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Species richness peaks for intermediate levels of biomass in a fractal succession with quasi-neutral interactions David Mouillot and Nicolas Mouquet



Mouillot, D. and Mouquet, N. 2006. Species richness peaks for intermediate levels of biomass in a fractal succession with quasi-neutral interactions.  Oikos 115: 349 357. The mechanisms that promote species richness, including net community interactions, are considered central to the investigation of the consequences of biodiversity loss for ecosystem functioning. Recently, some empirical studies at large spatiotemporal scales suggest that increasing species richness within natural communities results in a finer division of biomass among species rather than an increase in total biomass. In parallel, the most common pattern observed in nature is the peaked relationship between diversity and productivity estimated as total biomass. Thus, the aim of our study is to provide model predictions for the diversity biomass relationship with various levels of net species interactions within communities: negative, neutral, quasi-neutral and positive. Using a scaling relationship between the number of species and total community biomass, we propose a new self-similar process of biomass partitioning during a community assembly process. At each step of the succession, K more species appear that are A times less abundant on average giving K/Ad; the parameter d being a fractal dimension related to the nature of interactions among coexisting species. Our results, compared to those from meta-analyses about empirical diversity productivity relationships, illustrate that quasi-neutral interactions among coexisting species lead to the most commonly observed pattern: an ‘envelope’ where diversity peaks at intermediate values of total biomass, i.e. that the area below the hump-backed line (considered as the upper boundary) is filled with data points. David Mouillot ([email protected]), UMR CNRS-UMII 5119 Ecosyste`mes Lagunaires, Univ. Montpellier II CC 093, FR-34095 Montpellier Cedex 5, France.  N. Mouquet, UMR 5554, ISEM, Univ. Montpellier II CC 065, FR-34095 Montpellier Cedex 5, France.



In a natural world increasingly transformed by human activities, ecologists are faced with the challenge of understanding the processes behind species coexistence, as well as the relationship between species richness and ecosystem processes (Loreau et al. 2001). Preserving biodiversity is assumed to maximize the probability of a viable response of communities to global change by increasing the variability of potential alternative ecological organizations to disturbances and changing environmental conditions (Peterson et al. 1998). An increasing number of studies have highlighted the role of species interactions in shaping the relationship



between species coexistence (richness) and functioning in ecological communities (Cardinale et al. 2002, Mouquet et al. 2002). Local coexistence between competing species can be explained by two opposing views of ecological communities: the niche-assembly and the neutral-assembly perspectives. In the former, community assembly rules are based on species ecological niches or functional roles (Weiher et al. 1998, Tokeshi 1999, Sugihara et al. 2003) whereas in the latter, communities are assemblages of species largely thrown together by chance and history (Caswell 1976, Hubbell 2001, Chave 2004). In this context, contrasted predictions can be
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done based on the nature of species interactions within the communities. (1) Positive interactions among species lead to a positive relationship between species richness and ecosystem functioning given complementarity and facilitation among coexisting species (Loreau and Hector 2001, Petchey 2003). Species-rich communities are more prone to be productive, stable and resistant to invasion by using a larger range of resources and by filling a higher amount of the whole niche space (Tilman et al. 1997, Naeem et al. 2000, Moore et al. 2001, Fargione et al. 2003). (2) Antagonistic interactions may weaken considerably the diversity function relationship. For instance fungi secrete chemical substances which act to reduce competition from other microbes (Semighini et al. 2006). Increasing the diversity of fungi might thus lead to more chemical inhibition, in turn reducing ecosystem functioning, as for example litter decay efficiency (Hattenschwiler et al. 2005). (3) Neutral interactions (Hubbell 2001) imply functional redundancy between coexisting species, and would lead to the absence of relationship between species richness and ecosystem functioning. For instance, Wardle (2001) reported that there was no evidence for diversity effect on productivity in Mediterranean shrublands suggesting a neutral role of diversity on ecosystem functioning under certain circumstances (Jonsson et al. 2001, Orwin et al. 2006). Within the context of the diversity function debate, positive interactions among species have been mainly reported while antagonistic and neutral interactions have been largely overlooked (but see Jonsson et al. 2001, Orwin et al. 2006). While these studies focused on the relationship between the conditions that maintains species richness and ecosystem functioning, others have focused on the general patterns of species diversity and ecosystem properties (Waide et al. 1999, Mittelbach et al. 2001). For instance, Enquist et al. (2002) introduced a new perspective on the processes that regulate species coexistence and diversity across years and broad geographical gradients. Using a worldwide database including different sites, they found a regular taxonomic partitioning of total biomass in species assemblages, suggesting that increasing species richness within natural communities results in a finer division of biomass between taxa, rather than a total biomass increase. The power function found by Enquist et al. (2002) suggests that scaling processes may shape the distribution of biomass among species. This general pattern at large spatial and temporal scale needs now to be re-interpreted in the context of species interactions within communities. Regular taxonomic partitioning of total biomass gives support to the absence of relationship between species richness and ecosystem functioning due to functional redundancy, or neutrality, between coexisting species (Enquist et al. 2002). This interpretation does not contradict recent experimental studies that have found 350



