

[image: image1]
Making the competitive exclusion principle operational at the biogeographical scale using fuzzy logic













	 
	

	TYPE Hypothesis and Theory
PUBLISHED 23 September 2022
DOI 10.3389/fevo.2022.991344





Making the competitive exclusion principle operational at the biogeographical scale using fuzzy logic

Raimundo Real1*, José C. Báez2,3, Julia E. Fa4, Jesús Olivero1 and Pelayo Acevedo5

1Biogeography, Diversity, and Conservation Research Team, Department of Animal Biology, Universidad de Málaga, Málaga, Spain

2Instituto Español de Oceanografía (CSIF), Centro Oceanográfico de Málaga, Fuengirola, Spain

3Instituto Iberoamericano de Desarrollo Sostenible, Universidad Autónoma de Chile, Temuco, Chile

4Department of Natural Sciences, Manchester Metropolitan University, Manchester, United Kingdom

5Instituto de Investigación en Recursos Cinegéticos (IREC), UCLM-CSIC-JCCM, Ciudad Real, Spain

[image: image]

OPEN ACCESS

EDITED BY
Sidney F. Gouveia, Federal University of Sergipe, Brazil

REVIEWED BY
Paulo Campos, Federal University of Pernambuco, Brazil
Niels Hellwig, Thünen Institute of Biodiversity, Germany

*CORRESPONDENCE
Raimundo Real, rrgimenez@uma.es

SPECIALTY SECTION
This article was submitted to Biogeography and Macroecology, a section of the journal Frontiers in Ecology and Evolution

RECEIVED 11 July 2022
ACCEPTED 22 August 2022
PUBLISHED 23 September 2022

CITATION
Real R, Báez JC, Fa JE, Olivero J and Acevedo P (2022) Making the competitive exclusion principle operational at the biogeographical scale using fuzzy logic.
Front. Ecol. Evol. 10:991344.
doi: 10.3389/fevo.2022.991344

COPYRIGHT
© 2022 Real, Báez, Fa, Olivero and Acevedo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

In biogeography the competitive exclusion principle (CEP) has been confirmed in some cases but not in others. This has fueled an unresolved debate between those advocating niche theory or the neutral theory in biodiversity and biogeography. We suggest that this situation mainly arises from the use of crisp logic, where the CEP is defined as either completely true or false. We propose the application of the fuzzy concepts of favorability (the degree to which environmental conditions are propitious for the occurrence of individual species) and favorableness (the degree to which environmental conditions are simultaneously favorable for competing species) to operationalize a fuzzy version of the CEP. Favorability was obtained by performing species distribution models applying favorability functions, while favorableness was derived from the application of the fuzzy intersection between the favorability for competing species. Then we plotted individual favorability values along the gradient of favorableness. Two potentially competing species would coexist in high-favorableness locations, as the demands of both species would be well fulfilled. In locations of low favorableness, the result would be either autecological exclusion of both species or autecological segregation, as abiotic conditions are unfavorable for at least one of the species. Competitive exclusion would occur at the intermediate stretch of the favorableness gradient, as the conditions would be good enough for persistence of each species separately but not enough for permanent coexistence. According to this theoretical framework, the observed probability that a location belongs to the intermediate favorableness area given that the two species co-occur in this location should be lower than expected according to the environmental probability models for the two species. We tested this prediction on published data about the distribution of pairs of native and introduced deer species in Great Britain, using a Bayesian approach. In two thirds of comparisons between a native and an introduced deer species the predictions of the fuzzy CEP were corroborated, which suggests that these are the pairs of species and the specific geographical areas affected by competitive exclusion. This is important both theoretically and for biodiversity conservation planning.
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Introduction

Currently, the conciliation of the well-known competitive exclusion principle (CEP) and the well-known hypothesis of full functional redundancy (HFR), is an unresolved crucial question in ecology and evolutionary theory (Rodriguez et al., 2015; Kalmykov and Kalmykov, 2016; Cui et al., 2020; Hening and Nguyen, 2020; Wang and Liu, 2020; Wang and Wu, 2020). According to Rodriguez et al. (2015) the CEP and the HFR are simultaneously true and false in the same measure, because the only feasible option to keep the functional stability of ecosystems is a wave-like combination of both options.

