter we will use this natural experiment framework to review and discuss the relative role of regional and continental features in determining river drainage basin diversity patterns. Unless otherwise specified, the term “river drainage basin” will refer to rivers flowing into the ocean (including all their tributaries). For rivers that are part of a bigger drainage basin, the term “tributary” will be used. In this paper we will focus on two grains sizes (i.e., river drainage basin or tributary drainage basin) at two diﬀerent extents (i.e., global to regional). The term species richness (or species diversity) describes here the total number of species encountered within a river basin or within a tributary.



2. Global Approach to Riverine Fish Species Richness At the intercontinental scale, three major hypotheses that sum up the majority of diﬀerent hypotheses proposed (see [3] for a review) have already been tested to explain the variability of riverine fish species richness. The first, the area hypothesis [17, 18] refers to the existence of a positive relationship between the number of species present in a given area and the size of this area. This relationship has been described by a power function in the form S = CAZ (where S is the number of species, A is the (surface) area, and C and Z are constants to be fitted) [19, 20]. It suggests that size (the surface of a river drainage



International Journal of Ecology basin in the case of riverine fishes) limits the number of species an area can harbor, and, due to its universal application, almost serves as a law in community ecology [21]. Several nonexclusive explanations have been put forward to explain this species-area relationship (Schoener 2010) but three of them are most often invoked: (1) the sizedependent extinction rate [17, 18], (2) the size-dependent speciation rate [22], and (3) the diversity of the habitat [18]. According to the first explanation the probability of extinction of a species increases with a reduction in the size of the “island”, due to a decrease in its population size. The second explanation suggests a positive eﬀect of area on speciation rate by exposing species to greater ecological heterogeneity and/or geographical barriers [5]. The third explanation suggests that the heterogeneity of the habitat and the diversity of available food resources increase with the size of the “island” thus oﬀering a large number of available niches and consequently favouring the coexistence of a large number of species [23]. The second hypothesis, the species-energy hypothesis [24, 25] predicts a positive correlation between species richness and the energy available within the system. This hypothesis has received empirical support from a large number of studies carried out on diﬀerent communities of animals and plants [24, 26–36]. This being said, there is still a certain ambiguity even in the way the hypothesis is expressed. In fact, energy can influence richness by means of two rather diﬀerent processes. Wright [24] considers energy to be a factor that determines resources available for a given biological community and thus as a productivity factor per se, whereas Turner et al. [33] and Currie [27], for example, consider energy to be a factor that determines the physiological limits of the species. In the former, one would expect a variable such as net primary production to be an important predictor of species richness whereas in the later, variables linked with temperature or available solar energy would predominate [29]. Finally, the third hypothesis, the historical hypothesis [37], attempts to explain diﬀerences in richness gradients by the potential for recolonisation of systems and thus by the degree of maturity achieved since the last major climate change or by the degree of stability in past climatic conditions [38, 39]. This last hypothesis, which combines past environmental conditions with geographic contingencies regulating dispersal possibilities, has been relatively neglected compared to the others. Two main reasons can explain this gap: (i) in essence, past conditions are much more diﬃcult to evaluate and accurately measure than present conditions and (ii) current and past conditions are globally highly correlated. 2.1. The Roles of Area and Energy. In the first global studies conducted in this topic Oberdorﬀ et al. [40] and Gu´egan et al. [41] used data obtained for 292 drainage basins on 5 diﬀerent continents to identify the factors responsible for variations in riverine fish species richness within the framework of the three above-mentioned hypotheses. The models resulting from these exploratory analyses tend to show that, at this spatial extent, the factors associated with the first two hypotheses (i.e., the area hypothesis and the species-energy
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Figure 1: Global freshwater fish species richness patterns at the drainage basin grain.



hypothesis) predominate. Only taking into consideration three summary factors, that is, the total surface area of the river drainage basin, the mean flow at the river mouth and the net terrestrial primary productivity within the basin, those models explain between 78 and 93% (depending on the statistical model) of the natural variability of the river basin species richness, the mean annual river discharge explaining the greater part of the variance in species richness. Based on a comprehensive species richness dataset (Figure 1) recently compiled (926 river basins analyzed, see [42, 43] and the Supplementary Appendix available online at doi: 10.1155/2011/967631 for further details on the database), we performed a spatial autoregressive model (SAR, see [44]) accounting for the spatial configuration of drainage basins. The final model explains 77.1% of the total variation in species richness. Results of this new analysis confirm previous findings concerning the eﬀects of area-related and climate-related variables, but also reveal a significant influence of past climatic changes and geographic isolation of drainage basins on species richness patterns (see Table 1 and Figure 2). These historical eﬀects have also been revealed in previous regional analyses (see [45–48] although on a diﬀerent spatial grain) but, regarding freshwater fish, this is the first time that the eﬀect of past climatic variability (from glacial periods of the Pleistocene to present day) on species richness patterns is detected at the global scale (but see [39] for an eﬀect of climatic variability on beta diversity). With respect to the area hypothesis, these results confirm those of several previous studies carried out at the regional scale that identified the size of the river drainage basin and/or the mean flow at the river mouth as important predictors of river basin species richness [46, 52–56]. Furthermore, according to our SAR model, habitat diversity still plays a significant role in explaining richness gradients after accounting for drainage area (Table 1). However these results do not fully answer the questions following from the area



