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Coexistence theories develop rapidly at the ecology forefront suffering from interdisciplinary gaps and a lack of universality. The modern coexistence theory (MCT) was developed to address these deficiencies by formulating the universal conditions for coexistence. However, despite this theory's mechanistic foundation, initially, it has only rarely been used to determine the exact mechanisms that govern the competitive outcome. Recent theoretical developments have made MCT more accessible to experimentalists, but they can be challenging in practice. We propose that a comprehensive understanding of species co-occurrence patterns in nature can be reached by complementing the phenomenological approach with both the mechanistic view of MCT and coexistence experiments of the type that prevailed from the 1970s to the 2010s, which focused on specific mechanisms (designated the “mechanistic approach”). As a first step in this direction, we conducted a systematic review of the literature from 1967 to 2020, covering mechanistic experiments for invasibility—the criterion for species coexistence—and the best-studied classical coexistence mechanisms, namely, resource-ratio, natural enemy partitioning, frequency-dependent exploitation by generalist enemies, and the storage effect. The goals of the review were to evaluate (i) the percentage of the abovementioned mechanistic experiments that satisfy the theoretical criteria (designated “eligible studies”), (ii) the scope of these eligible studies, and (iii) their level of support for the theoretical predictions, and to identify their (iv) overarching implications and (v) research gaps. Through examination of 2,510 publications, the review reveals that almost 50 years after the theoretical formulations of the above four coexistence mechanisms, we still lack sufficient evidence to reveal the prevalence of coexistence and of each of the coexistence mechanisms, and to assess the dependency of the mechanisms on the natural history of the competing organisms. By highlighting, on the one hand, the overarching implications of the mechanistic approach to coexistence, and on the other hand, current research gaps, and by offering ways to bridge these gaps in the future, we seek to bring the mechanistic approach back to life.
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INTRODUCTION

One of the major goals in the field of community ecology is to explore the biological mechanisms underlying community patterns. At the heart of the goal is the challenge of understanding the stable coexistence (see Glossary) patterns and mechanisms maintaining the remarkable species diversity found in nature. The root of this interest derives from the contradiction between Gause's law (Gause, 1934), which states that species competing for the same limiting resource cannot persist together indefinitely, and the observations of high diversity of similar species in an apparently limited number of ecological niches in nature (e.g., Hutchinson, 1961). Today, we know that, under certain conditions, stable coexistence is possible, even for organisms exploiting the same resource, and that coexistence is not solely resource based (e.g., Chesson and Kuang, 2008; McPeek, 2012), making the subject even more compelling to researchers (Agrawal et al., 2007; Chesson, 2018; Letten et al., 2018).

The longstanding interest in this subject is reflected in the broad range of theories for coexistence mechanisms that have been developed over the past 50 years and that encompass various research disciplines, organisms, environments, and types of interactions. Importantly, in contrast to many other ecological subjects, interest in coexistence has never ceased (Figure 1). However, the variety of coexistence perspectives both limits the different theories' accessibility to experimentalists (e.g., Wilson et al., 2007) and increases the likelihood that researchers will reinvent the wheel (e.g., compare between Comita et al., 2014; Vage et al., 2018); in addition, their work may suffer from a lack of universality (e.g., compare the approaches taken in the following studies: Chesson, 2000b; Kneitel and Chase, 2004; Letten et al., 2017; Levine et al., 2017; Eidelman et al., 2019; Kotler and Brown, 2020; Luimstra et al., 2020). Consequently, today, there is a deficiency in empirical information regarding coexistence patterns and mechanisms (Figure 1; Letten et al., 2017; Bartomeus and Godoy, 2018; Ellner et al., 2019).
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FIGURE 1. Literature trends, reflecting the lack of experimental coexistence studies. General interest in the coexistence topics that we chose (orange (orange lines, right axis) and the experimental studies that our review selected as eligible (blue areas, left axis) is still increasing. However, for each topic-year combination, the eligible experimental studies constitute less than 2% of the published pool. We chose five core topics, namely, invasibility tests for coexistence (A) and mechanisms allowing invasibility, i.e., resource-ratio (B), natural enemy partitioning (C), frequency-dependent exploitation by a generalist enemy (D), and the storage effect (E). The starting year of each literature survey and the influential papers that were used as a basis for the literature search are indicated by red arrows and elongated black brackets [image: yes], respectively.


The modern coexistence theory (MCT; see Glossary) was developed to address these deficiencies by formulating the universal conditions for coexistence, i.e., that stabilizing niche differences will offset relative fitness differences (Chesson, 2000b). This theory, which constitutes a common framework for a diverse range of study systems, mechanisms, and topics (Grainger et al., 2019b), has prevailed in coexistence research over the past few years. MCT partitions population growth rates into the different mechanisms that contribute to coexistence (Chesson, 1990, 1994, 2000a). However, following the syntheses by Chesson (2000b) and Chesson and Kuang (2008), MCT's initial works mainly took a phenomenological form, by mapping how species traits and environmental conditions relate to niche and fitness differences, without delving into the details of the underlying mechanisms (e.g., Adler et al., 2007; Mayfield and Levine, 2010; Narwani et al., 2013; Godoy et al., 2014; Kraft et al., 2015; Germain et al., 2016; Saavedra et al., 2017; Ke and Letten, 2018; Ocampo-Ariza et al., 2018; Gallego et al., 2019; Spaak and De Laender, 2020). Accordingly, this phenomenological form of MCT is chiefly concerned with the outcomes of coexistence mechanisms, rather than with the mechanisms themselves. In recent years, the mechanistic basis has continued to develop, providing a general analytical approach to multiple mechanisms (e.g., Chesson, 2008, 2018; Kuang and Chesson, 2010; Ellner et al., 2019) and allowing the assessment of their relative contributions to coexistence in a single studied community (Letten et al., 2018; Grainger et al., 2019a; Hallett et al., 2019; Shoemaker et al., 2020). However, this mechanistic view of MCT is challenging, as it requires measuring and modeling population responses to multiple limiting factors that represent variation in community composition and in the environment (Ellner et al., 2019).