The CEP suggests that two species with similar ecological requirements or functions cannot coexist. Gause (1934) proposed the concept in a way that could be experimentally tested. However, attempts to generalize the results of these experiments at a biogeographical scale have not been successful (Brown and Maurer, 1989).

Hardin (1960) argued that competitive exclusion occurs in nature under certain conditions as follows: “i) if two non-inter breeding populations “do the same thing”- that is, occupy precisely the same ecological niche in Elton’s sense - and ii) if they are “sympatric” - that is, if they occupy the same geographic territory - and iii) if population A multiplies even the least bit faster than population B, then ultimately A will completely displace B, which will become extinct. This is the “weak form” of the principle. Always in practice a stronger form is used based on the removal of the hypothetical character of condition (iii)”. Hardin (1960) further advocated that the stronger form of the principle is based on “what may be called the axiom of inequality, which states that no two things or processes in a real world, are precisely equal”. In this situation, as Hardin (1960) recognized, the CEP is a tautology that cannot be disproved by facts, although it could be valuable as a null model against which to contrast real data.

However, if the axiom of inequality is used to remove the hypothetical character of condition (iii), it may be used as well to remove conditions (i) and (ii) altogether, making the CEP unrealistic and, thus, of little use. This definition of the CEP is consequently insufficient, as reflected in mathematical modeling studies that had to deal with the difficulty of defining “similar ecology” (Munkemuller et al., 2009; Montes de Oca and Perez, 2012; Sari, 2013; Zhao et al., 2013; Kalmykov and Kalmykov, 2016; Xue and Goldenfeld, 2017; Cui et al., 2020; Hening and Nguyen, 2020; Wang and Wu, 2020).

Empirical evidence abounds both in favor (Metzger et al., 2009; Khelifa et al., 2013; Koelsch and Kubiak, 2013; Navarro et al., 2013; Rodriguez et al., 2015; Rapaport and Veruete, 2019) and against (Andersen et al., 2013; Smetacek and Zingone, 2013; Rodriguez et al., 2015; Lee et al., 2019; Antell et al., 2020; Wang and Liu, 2020) the CEP. These contradictory results have generated a debate between advocates of the CEP (Darlington, 1972; Gordon, 2000; Wang et al., 2005), and those supporting the full functional redundancy hypothesis (Walker, 1992; Lawton and Brown, 1993; Wohl et al., 2004; Petchey and Gaston, 2006; Mayfield and Levine, 2010; Rodriguez et al., 2015) and the neutral theory of biodiversity and biogeography (Hubbell, 2001; Rosindell et al., 2011).

The so-called ‘plankton paradox’, proposed by Hutchinson (1961), is a prime example of unexpected species coexistence according to the CEP. Hutchinson (1961) argued that the large number of different plankton species (mainly phytoplankton) that persist in a uniform environment, does not agree with the CEP, because they live in homogeneous environments, compete for the same resources, but still coexist. Several possible explanations of the plankton paradox have been proposed (Huisman and Weissing, 1999; Bracco et al., 2000; Scheffer et al., 2003; Shoresh et al., 2008; Fox et al., 2010; Segura et al., 2013; Li and Chesson, 2016), which basically agree with Hutchinson’s (1961) idea that plankton communities are not in equilibrium due to weather-driven variations (Hutchinson, 1961; Scheffer et al., 2003). Nonetheless, equilibrium may be as difficult to obtain in the real world as the conditions in Hardin’s (1960) CEP. The phenomenon was later generalized as the ‘biodiversity paradox’, which refers to the frequent contradiction between CEP predictions and the species richness found in nature at a biogeographical scale (Mayfield and Levine, 2010). The recent concern for biodiversity conservation has made this contradiction more central to ecological and biogeographical debates, because this situation does not clarify, for example, if, or where, invasive species may competitively exclude native species (Acevedo et al., 2010). As a result, resolving the biodiversity paradox has been considered one of the central issues in theoretical ecology (Tilman and Kareiva, 1998; Sommer, 1999).