positive relationship between community biomass and species richness (Hector et al. 1999) because these experiments were considering local scales (within sites sensu Lawton et al. 1998) while the results of Enquist et al. (2002) concern large scales (between sites), but this example highlights the need for a common framework. In our article we propose to link the mechanistic approaches based on species interaction coefficients and the large scale patterns observed by Enquist et al. (2002). To this aim, we compare diversity biomass relationships obtained by sampling communities of different stages of a succession at the scale of a landscape but with knowing the mechanisms underlying succession dynamics. Classical succession theory was originally developed for terrestrial plant communities and has been used to predict how an assemblage will change over time (Whittaker 1967, Odum 1969, Horn 1974, Walker and Chapin 1987). We developed a fractal model of succession to predict the diversity biomass relationship under various levels of net species interactions within communities (from negative to neutral and to positive interactions). By varying the fractal exponent (linked to the nature of average interactions between species), we simulated various levels of net species interactions within communities (from negative to neutral and to positive interactions) and found various patterns of biomass diversity relationship empirically observed at a macroecological scale: positive, negative, and peaked. We discuss our results in the context of the debate opposing the classical view of community ecology to the approach proposed by the neutral theory (Hubbell 2001).



Biomass partitioning among successional species The main driver of succession is the impact that established species have upon their own environments (Pickett et al. 1987). In this context, each establishment of a new species during the succession depends on the previous realization of particular conditions. Thus, the relationship between the number of species and the partitioning of total biomass during the course of a succession can be described as a fractal process where species diversity is a fractal property of biomass (Frontier 1994, Mouillot et al. 2000). More conceptually, a tree can summarize the succession in which, at each step, K more branches (species) are present of length divided by a factor A (biomass partitioning); this tree being fractal (Frontier 1994) (Fig. 1). The branches at any step can be species surviving from the previous step of the succession. However, the original environment may have been optimal for the first species, but the newly altered environment is often optimal for some other species of plant or animal, so new species will be able to enter and some species present in previous steps are OIKOS 115:2 (2006)
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Fig. 1. Fractal trees with two sets of parameters (K/3, k/2 for (a); K/5, k /4 for (b)). At each of the three steps of the fractal process, K more branches (species) are present of length divided by a factor A (biomass partitioning).



likely to disappear in a species replacement process largely documented for successions (Horn 1974). In our paper we consider only cases where K /1 which implies that more species are expected to be present at each new step of the succession, both new ones as well as ones surviving from previous steps. This ‘‘constraint’’ seems rather realistic in the sense that there are usually larger numbers of late successional species than there are early successional species (Whittaker 1967). This may lead to a self-similar process generating a potentially infinite tree, each branch being a miniature model of the whole tree (Frontier 1994, Mouillot et al. 2000, Fig. 1). Based on theses simple considerations, we developed a conceptual model in order to investigate the co-evolutionary relationship between species richness and total biomass in a community assembly process where interactive species partition resources. In mathematical terms, during each step of the process of ecological succession, K more species are present which are A times less abundant on average giving K/ Ad (with d the fractal dimension and K and A multiplicative factors). For instance, let’s apply a fractal succession with K /2 and A/2 (d /1) to a community of 10 species sharing a total biomass of 100 units (10 units by species on average). At the next step this community will contain 20 species (times more) with a mean abundance of 5 units by species (two times less) and the same total biomass of 100 units. The fractal dimension d is interpreted as a simple measure of the average interactions within a community during a succession, i.e. d is related to the global nature of interactions among coexisting species (not to the global strength of these interactions). We define interactions on the basis of the effects of species interactions on community properties. Four cases can be considered: OIKOS 115:2 (2006)
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If d/1 (neutrality): the number of species increases at the same rate as the average biomass per species decreases. Thus, the community partitions the same biomass regardless of the number of species (sensu Enquist et al. 2002). Species are equivalent or functionally redundant and thus competition is perfectly symmetric (Wardle et al. 1997, Loreau 2004). This corresponds to the neutral view of community ecology (Caswell 1976, Hubbell 2001). If d/1 (positive interactions): the number of species increases at a higher rate than the biomass per species decreases. New species added to the community during the succession are able to utilize new resources or to help previous installed species to utilize more resources. This corresponds to niche complementarity (Tilman et al. 1997, Loreau 1998) or facilitation (including mutualism) (Cardinale et al. 2002). If dB/1 (negative interactions): the number of species increases at a slower rate than the biomass per species decreases which means that as the number of species increases the total biomass decreases. In other words, new species added during the succession decrease the ability of the community to utilise resources. This corresponds to asymmetric competition (Levine and Rees 2002, Rajaniemi 2003), antagonistic relationship between species (Finke and Denno 2002, Lombardero et al. 2003) or inhibition (Connell and Slatyer 1977, Hattenschwiler et al. 2005). Contrary to asymmetric competition, antagonism and inhibition have been poorly considered in the debate on the relationship between species richness and ecosystem functioning. We will also consider quasi-neutral cases with d values close to 1. These communities build with quasi-neutral interactions among species can be defined as communities where species are quasiredundant in the way that niche complementarity, facilitation or antagonistic relationships are not strong enough to enhance either a consistent positive or a negative trend in the species richness along a biomass gradient. This concept was already suggested by Zobel (2001) in a different context to describe small-scale richness formation where interspecific competition is not a significant factor to be considered in explaining plant species co-existence.



The fractal model Given that B0 is the total biomass, in our model at the initial stage with only one species and that K more species are present (K /1) in the next stage that are on average A times less abundant, the biomass Bt can be expressed as: 351
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K = A(d>1) Total biomass increases with richness (complementarity, facilitation)
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With AK and St /Kt we have: 
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