We propose that to extend our understanding of species co-occurrence patterns in nature, it is necessary to restore the coexistence experiments that prevailed from the 1970s to the 2010s, which sought more specific mechanisms. This can be done through both classical coexistence experiments and the mechanistic view of MCT (designated the “mechanistic approach”), in parallel with making progress by applying the phenomenological approach. The mechanistic approach will improve the precision in formulating mechanisms by pinpointing the specific selective factors underlying coexistence (e.g., limiting resources, generalist enemies, or environmental disturbance) and will establish associations between species' traits and interaction outcomes. It will also provide direct proof of cause-and-effect relationships and widen the knowledge of specific systems. As a first step, we conducted a systematic review of the literature from 1967 to 2020, covering mechanistic experiments for invasibility—the criterion for species coexistence—and the best-studied classical coexistence mechanisms, namely, resource-ratio, natural enemy partitioning, frequency-dependent exploitation by generalist enemies, and the storage effect. The review's objectives were to evaluate (i) the percentage of these mechanistic experiments that satisfy the theoretical criteria (designated “eligible studies”), (ii) the scope of these eligible studies, and (iii) their level of support for the theoretical predictions, and to identify their (iv) overarching implications and (v) research gaps. We conclude by identifying the reasons for the research gaps and offer future directions to address the obstacles and bring these classical mechanistic experiments—and others—back to life.



METHODS


General Literature Search Strategy

Separate literature surveys were conducted for each coexistence topic in the ISI Web of Knowledge database; only papers published in English were surveyed. For each survey, we first searched for the most influential relevant papers. In some cases, these influential papers were comprehensive reviews, and in others, we selected the original papers that established the theoretical foundation of the mechanism (Supplementary Table S1). Then, we complemented each survey for the missing years that were not covered previously by searching for additional papers that cited the influential papers or that included specific relevant topic terms in the title, the abstract, the author keywords, or the abstract keywords (see Supplementary Table S1 for the exact topic terms). To focus the survey on experimental coexistence studies, we decided that all the selected papers should include, in addition to the specific key terms and citations, the key terms “coexisten*” or “co-existen*,” and “experiment*,” “manipulat*,” or “treatment” (Supplementary Table S1). By using this approach, we might have missed some relevant papers that are not part of this search engine's database or that only included the specific key terms in the paper's body. However, it served to make the literature search uniform among the various tested topics and study systems. We then screened the titles of both the studies that were included in previous reviews and those identified from the database, and we removed irrelevant papers. The remaining papers were carefully checked, and only the papers that satisfied the theoretical criteria (details for each topic are provided below) were regarded as eligible studies (Figure 2 and Supplementary Table S2). Thus, the decision as to whether a paper was considered eligible or not was based on the design of the experiment and not on its results.
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FIGURE 2. Flow diagram for the systematic review of the five coexistence topics: invasibility tests (IT), resource-ratio (RR), natural enemy partitioning (EP), frequency-dependent exploitation by generalist enemies (FD), and the storage effect (STE). “n” is the sample size.


Initially, the papers related to each coexistence topic were scanned by a single reviewer (coauthors HH, MG, CC, SH, or SC), using the papers' titles and abstracts. Then, coauthor HH, who defined the theoretical criteria for each topic, made decisions regarding papers whose eligibility was in doubt, read the eligible papers, and extracted the required information from these papers. The design and reporting scheme of the surveys conform to PRISMA reporting guidelines (Liberati et al., 2009).



Search Strategy and Selection Criteria for Each Review Topic

To estimate the prevalence of coexistence, we searched for experimental studies that included invasibility tests (see below). To choose the target coexistence mechanisms, we used Chesson's synthesis (2000b), which organizes the multiple classical coexistence theories under a unified framework. We selected theories (i) that deal with local coexistence, (ii) that have well-defined theoretical criteria, (iii) that are relatively simple and intuitive, yet constitute building blocks for more complex models, (iv) that encompass the essence of consumer-resource, enemy-consumer, and environment-consumer interactions, (v) that, to the best of our knowledge, are familiar to experimentalists, and (vi) for which a preliminary literature search detected at least five experimental studies.

Below, we briefly introduce each of the topics and the selection criteria that were applied to regard a paper as eligible for testing each topic. Theoretically, proper tests of coexistence mechanisms should associate the features of the mechanism under test with demonstrated stabilization, such as mutual invasibility or the density and frequency dependence of long-term growth rates. This is because the presence of a required set of conditions, by itself, does not imply that these conditions are the ones that promote coexistence; other stabilizing effects may dominate (Chesson, 2018). However, due to the paucity of studies that have included this association, a proper test of mutual invasibility was a sufficient criterion to select a paper as eligible for this topic, and proper tests for the features of each of the four mechanisms (see below) were sufficient criteria to select a paper as eligible for each one of them. In Supplementary Table S2, we indicated, for each eligible invasibility study, whether it was associated with a specific mechanism, and for the studies designed to test each of the four coexistence mechanisms, we indicated whether the purported mechanism was associated with mutual invasibility tests or any other coexistence proxies.