Classical ad hoc accounts of the biodiversity paradox suggest that assumptions of the CEP have been violated (Schoener, 1976; Tilman, 1987; Palmer, 1994; Chunco et al., 2012; Xue and Goldenfeld, 2017; Roeleke et al., 2018) which, combined with the fact that these assumptions are extremely difficult to fulfill, renders the crisp definition of the CEP impractical. In an almost ironic conclusion to a simulation-based study, Kalmykov and Kalmykov (2013) stated that a species would be excluded from the habitat if each and every one of its individuals always had a direct conflict of interest with an individual of the fittest species and always loses, all other things being equal for all individuals of the competing species. This is tantamount to denying the applicability of the CEP, which should practically never be observed to occur (Kalmykov and Kalmykov, 2016). However, the fact that competitive exclusion has been also observed in nature seems to concur with Hardin’s (1960) assertion that the CEP has merit even if we still do not comprehend the exact limits of the principle.

Other observations advocate partial agreement and disagreement with the CEP, with the outcome depending on environmental conditions. The experimental introduction of the lizards Lacerta melisellensis and L. sicula in three Adriatic islands (Radovanovic, 1965), for instance, resulted in displacement of L. sicula by L. melisellensis in one of the islands, displacement of L. melisellensis by L. sicula in another island, and coexistence of the two species in the third island (Nevo et al., 1972). This suggests that competitive exclusion was acting only in two islands, favoring a different species in each. Results of experiments with the beetles Tribolium confusum and T. castaneum also showed that the dominance of one species over the other varied according to abiotic conditions (Park, 1954), with some instances of coexistence of both species that researchers considered difficult to interpret (Leslie et al., 1968). In a completely different scenario, patients infected with Hepatitis C were cleared of this virus when super-infected with Hepatitis A (Amaku et al., 2013), which was attributed to the CEP. However, when the action of the immune system was considered, both the elimination of one virus as well as the coexistence of both infections was possible within a range of parameters (Amaku et al., 2013).

Despite this empirical evidence, there is no theoretical model to predict (1) the simultaneous occurrence of coexistence and exclusion in different environmental conditions in a consistent way for any set of species, or (2) that a different competing species is expected to dominate when competitive exclusion is acting in differing environmental contexts. Here we provide a redefinition of the CEP based on fuzzy logic that can be better used to this end.



Fuzzy definition of the competitive exclusion principle

The classic Gause’s definition of the CEP is based on crisp (binary) logic, and therefore can only be applied with difficulty to living beings that are distributed in time and space essentially in a gradual and non-discrete manner. Evolving from the need to model the type of vague, ill-defined systems difficult to handle using the conventional binary valued logic, Zadeh (1965) proposed the fuzzy set theory, which is the basis of the multi-valued fuzzy logic. Fuzzy logic avoids the discrete true-or-false syllogisms, thus conferring a conceptual malleability that is not possible under a rigid definition of, for example, equality in the traditional meaning of the CEP. A fuzzy logic perspective has been shown to be particularly useful for processing environmental data, which tend to be uncertain or imprecise (Salski, 2006). Fuzzy logic uses concepts that are inherently gradual and imply a degree of membership in two antithetic states such as, for example, similar-dissimilar or favorable-unfavorable. The fuzzy notions of favorability for a species presence and favorableness for several species are particularly useful for redefining the CEP in a more realistic and operational way.

Favorableness was defined as “the effect of the mean of the environmental variables on diversity”, or as the degree to which the physical conditions needed to maintain the basic biochemical machinery shared by living systems range from the optimum (highest favorableness) to the lethal (lowest favorableness) limit (Richerson and Lum, 1980). This implicitly fuzzy term was applied to multiple species under the hypothesis that when environmental conditions are very unfavorable for the species, organisms must increase the variety of adaptations, energy and material resources devoted to coping with these conditions, at the expense of microhabitat-specific specializations and co-evolutionary accommodation with other species. Conversely, when environmental conditions are very favorable, organisms can dedicate a higher amount of energy, matter and genome to co-adaptive adjustments to other species and, therefore, will coexist more easily. Favorableness is then the degree to which the environment is simultaneously favorable for the set of competing species. This concept was used as an abstract notion with no operational method to measure it, or any explicit range of favorableness values (Richerson and Lum, 1980).