hypothesis, that is, are species richness patterns due to areadependant rates of extinction and/or speciation, or to an increase in habitat diversity, or both? With respect to the species-energy hypothesis, the results obtained by Oberdorﬀ et al. [40] and Gu´egan et al. [41] tend to favour the hypothesis of an eﬀect of energy on richness through an increase in available resources for the species. (Net Primary Productivity is an important predictors of species richness.) However, a diﬃculty in discussing further this last result is that these authors used estimates of terrestrial primary productivity from Lieth’s models [57] instead of real aquatic primary productivity (data not available). Even if considering that terrestrial productivity gives a correct estimation of aquatic productivity (as food webs supporting fish are largely based on allochthonous inputs), using estimates of terrestrial primary productivity probably under-estimates true aquatic productivity (see [58] for a review). However, our SAR model also gives support to an indirect eﬀect of energy through species physiological limits (positive eﬀect of variables linked with temperature in the model, see Table 1). The species-energy theory as developed by Wright et al. [25] posits a positive link between species richness and energy availability [59]. However, in plant and animal communities, a variety of patterns in species richness have been observed over productivity gradients, including positive, negative, and unimodal relationships [60–63]. It is not clear yet why richness shows these (apparently) contradictory relationships with productivity even if some explanations have already been proposed. For example, it has been suggested that all these noted relationships may just be incomplete segments of an overall hump-shaped, unimodal relationship over a broader range of productivity. Nevertheless, evidence for this possibility is currently limited at best [60, 63]. Results from Oberdorﬀ et al. [40], Gu´egan et al. [41], and our SAR model support the view of
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Table 1: Results from a spatial autoregressive model (SAR) relating species richness to environmental, climatic, and historical variables. Spatial analysis was performed with R statistical package [49] and spdep library [50] (see the Supplementary Appendix for further explanations). The spatial structure was implemented by a neighbourhood matrix of the drainage basins (see [46] and the Supplementary Appendix for further explanations) and assuming that the autoregressive process occurs in the error term (i.e., the “spatial error model” described by Dormann et al. [44]). Further methodological details on species richness, environmental variables computing, and modelling procedure are available in the Supplementary Appendix. Habitat heterogeneity was estimated by applying Shannon’s diversity index to proportions of biomes (i.e., vegetation types associated with regional variations in climate) within drainage basins. Temperature anomaly represents the Quaternary climate variability measured as the change in mean annual temperature between the present and the Last Glacial Maximum (LGM, circa 21 thousand years ago). Following Oberdorﬀ et al. [51] we also considered whether or not a drainage basin was on a land mass, a peninsula, or an island (LPI; continental mass = 0; peninsula = 1; island = 2). All other variables are fully explained in the Supplementary Appendix. The Moran’s I value represents the remaining autocorrelation on the residuals of the model for the first distance class, that is, neighbour drainages (the values for the remaining distance classes are also nonsignificant). Related hypothesis
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a monotonically increase of riverine fish species richness with increasing productivity at the global scale (Figure 2). At this spatial scale, the only direct historical factor significantly acting on species richness was past climatic variability (see Figure 2 and results of the SAR model in Table 1). It is thus tempting to conclude that history is a minor driver of diversity at the global scale. However we should keep in mind that all the variables used in the SAR model are interrelated to some extent and diﬃcult to separate. This can be visualized in Figure 3, where the explained variance of a linear regression has been partitioned into three diﬀerent groups of factors related to the area, energy and historical hypotheses. Currie [27], referring to land animals, put forward an explanation for the absence of influence of history on contemporary diversity patterns: that historical factors only influence species richness over relatively short periods, that is, less than the period of time since the last glacial maximum. Nevertheless this explanation seems inappropriate for riverine fishes. In their case, community saturation should be more diﬃcult to reach than for land animals in the sense that their colonization depends on potential connections between river drainage



Standardized estimates 0.548 0.188 −0.208 0.130 0.784 −0.761 0.559 −0.37 −0.257 0.073 0.376 0.778 0.195 0.009 0.771 1851.4 0.0046



Standard error
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P-value



0.032 0.031 0.194 0.200 0.091 0.098 0.147 0.130 0.041 0.049 0.058 0.085 0.047 0.040



17.123 6.012 −1.069 0.649 8.628 −7.797 3.815 −2.857 −6.349 1.493 6.464 9.209 4.176 0.227
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