Three obstacles prevented us from presenting a standard mathematical model for each topic, namely, the models' complexity levels, their multifold techniques [e.g., compare the approaches used by Roughgarden and Feldman (1975), Hutson (1984), and Kuang and Chesson (2010) to investigate the stabilizing effect of the frequency-dependent exploitation by generalist enemies mechanism), and the original absence of a mathematical approach for the natural enemy partitioning mechanism (Janzen, 1970; Connell, 1971)]. Thus, instead, below, we refer the readers to the papers that include the most simple and basic models for each of the topics. To illustrate the experimental design required for testing the various coexistence topics, we refer, in each topic, to the same basic design elements, namely when each species is maintained alone and in a species mixture, at low and high densities (Figures 3A,C). The search methods and terms, the number of papers retrieved in each specific search, and the number of eligible papers from the selected pool are presented in Figure 2 and Supplementary Table S1.
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FIGURE 3. Proposed experimental design to encourage coexistence experiments and bridge the interdisciplinary gap. To facilitate interdisciplinary communication and uniform coexistence studies, we illustrate here how the same basic experimental design can be exploited to test various coexistence mechanisms. All eligible studies in the literature surveys included variations of these designs. Comprehensive experimental designs of all four coexistence mechanisms should assess the population response of the target species when each species is maintained alone (a and f in the matrix) and (or) in a species mixture (b–e and g–j in the matrix), at low (a–e in the matrix) and (or) high (f–j in the matrix) densities (A). However, the experimental conditions required for testing the various mechanisms may differ [the orange and blue rectangles may represent various levels of factors; see (C)]. Invasibility tests can be conducted through either invasibility experiments, in which each species as an invader is introduced at low densities to established residences and its growth rate is estimated, or model parametrization studies (B). The exact experimental design depends on the target mechanism. For example, for the resource-ratio, natural enemy partitioning, frequency-dependent exploitation (FD-exploitation), and storage effect mechanisms, the relevant factors are resource levels, specialist enemy densities, generalist enemy densities, and environmental conditions, respectively (C). *Examples are provided for the yellow species but should also apply to the green species.†Alternatively use the modern coexistence theory (MCT) approach; Figure 3C in Letten et al. (2017). ‡Alternatively use the MCT approach; Figures 5B,C in Ke and Wan (2020). §The first criterion is formulated for the spatial storage effect, while the second is inherent in this mechanism (derives from the dispersal of the population across a heterogeneous environment). However, the same rationale should apply to the temporal storage effect. In this case, the orange and blue rectangles mark time periods, and the second criterion is essential. ¶Population response means the per capita growth rate. However, due to practical difficulties, it can be replaced by any fitness-correlative trait, such as biomass. ¥The yellow and green lines represent the environmental responses of the two species in their resident and invader states, respectively, and the black line represents competition. The storage effect figure is modified from Holt and Chesson (2016).



Invasibility Tests

Mutual invasibility tests are methods that are based on the theoretical distinction between stable coexisting and co-occurring species (see Glossary) and that distinguish between these two types of associations by testing the ability of each species to exhibit a positive growth rate when it is rare in a resident community (see Glossary) that remains at typical steady state abundances., i.e., when it fulfills the invasibility criterion (MacArthur, 1972). These tests can be employed in various communities and environment types, as long as the species are not rare due to Allee or priority effects, the species are not part of an intransitive interaction network, and the conditions do not lead to alternative stable states (reviewed in Grainger et al., 2019b). In the latter cases, alternative criteria should be met for defining stable coexistence (Chesson, 2018, 2020). Siepielski and McPeek (2010) conducted a literature search from 1972 to 2009 that quantified the experimental evidence for invasibility. Here, we complemented this survey by extending it to October 2020 (Supplementary Table S1).

We considered as eligible those studies that included a sufficient test of the mutual invasibility criterion using one of two approaches: model parameterization studies and mutual invasibility experiments (Broekman et al., 2019; Godwin et al., 2020). Model parameterization studies (Glossary) project the long-term community dynamics in invasion models that are built on experimentally verified relationships between species frequencies and their population growth. To adhere to the experimental requirement, we accepted only studies that evaluated the model parameters based on intra- and interspecies competition assays, including density, frequency manipulations, or both. In mutual invasibility experiments, each species, as an invader, is introduced to an established population or community of resident species (see Glossary), and its growth rate is monitored (Figure 3B).



“Resource-Ratio” Mechanism

The “resource-ratio” mechanism is a fluctuation-independent mechanism (see Glossary), which allows species coexistence due to trade-offs in resource requirements and consumption. Coexistence is predicted when each species is a better competitor for a different resource (see the “R* rule prediction” in the Glossary), consuming relatively more of the resource that limits its own growth rate, and when the natural supply of these limiting resources does not disproportionally favor one of the species. In this scenario, each species is limited by changes in intraspecific, rather than interspecific, densities (Tilman, 1982). The idea dates back to the 1970s (e.g., MacArthur, 1972) but was recognized by ecologists some 10 years later, mainly through Tilman's graphical approach (Tilman, 1980, 1982), which formulated the underlying hypotheses (Tilman, 1980). In accordance with this approach, coexistence can be graphically viewed by analyzing how zero net growth isoclines (ZNGIs; see Glossary) of the competing species cross each other in relation to the position of resource supply ratio and consumption vectors (see Glossary; Figure 3C). Subsequent reviews, dating from 1980 to 2003, surveyed experiments testing the theory (Miller et al., 2005; Wilson et al., 2007). We complemented these surveys by extending them to October 2020 (Supplementary Table S1).

We considered as eligible, monoculture experiments generating predictions about species ranks per resource (based on the “R* rule) and assessing the relevant trade-offs for two species competing for two or more resources (Figure 3C). Then, at least one prediction about the community composition had to be tested in a mixed culture. Following Miller et al. (2005), the community composition predictions were that (i) species dominance would change with the resource ratio (Miller's prediction P2), (ii) the number of coexisting species would not outweigh the number of limiting resources (Miller's prediction P3), (iii) resource supply and consumption rates would affect the competition outcome (Miller's predictions P5 and P6, respectively), and (iv) the highest community diversity would occur at intermediate resource ratios (Supplementary Table S2). We also accepted cases where none of the community composition predictions were tested, but invasibility tests were used to confirm the species ranking and tradeoffs (Letten et al., 2017).



“Natural Enemy Partitioning” Mechanism

The “natural enemy partitioning” mechanism is also fluctuation-independent; it assumes that each of the interacting species is controlled by a different enemy and predicts an increase in the enemy's regulation with increased victim (see Glossary) densities. Coexistence is retained when the enemies are specialists to some extent and, thus, attack some species more than others and when their attack rate is density dependent. Under these conditions, the enemies increase the niche differences and decrease the fitness differences between competing victim species (Grover, 1994; Chesson and Kuang, 2008). Janzen (1970) formulated the natural enemy partitioning hypothesis using qualitative graphics. Experimental evidence in plants for the Janzen-Connell hypothesis (see Glossary), which is a special case of the natural enemy partitioning mechanism, has been previously reviewed (Hyatt et al., 2003; Carson et al., 2008; Terborgh, 2012; Comita et al., 2014). We broadened these surveys (from 1967) to include other organisms and complemented them by extending them to October 2020 (Supplementary Table S1).