Favorability was defined as the degree (between 0 and 1) to which local environmental conditions are propitious for the presence of a species (Real et al., 2006), and the term was applied to the occurrence of individual species at different locations. Favorability is a concept related to, but different from, probability of occurrence (Supplementary material 1), being the membership function in the fuzzy set of locations favorable for the occurrence of a species. Thus, the fuzzy intersection between several such fuzzy sets could be used to identify areas simultaneously favorable to several species (Real et al., 2006), thus able to obtain favorableness values (i.e., minimum of the favorability values) ranging between 0 and 1 for any set of species. Both concepts can then be assigned values directly drawn from observations of the species distributions in different environmental conditions. This allows favorability and favorableness to be combined in a redefinition of the CEP in the framework of fuzzy set theory.

The degree to which autecological conditions (i.e., the living and non-living factors of the environment directly influencing a single species) are favorable for each species, i.e., favorability (Real et al., 2006), can be plotted alongside the degree to which conditions are simultaneously favorable for overlapping species, i.e., favorableness (the function SharedFav in the R package FuzzySim can be used to this end, Barbosa, 2015). This can help to understand a range of likely biogeographical outcomes, such as autecological exclusion or segregation, competitive exclusion, or species co-existence, in different parts of the ranges of competing species (Figure 1). In this theoretical framework, two potentially competing species would coexist in high-favorableness locations (Figure 1). These high-favorableness areas could also be seen as places where the demands of both species are well fulfilled. If competition is defined as a process that happens only when several species make the same or similar demands in the absence of an adequate supply (Clements and Shelford, 1939), then this process would be less pronounced in high favorableness areas where, consequently, competitive exclusion is unlikely to occur. In locations of low favorableness, the result would be either autecological exclusion of both species or autecological segregation, as abiotic conditions are unfavorable for at least one of the species (Figure 1). Competitive exclusion would occur at the intermediate stretch of the favorableness gradient, as the conditions are good enough for persistence of each species separately but not enough for permanent coexistence (Figure 1). The species with the highest favorability in this intermediate-favorableness stretch is expected to dominate over the other. This is a more nuanced and operational theory against which to contrast empirical data.
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FIGURE 1
Expected biogegraphical outcomes (autecological exclusion/segregation, competitive exclusion and coexistence) of species interaction according to the proposed theoretical framework combining favorability and favorableness. Favorability is defined as the degree (between 0 and 1) to which autecological conditions that are favorable for the occurrence of individual species. Favorableness is defined as the fuzzy intersection of favorability values (i.e., minimum) for several species, i.e., the degree to which conditions are auspicious for all species together. If the favorableness for two species A and B together is low, at least one of them is exposed to low environmental favorability, and they would experience exclusion or segregation due to autecological causes; if the favorableness for both species together is high, both enjoy high environmental favorability, and the two species would be expected to coexist as the demands of both species would be well fulfilled; competitive exclusion would occur if the favorableness for both species together is intermediate, as environmental conditions are favorable enough for persistence of each species separately but the presence of a competitor become detrimental. Fuzzy columns represent the expected fuzzy thresholds between autecological exclusion/segregation, competitive exclusion and coexistence.




Theoretical connection of the original and fuzzy-logic definitions of the competitive exclusion principle

To better understand the theoretical setting of this proposal, we may connect it with the formulae used by Gause (1932) in his experimental studies about competitive exclusion. These formulae rest on the assumption that the population growth of any species on a given surface has an intrinsic stationary limit K, and that the population growth proceeds at a slower pace as the number of the individuals already produced (y) approaches the stationary number (Gause, 1934 in the pp. 8-9). In other words, the population growth is proportional to the unutilized potential of growth, which is given by (K-y)/K (Gause, 1932). In mixed populations with a second competing species this potential is affected by a new quantity m that represents the places (sic) of the first species that are taken up by the competing species, and the potential for growth is given by [K-(y + m)]/K = (K- m - y)/K (Gause, 1932). In this situation, the effective stationary limit is reduced in the numerator to K-m, which represents the degree of the competitive exclusion.