We accepted only studies that assumed, a priori, that an enemy with some victim preferences exists, and that the presence of such an enemy was experimentally manipulated for at least two victim species. For each of the eligible studies, we recorded whether it also met the other theoretical criteria, i.e., confirms enemy specificity, DD-regulation of the specific victim, and enemy effect on victim interspecific interactions (Figure 3C and Supplementary Table S2).



“Frequency-Dependent Exploitation by Generalist Enemies” Mechanism (Designated FD-Exploitation)

The mechanism of “FD-exploitation” is also fluctuation-independent. The tendency of generalist enemies (see Glossary) to exploit their victims (see Glossary) disproportionately when they are abundant and ignore the victims disproportionately when they are rare allows for recovery of the victim species from low densities, as was illustrated by different mathematical approaches (Roughgarden and Feldman, 1975; Hutson, 1984; Kuang and Chesson, 2010). Since the 1970s, theoretical studies have investigated the effect of FD-exploitation on victim coexistence, and in parallel, experimental studies have tested for FD behaviors (Murdoch, 1969; Lawton et al., 1974; Murdoch and Oaten, 1975; Murdoch et al., 1975; Oaten and Murdoch, 1975; Goss-Custard, 1977; Greenwood and Elton, 1979; Greenwood, 1984; Murdoch and Bence, 1987; Allen, 1988; Sherratt and Harvey, 1993; Kuang and Chesson, 2010).

We conducted a literature survey from 1969 until October 2020 for studies that cited any of the above theoretical and experimental papers or that used relevant keywords (Supplementary Table S1). We accepted studies that examined experimentally whether the exploited proportion of a particular victim changes from “less than expected” to “more than expected” as the frequency of that victim increases (Figure 3C). Because victim coexistence was explicitly tested in only two of the 150 papers identified from previous reviews and the database, a proper test of FD-exploitation was a sufficient criterion to select a paper (Supplementary Table S2).



“Storage Effect” Mechanism

Temporal and spatial environmental variability may promote species coexistence if the perception of better conditions is species-specific and if each species can demographically benefit when conditions are better to a greater extent than they are harmed in poor conditions. The dependence on the environmental variability is termed a “fluctuation-dependent mechanism” in the MCT. Among fluctuation-dependent mechanisms, the storage effect specifically promotes coexistence in cases in which two criteria are satisfied: (i) there is density-dependent environment-competition covariance, so that the resident-state covariance between environment and competition is higher than the covariance of the invader-state, and (ii) there is buffered population growth, so that for each species, growth under favorable conditions compensates for the unfavorable conditions, whereby losses are often temporarily buffered through life history traits (e.g., seed banks) (Chesson, 2008; Holt and Chesson, 2016). Importantly, while species-specific responses to the environment are expected to be associated with the first criterion, provided that competition is an increasing function of environmental responses, by themselves, these responses cannot promote coexistence (Chesson, 2008; Holt and Chesson, 2016). Thus resident-invader covariance differences are key elements in the storage effect.

The first comprehensive mathematical model, which was based on the work of Sale (1977), inspired by a coral reef fish system, and constitutes the foundation for all other related models, dealt with the temporal storage effect (Chesson and Warner, 1981). Shortly thereafter, the concept was broadened to include the spatial storage effect and was fitted to other study systems and environments (Warner and Chesson, 1985; Chesson and Huntly, 1989, 1997; Chesson, 1994). Note that since the spatial storage effect operates through the dispersal of the population across a variable environment, with some dispersal between different environmental patches, the buffered population growth criterion is automatically embedded therein.

We conducted a literature survey from 1981 to October 2020 for studies citing these papers of Chesson et al. or using the relevant keywords presented in Supplementary Table S1. We only accepted studies that aimed to test the two criteria (Figure 3C and Supplementary Table S2).




Synthesis Methods: Data Extraction and Analyses

For each eligible paper, we recorded: (i) the number of target species (i.e., species hypothesized to coexist) used to test the hypothesis (invasibility criterion or specific mechanism), (ii) the type of environment (laboratory, field, or outdoor experimental systems in which the species compositions were determined by the researcher, e.g., microcosm, mesocosm, or macrocosm), (iii) the manipulated factors (factors related to the competitor species, their resources and enemies, and their environmental conditions), (iv) whether a model was embedded in the study, (v) the experimental design, (vi) whether the hypothesis was supported by the experimental results, in which, for the invasibility tests that had an a priori prediction about the likelihood that the target species coexist, we recorded whether the prediction was supported or not, and (vii) whether the purported mechanism was associated with mutual invasibility tests (Supplementary Table S2). Some of the studies conducted multiple experiments with either multiple species combinations or with the same species combination under a variety of conditions. For these, we reported “support” when all multiple experiments supported the hypothesis, “no support” for the opposite case, and “partial support” when some experiments supported and others refuted the hypothesis. Furthermore, to account for the variability within each paper, in addition to the exploration at the study level, we extracted, from each eligible paper, all tests conducted for an interacting species combination and gave it a score of either “0” or “1” if less than 60% or at least 60% of the tests supported the theoretical hypotheses, respectively. For each species combination, we also indicated the organisms' group, habitat type, and size (Figures 4B, 5). Considering the small number of eligible studies detected for each coexistence topic and the clear link between particular mechanisms and study systems (Figures 2, 4, 5 and Supplementary Table S2), below we provide a qualitative summary of the results, without statistical analyses.
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FIGURE 4. Assessment of coexistence prevalence, illustrating the limited evidence for coexistence in nature. Mutual invasibility tests are methods that are based on the theoretical distinction between stable coexisting and transient co-occurring species, and as such, can be exploited to assess coexistence prevalence in nature. Adequate tests of the mutual invasibility criterion can be conducted either directly by invasibility experiments or indirectly by model parameterization studies (Figure 3B). Our literature survey identified only a few eligible studies based on invasibility tests, and the division of studies between the two methods was similar (A). The two best explored study systems with respect to invasibility tests—phytoplankton and plants (22 and 73% of the 140 tested species combinations, respectively)—provided low (< 44%) support for coexistence (i.e., successful reciprocal invasibility; gray) in species combinations co-occurring in nature (B). Note that the species combinations that do not co-occur in nature are not included in (B).



[image: Figure 5]
FIGURE 5. Assessment of the prevalence of the four chosen coexistence mechanisms, illustrating the deficiencies in our current mechanistic knowledge. The experimental support varied among mechanisms, suggesting that their prevalence in nature is different (A). The division of the species combinations that were tested in the eligible studies and support a mechanism, according to the taxonomical groups of the interacting species (white titles), origin (aquatic in blue and terrestrial in brown), and size (microbes on a plain colored background and macroorganisms on a hatched background), demonstrates a link between the coexistence mechanism and the study system (B). However, since the division of supporting evidence among organismal groups was similar to their division among all eligible tested species combinations (C), it was not clear whether these results reflect a tendency of specific groups to be controlled by particular coexistence mechanisms or a bias already introduced during the stage of model-system choice. Taken together, these results suggest that the scarcity of eligible tests and the bias of specific mechanisms toward specific study systems do not permit a comprehensive analysis of the prevalence of the four chosen coexistence mechanisms in nature.





RESULTS

All records initially retrieved by each specific search and records extracted from each eligible paper for each species combination can be found in the Figshare Repository (Hawlena et al., 2022).


The Percentage of Eligible Studies

The initial screening covered 2,510 papers; of these, 89 had been identified by previous reviews and 2,422 were new studies identified through the ISI Web of Knowledge search. Of the initial 2,510 papers screened, 2,035 were excluded after screening of the titles and abstracts, and an additional 379 papers were excluded as their design did not satisfy the theoretical criteria (Figure 2). Among the latter group of ineligible papers, three types of study were rejected because they failed to satisfy the theoretical criteria for invasibility tests: most did not include a manipulation of frequency- or density-dependent interspecific competition (70%); others did not determine mutual invasibility through growth rate assessments (15%), and yet others had not established the resident community before introducing the invader (15%). Thus, in sum, 96% of the papers that incorporated the invasibility terms comprised neither invasibility experiments nor model parameterization studies that evaluate their parameters based on intra- and interspecies competition assays (Figures 1, 2 and Supplementary Table S1). For the resource-ratio mechanism, most studies that failed to satisfy the theoretical criteria included only one resource (54%) or had not calculated R* for all tested species (40%). Others did not include a mixed culture of the species (1%) or did not test any of the predictions about community composition (5%). For the natural enemy partitioning mechanism, most studies that failed to satisfy the theoretical criteria used a generalist predator (36%) or multiple predators that interacted among themselves (28%). The others were observational (8%), did not manipulate the enemy presence (17%) or the densities of the target species (7%), or did not assess the interaction between the victim species (4%). For the FD-exploitation mechanism, most studies that failed to satisfy the theoretical criteria used victim species frequencies of three or less (92%), and one study focused on the predator's perspective using virtual prey (8%). For the storage effect mechanism, most studies that failed to satisfy the theoretical criteria did not test the two storage effect criteria (75%), whereas the others (25%) were observational.

In total, 96 papers were retrieved for detailed evaluation; 14 of them had already been identified by previous reviews (Supplementary Tables S1, S2). The limited number of eligible studies precludes a proper analysis of the effect sizes, and thus, the description of the results provided below is qualitative. The eligible papers and their distribution among categories, with regard to the organisms' group, habitat type, and size, are provided in Figures 4, 5.



The Eligible Studies' Scope and Level of Support for the Theoretical Predictions

Invasibility tests: Of the 24 eligible studies, 42% comprised invasibility experiments, and 58% included model parameterization studies (Figure 4A). Only 50% of these 24 studies associated the mutual invasibility tests with the features of a specific mechanism (column “mechanism-invasibility” in Supplementary Table S2). Importantly, an invasibility-criterion-based examination of the eligible studies that were conducted on species co-occurring in nature revealed that only 37% of the species combinations were predicted to maintain long-term coexistence, suggesting that the current co-occurrence of the other 63% of species combinations may be a transient phenomenon (Figure 4B). The two main tested groups were phytoplankton and terrestrial plants (22 and 73% of the 140 tested species combinations, respectively), and their tendency toward long-term coexistence was similar (Figure 4B).

Four coexistence mechanisms: Support for the resource-ratio (81%, N = 47) and storage effect (74%, N = 19) mechanisms was relatively higher than for the natural enemy partitioning (46%, N = 164) and FD-exploitation (44%, N = 18) mechanisms (Figure 5A). The species combinations that supported each mechanism were not randomly distributed among groups, but were dominated by phytoplankton, terrestrial plants, aquatic invertebrates, and terrestrial plants, for the resource-ratio, natural enemy partitioning, FD-exploitation, and storage effect mechanisms, respectively (Figure 5B). However, the division of supporting evidence among organismal groups was similar to their division among all eligible studies (Figure 5C).

The storage effect mechanism was best associated with the mutual invasibility tests; 73% of its eligible studies included these tests (column “experimental design” in Supplementary Table S2). In contrast, none of the eligible studies of the FD-exploitation mechanism included mutual invasibility tests, while only two studies exploring the resource-ratio mechanism and only one study exploring the natural enemy partitioning mechanism included these tests (Chung and Rudgers, 2016; Letten et al., 2017; column “mechanism-invasibility” in Supplementary Table S2). Studies exploring the three latter mechanisms sometimes used alternative methods to associate the feature of their mechanisms with coexistence proxies. For example, to explore the effect of FD-exploitation on coexistence, Ishii and Shimada (2012) manipulated the attack rate and correlated it with the time until competitive exclusion. Similarly, in all eligible studies of the resource-ratio mechanism, the outcomes of interspecific competition were experimentally tested with respect to the limiting resources and supply rates in question, and they were compared with the corresponding predictions. Finally, in nine of the 27 eligible studies of the natural enemy partitioning mechanism, either the density-dependent effect was associated with an increased species diversity, the enemy effect was associated with the strength of interspecific competition, or the long-term community response was estimated through model trajectories (column “experimental design” in Supplementary Table S2).