K is intrinsic for any species, genetically determined by its metabolism and by density-dependent factors such as territoriality or other spatio-temporal configurations of the population. Density-dependent limiting factors tend to be biotic rather than physical features of the environment. Among them are predation (higher-density populations may particularly attract predators), infectious diseases and parasites (infectious diseases are more likely to break out and result in deaths and parasites are more likely to spread in denser populations), or waste accumulation (high population densities can lead to the accumulation of harmful waste products). Santini et al. (2022), for example, found that the variation of population density across mammal species is largely explained, apart from resource availability and accessibility, by their body mass and by genetically determined metabolism and energy demand. Other examples of genetically determined limits to the use of resources may be seen in the fact that the feeding of animals in captivity under ad libitum conditions often results in a shorter lifespan and a decreased health, due to an increase in metabolic and degenerative diseases (Moraal et al., 2012). Thus, the local environmental favorability F may allow for a theoretical limit K’ that can be higher or lower than the K value, constituting an autecological limit for growth in the latter case. Then, the possibilities taken up by the competing species (m) may be considered to detract from K’ (the potential allowed by F). When the local favorableness allows for a higher K’ than the actual intrinsic K for two competing species, the effect of each competitor affects the surplus in possibilities of the other but does not detract from K, and the competitive exclusion does not happen. At the point where the local F allows exactly for the intrinsic K or lower (K’ ≤ K), the value of m detracts from K, exactly as Gause (1932, 1934) proposed, and the competitive exclusion does occur. When the local F, and thus K’, is extremely low, the autecological limitation may be enough to explain the exclusion of the species from the territory, making the additional effect of competition negligible.

The transition from autecological exclusion to competitive exclusion would be gradual, but around an F value of 0.2, as the response of the favorability function to environmental conditions is logistic, and F values approach 0 asymptotically from 0.2 as environmental conditions worsen. The response of the favorability function to environmental conditions is quasi linear for F values ranging between 0.2 and 0.8, and then this response is again asymptotically approaching 1 as environmental conditions improve further. This is why the fuzzy transition between competitive exclusion and coexistence is expected to be around an F value of 0.8 (Figure 1). Note that these values 0.2 and 0.8 represent the fuzzy equivalent of the odds ratios 1:4 and 4:1, respectively. As the complement of favorability (F) is unfavorability (1-F), at F = 0.2 unfavorability is equal to 0.8 and the ratio of favorability to unfavorability is 0.2:0.8 = 1:4, i.e., the environmental conditions are four times more unfavorable than favorable. Similarly, at F = 0.8 unfavorability is equal to 0.2 and the ratio of favorability to unfavorability is 0.8:0.2 = 4:1 and environmental conditions are four times more favorable than unfavorable. This is like this irrespective of the parametrization of the logistic model.

This unified theory of favorability and favorableness may be helpful for distinguishing competitive exclusion from the mere identity of species’ niches (Warren et al., 2008). As inferred by Hardin (1960), two species (or populations) can compete if they occupy the same ecological niche. To understand our view, it is necessary to apply fuzzy logic also to the niche concept. If the niche, either Eltonian, Ginnellian or Hutchinsonian, is conceived crisply, defined by its position, boundaries, size, shape and overlap, then there is no practical difference for the species in any location within this crisp theoretical niche. Interestingly, Hutchinson (1957, p. 416-418) applied the classical set theory to define the niche and admitted there were limitations in this mode of expression. Such limitations included the supposition that all points in each niche implied equal probability of species persistence, and all points outside the niche implied zero probability of survival. Here, the application of the fuzzy set theory overcame these limitations and allowed to identify an internal structure of the niche. This is in line with the ideas of Maguire (1973), who defined the niche as the evolutionarily-determined gradual responses of species in function of the habitat conditions. Favorability models were in fact functions and treated the niche as an interaction between the species and the environment, as Maguire (1973) did (Gouveia et al., 2020). Using fuzzy logic, the sameness of the niches occupied by two species is replaced by the similarity in their interaction with the environmental conditions, in terms of their respective functions of favorability for occurrence (Real et al., 2006).



Biogeographical implications

This theory may be also helpful for defining explicit competitors differentially in diverse parts of their geographical ranges. By visualizing species interactions in a biogeographic framework using fuzzy logic, we are better able to consider the CEP as deriving from the geographic distribution of different degrees of favorability enjoyed by competing species throughout their geographical ranges. Hence, the set of environmental conditions favorable for each species can be geographically present in a gradient from very favorable to very unfavorable, and from simultaneously favorable to differentially favorable to competing species. This means that ecological interactions may act differently in contrasting situations (and in different locations). The local intensity of the competition between two species will then depend on the similarity of their respective functions of favorability for occurrence and on the actual availability of shared (more competition) or exclusive (less competition) resources in the local sites.

Empirical examples of this kind of geographically differentiated biotic interaction have been hypothesized at a continental scale for parapatric hares (Lepus species) in Europe (Figure 2A; Acevedo et al., 2012), at a regional scale for native and introduced deer species in Great Britain (Figure 2B; Acevedo et al., 2010), and at a local scale for the native Mediterranean pond turtle (Mauremys leprosa) and the sympatric invasive red-eared slider (Trachemys scripta) in Spain (Romero et al., 2014). In Supplementary material 2 we show with a detailed example that the predictions of the fuzzy logic definition of the CEP about the distribution of pairs of native and introduced deer species in Great Britain can be operationally tested using a Bayesian approach. In two thirds of pairs of a native and an introduced deer species the predictions of the fuzzy CEP were corroborated, which suggests that these pairs of species are affected by competitive exclusion, being also able to locate the areas where competitive exclusion is acting.
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FIGURE 2
Examples of biogeographical outcomes of species interaction after representing the mean favorability of individual competing species along their favorableness grandient. Favorableness and favorability are defined as in Figure 1. (A) Lepus timidus and L. europaeus in Europe (Acevedo et al., 2012). (B) Muntiacus reevesi and Capreolus capreolus in Great Britain (Acevedo et al., 2010). Plots result of joining the 95% confidence intervals of mean favorability values of the locations grouped in 10 bins of equal range along the favorableness gradient. Fuzzy columns as in Figure 1.




Discussion

The above examples corroborate that a model of differing biogeographical outcomes of ecological interactions, generalizable to any two or more competing species, can be generated. Favorability is a function of environmental factors, and the identification of these factors (absence of disturbance, nutrient supply rate, energy or water availability, climatic conditions, habitat connectivity…) is the realm of biogeography and species distribution modeling. At smaller ecological scales it is still necessary to investigate how individual fitness and/or demography depend on population densities, or how the presence of more individuals of one species affects the favorability for conspecifics and heterospecifics. However, favorability may be operationally obtained from probability of occurrence and species prevalence at biogeographic scales, and favorableness for a set of species may be operationally derived from individual favorability values using fuzzy intersection.

Within this framework, competitive exclusion between two species is not expected to occur always or not occur at all, but the outcome will depend on the environmental conditions. The CEP is valid but restricted to areas of intermediate favorableness. Given this, the biodiversity paradox can be resolved; several competing species may coexist if environmental conditions are favorable for all of them. Our approach responds to Hubbell’s (2001) call for better theories for species presence-absence, relative abundance and persistence times in communities that can be confronted with real data. Our proposal produces differential observable expectations that may be corroborated or refuted with observations. It provides a more realistic and operational framework that yields more detailed predictions of coexistence and competitive exclusion at geographical scale and, thus, is more falsifiable than the classical CEP. We also argue that rendering the CEP operational with fuzzy logic is crucial for the conservation of biodiversity. More generally, the use of fuzzy approaches should be advocated to better understand the ecological interaction between overlapping species. If the ecological universe seems fuzzy and unpredictable (Turnbull, 2014), then the use of fuzzy logic may be appropriate to forecast the different outcomes of the complex ecological interactions between species in a heterogeneous geographical environment.
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