The Eligible Studies' Implications

A mechanistic exploration of species coexistence may have overarching implications for our understanding of the structure and function of natural communities. Here, we used the reviewed papers on the five coexistence topics to highlight examples from which insights could be gained by applying a mechanistic approach.

Mutual invasibility tests are derived from the theoretical distinction between stable coexisting and co-occurring species and therefore play an important role in bridging theoretical-experimental gaps. In addition to their direct function in predicting species' long-term coexistence, mutual invasibility tests can improve our ability to determine the spatial scale of coexistence (Hart et al., 2017), assess changes in species dynamics (Stein et al., 2016), and predict where and when biodiversity will persist. Invasibility tests can also be used to investigate evolutionary questions and phenological effects on species coexistence (Hart et al., 2019; Blackford et al., 2020).

Investigating the resource-ratio mechanism adds insights into bottom-up community regulation, highlighting the most important resources that determine the community structure and identifying the species-specific limiting factors. Such information can improve our ability to forecast succession, disturbances, trophic interactions, and global change effects (e.g., Luimstra et al., 2020), and to evaluate the role of resource competition in habitat changes and disease (Bell et al., 1990; Zhang et al., 2015). An exploration of the resource-ratio mechanism can also be used to predict higher-level community patterns, such as the associations between productivity and species diversity (Harpole and Suding, 2011). Insights into top-down community regulation may be drawn from the experimental exploration of the natural enemy partitioning and FD-exploitation mechanisms. A better understanding of the natural enemy partitioning mechanism can improve our ability to predict the changes in community structure and dynamics in the face of specialized pathogens and other invasive enemies and to design potential solutions to regulate them (Liu and Stiling, 2006). A better understanding of the FD-exploitation mechanism can improve our understanding of frequency-dependent evolutionary feedbacks, apparent mutualism and commensalism, and predator coexistence (Gaymer et al., 2001; Clay et al., 2007; Long et al., 2012) and may reveal the causes underlying long-term patterns of population dynamics, such as population cycles (Hanski et al., 1991). Finally, the reviewed papers demonstrate that insights into fluctuation-dependent mechanisms, such as the storage effect, can improve our understanding of community responses to changing conditions, which is fundamental to the study of natural communities. The specific attention given in this mechanism to the potential change in interaction outcomes, under different habitat and temporal conditions, can shed light on various natural phenomena, such as Hutchinson's paradox (Descamps-Julien and Gonzalez, 2005), and human-induced changes, as in the case of invasive species (Epstein et al., 2019).



Research Gaps Reflected in the Eligible Studies
 
Invasibility Tests

The evaluation of the eligible invasibility tests revealed two main theoretical-experimental gaps. First, to simulate rarity, most invasibility experiments added low invader numbers to established resident communities of the competitor species, thereby increasing the chances for demographic stochasticity that, theoretically, should not exist. Second, most of the invasibility experiments were short-term, in violation of the steady-state assumption. Finally, most (88%) of the studies focused on pairwise interactions, while in nature, most communities are composed of more than two species.



Four Coexistence Mechanisms

An evaluation of the eligible studies of the four coexistence mechanisms revealed a few theoretical-experimental gaps. For the resource-ratio mechanism, the main drawback was the lack of quantification of the consumption vectors, the supply vectors, and the ZNGIs that are necessary for generating quantitative predictions (52% of the studies). For the natural enemy partitioning mechanism, the eligible studies rarely tested all the theoretical criteria, including the enemies' level of preference for victim species, the density-dependent regulation of each victim, and the enemy effect on victim interspecific interactions (only 30% of the eligible studies). For the FD-exploitation mechanism, the eligible studies rarely combined invasibility tests or competition trials with FD experiments (only 22% of the eligible studies). For the storage effect mechanism, the fluctuations in the environment were mostly manipulated for short time periods (days). More generally, the incorporation of outdoor experimental systems, field observations, and field manipulations was limited for the experimental tests of all the mechanisms except the natural enemy partitioning mechanism (4, 27, 44, and 78%, for the resource-ratio, storage effect, FD-exploitation, and natural enemy partitioning mechanisms, respectively), calling into question the relevance of the tests to natural settings. However, probably the most alarming deficiency in the experiments that explore coexistence mechanisms is the lack of association with demonstrated stability.





DISCUSSION

The systematic review of the chosen coexistence topics emphasizes that restoring the mechanistic approach, in parallel with making ongoing progress with the phenomenological approach, is important. Despite the overarching implications and insights that can be gained by such a mechanistic approach, our review suggests that the experimental support for the chosen coexistence topics is lacking to such an extent that today—more than 50 years after the formulation of the theories—we do not have sufficient experimental evidence to assess the prevalence of coexistence, nor that of each of the coexistence mechanisms, or the dependence of the mechanisms on the competing organisms' natural history. Below, we discuss the extent of this deficiency in experimental studies and of the interdisciplinary gap and the reasons for these gaps, and we offer avenues for bridging these gaps. We predict that an integration of phenomenological and mechanistic approaches will broaden our understanding of species occurrence patterns in nature.


Extent of the Deficiency in Experimental Studies and of the Interdisciplinary Gap

In contrast to the growing interest in coexistence and the remarkable progress in the theoretical and phenomenological approach (e.g., Levine et al., 2017; Saavedra et al., 2017; Godoy et al., 2018; Ke and Letten, 2018; Ocampo-Ariza et al., 2018; Gallego et al., 2019; Spaak and De Laender, 2020), our review suggests that experimental support for specific coexistence mechanisms lags behind (Figures 1, 2). The mechanistic approach lags behind to such an extent that we do not have sufficient experimental evidence to assess the prevalence of coexistence for the following reasons: First, while coexistence theory suggests that the invasibility criterion is one of the key methods to distinguish coexistence from co-occurrence, our literature search revealed that most of the papers that incorporated the invasibility terms did not include invasibility tests. Second, the theoretical-experimental gaps (e.g., the occurrence of demographic stochasticity and short experimental periods), the scarcity of tests with a complete design that reflects the natural settings (e.g., multiple species and mutual tests), and the study bias toward terrestrial plants (Figure 4B) restrict our ability to quantify the extent of the experimental support for the invasibility criterion in co-occurring species.

Considering the assessment of each of the coexistence mechanisms' prevalence, support for the resource-ratio and storage effect mechanisms was higher than that for the natural enemy partitioning and FD-exploitation mechanisms (Figure 5A). This difference suggests that the prevalence of a mechanism is not related to the nature of the mechanism's dependence on environmental variation. Instead, the results may reflect a tendency toward lower support for mechanisms mediated by enemies (i.e., top-down control) than for mechanisms mediated by resources (i.e., bottom-up control), reinforcing the conclusion that top-down interactions act mainly as fitness equalizing mechanisms (Bartomeus and Godoy, 2018); hence, without mechanisms that enhance the niche differences between competing species, these interactions are less likely to maintain stable coexistence. However, here too, the theoretical-experimental gaps (e.g., restricting the experiment to short periods, not testing core theoretical predictions, and not associating each mechanism's features with demonstrated stabilization), the scarcity of tests with a complete design that reflects the natural setting (e.g., outdoor experiments, field observations, and field manipulations), and the bias of specific mechanisms toward specific study systems (Figure 5C) did not permit a comprehensive analysis.

Similarly, our review suggests that we do not have sufficient experimental evidence to determine the dependence of the mechanisms on the natural history of the competing organisms, partly due to a linkage between the target mechanism and the study system. In particular, the resource-ratio mechanism was supported mainly in plankton, the natural enemy partitioning mechanism in plant-soil microbial systems, the FD-exploitation mechanism in invertebrates, and the storage effect hypothesis in short-lived organisms (Figure 5B). However, the division of supporting evidence among organismal groups was similar to their division among all eligible studies (Figure 5C). Considering that, in general, studies supporting a theory are more likely to be reported than studies with negative results, we may speculate that the mechanism-system linkage reflects a tendency of specific groups to be controlled by particular coexistence mechanisms. However, an inherent system-specific bias precludes such an explanation, and currently, we cannot reject the alternative explanation that the bias had already been introduced at the stage of model system choice. Although our systematic review used general, rather than system-specific, ecological key terms, it revealed that coexistence experiments are limited to a handful of study systems, mostly annual plants, aquatic invertebrates, and plankton (Figure 5C). This bias may reflect both the research interests of the leading research groups and practical methodological difficulties.

Though we intentionally chose to focus the review on a set of well-known mechanisms, our synthesis suggests that the experimental focus is neither uniformly distributed among mechanisms, nor is it determined by their theoretical coverage or the publication of influential papers (Figure 1). For example, over the years, the resource-ratio mechanism has attracted significantly more interest than the FD-exploitation mechanism, but the eligible experimental papers represent only 1 and 2% of the relevant studies of these two mechanisms, respectively. This narrow range of studies, together with methodological variability (e.g., the variation in the percentage use of laboratory experiments) and the tendency of experimental studies to focus on a single mechanism, preclude definitive inferences about the relative importance of the various mechanisms in maintaining species coexistence in nature.



Reasons for the Theoretical-Experimental Gaps

Reviewing the above five topics allowed us to identify three main reasons for the current lack of coexistence experiments. Below, we discuss each of these reasons.


Interdisciplinary Gaps

The review of the five topics reflects a gap in knowledge transfer between disciplines. The gap is probably due to the independent development of the theories that included the use of discipline-specific terminology and mechanistic formulations in the models (compare Kneitel and Chase, 2004; Letten et al., 2017; Kotler and Brown, 2020). This gap may explain, at least partly, the different levels of research interest in particular mechanisms and the observed linkage between the target mechanism and the study system, which precludes a more comprehensive comparison of coexistence mechanisms among groups. It also limits the theories' accessibility to experimentalists, who are often aware only of the theories that fit their discipline-specific terminologies, scales, and schools of thought.



The Theory Is Not Accessible to Experimentalists

Converting theory to testable hypotheses is challenging due to the complex nature of models and their multifaceted nature (as illustrated in the section “search strategy and selection criteria for each review topic”). Thus, on some occasions, the experiment may not be suitably designed to address the target hypothesis (e.g., natural enemy partitioning and the storage effect), the study assumptions may not be justifiable (e.g., assuming coexistence without conducting invasibility or alternative tests), or parallel concepts may be explored independently (e.g., the analogy between natural enemy partitioning and the “killing the winner” hypotheses; see Glossary).



An Ongoing Tension Between the Theory's Strict Demands and Experimental Constraints

After “converting” a theory to testable hypotheses, it is often challenging for experimentalists to design an experiment that properly test them. This theoretical-experimental tension may partly explain the prevalence of experimental tests for the resource-ratio mechanism, which is relatively easy to test compared to the storage effect mechanism (Figure 2).




Future Directions to Bridge the Current Gaps

Below, we offer strategies to overcome the above-mentioned interdisciplinary, accessibility, and theoretical challenges in future work.


Formulating Testable Hypotheses for Each Mechanism, Using Common Terms

The formulation, using common terms, of testable hypotheses for each mechanism will bridge interdisciplinary gaps and make theories more accessible to experimentalists. For example, hypotheses can be descriptively formulated according to underlying trade-offs (e.g., resource-ratio mechanism) and the dependence of mechanisms on (i) species networks (e.g., intransitive interactions; Levine et al., 2017), (ii) additional biotic interactions (e.g., natural enemy partitioning and FD-exploitation), and (iii) environmental variability (e.g., storage effect) (Hawlena, 2022). We illustrated, with the four chosen mechanisms, how this can be done (see section “search strategy and selection criteria for each review topic”). The hypotheses should be formulated by considering specific theoretical assumptions—for example, the need to introduce the invader species at a low number of individuals per unit area while having many individuals at the regional level (assuming that the scale of competition is shorter than the dispersal scale), to prevent demographic stochasticity when testing the invasibility criterion. Moreover, the hypotheses should associate the mechanisms' features with demonstrated stabilization, such as mutual invasibility or the density and frequency dependence of long-term growth rates, and the theory can assist in formulating this association. For example, recent theoretical developments suggest that to demonstrate that the features of the storage effect mechanisms are stabilizing in any given system, one needs to demonstrate that the resident-state covariance between environment and competition is higher than the covariance of the invader-state (i.e., criterion 1 of the storage effect; Sears and Chesson, 2007; Chesson, 2008; Holt and Chesson, 2016) and that the buffered population growth criterion (criterion 2 of the storage effect), which is inherent in the spatial storage effect, is satisfied (Figure 3).



Determining the Required Experimental Design for Each Mechanism, Using Common Components

The determination, using common components, of the required experimental design for each mechanism will further bridge interdisciplinary gaps and make the theories more accessible to experimentalists. Most mechanisms rely on frequency-dependent and density-dependent species interactions (Adler et al., 2018). Accordingly, although the experimental conditions may differ, most experiments should assess the population response of the target species when each species is maintained alone and in a species mixture, at low and high densities (Figure 3A). We illustrated how such a basic design can be adjusted to different mechanisms by proposing a desirable experimental design for each of the four chosen mechanisms (Figure 3C). Obviously, experimental designs for other mechanisms would be different, involving alternative techniques and experimental conditions, but all should basically include the same density- and frequency-dependent components (Hawlena, 2022).



Broadening the Scope of Experimental Studies Through Interdisciplinary Communication

In considering the choice of the study system, we encourage researchers to extend the tests of coexistence mechanisms to under-represented model groups. Figure 5C, highlights the under-represented study systems that should be investigated in the context of the four chosen mechanisms, and more generally, this figure highlights the host-associated organisms and free-living terrestrial microbial, invertebrate, and vertebrate systems that are particularly neglected study systems.

Broadening the range of explored study systems will be made possible through interdisciplinary communication. For example, reciprocal transplant designs that are commonly used in plant ecology can be exploited for testing the invasibility criterion in other systems, such as host-associated microbes and vertebrates (e.g., using field enclosures). Broadening the system scope of the resource-ratio mechanism can be achieved by techniques, such as giving up densities (GUD, the remaining quantity of food when a consumer quits a patch; Bedoya-Perez et al., 2013) and Fretwell-based isoclines (FBI, a method for estimating species' zero isoclines from short-term behavioral experiments in natural communities; Abramsky et al., 1991), which can be exploited to quantify consumption vectors and ZNGIs in various organisms, including aquatic taxa placed in open systems and terrestrial animals fed by artificial apparatuses. The system scope of the natural enemy partitioning mechanism can be broadened by reconciling this mechanism with the “killing the winner” hypothesis, which focuses on microbes. The system scope of the FD-exploitation mechanism can be expanded by using GUDs to quantify consumption (Morgan and Brown, 1996) and extending the tests from predation (72% of the tested species combinations) to other exploitation interactions and to predatory microbes and longer-lived predators, with switching potential (e.g., enemies with functional response type 3, which have high potential to behave in an FD manner, because they often disproportionately exploit victims when they are highly available; Ellison and Gotelli, 2002). The system scope of the storage effect mechanism can be broadened by extending the tests to long-lived species. This can be done by removal manipulations or by quantifying the fitness-correlative traits (instead of determining the growth rate) of organisms living in distinct environments with fluctuating conditions, such as water pools and fragmented habitats (Sears and Chesson, 2007).

Considering the bias of the reviewed studies toward specific mechanisms, we urge experimentalists to design studies that will simultaneously test multiple mechanisms in a single model system. Such an integrative approach is indeed possible and highly productive, and it provides opportunities to compare the relative roles that the different mechanisms play in promoting species coexistence and to assess whether the mechanisms' effect on coexistence is additive or interactive (e.g., Kuang and Chesson, 2010; Zepeda and Martorell, 2019). In particular, considering the similarities in the experimental designs of resource-based and fluctuation-dependent mechanisms, these two mechanisms can be tested in the same study setup (Letten et al., 2018). Likewise, the FD-exploitation and the natural enemy partitioning mechanisms can be simultaneously tested through a full factorial design, including multiple victim densities and frequencies and a manipulation of both enemy types (Figure 3C; Hawlena, 2022).



Integration of Experimental Tests With Field Data and Population Dynamics Models

To address the practical challenges that the theoretical criteria entail while considering the relevant spatial and temporal scales, we encourage the integration of experimental tests with field data and population dynamics models. Such an integration between experimental tests and population dynamics models is already prevalent in invasibility tests (i.e., model parametrization studies; Figure 4A) and in tests of the storage effect (82% of the eligible studies), and would be particularly helpful in tests of the natural enemy partitioning and FD-exploitation mechanisms (column “model” in Supplementary Table S2). To adjust the theories into parametrized forms, theoreticians need to develop appropriate models that can fit organisms' natural histories, including those with complex and multi-stage life cycles. A better integration of experimental data into models will allow for experimental testing of invasibility and coexistence mechanisms in long-lived organisms (e.g., tropical trees, whose age- and size-specific mortality depends on the distance from conspecifics) and more complicated communities (e.g., organisms that reproduce through both sexual and asexual reproduction). It will also assist in associating specific mechanisms with demonstrated stabilization and in comparing the relative roles that various coexistence mechanisms play in a given community (Kuang and Chesson, 2010; Letten et al., 2018; Ellner et al., 2019).





CONCLUSIONS

Our synthesis highlights the need to restore the mechanistic approach to species coexistence in parallel with continuing to make progress in the phenomenological approach. Through a systematic review of five coexistence topics, we highlighted the overarching implications of mechanistic explorations and demonstrated that there is still a great deal of room for experimental research on the more classical mechanistic coexistence topics, including the basic distinction between species co-occurrence and coexistence. We also identified three main reasons for the current lack of coexistence experiments, namely, interdisciplinary gaps, lack of accessibility of the theory to experimentalists, and the tension between theory and experimental challenges. To overcome these obstacles, we offered directions for the future. Determining the required experimental design for each mechanism, using common components, and broadening the scope of experimental studies through interdisciplinary communication are expected to bridge interdisciplinary gaps and make the theories more accessible to experimentalists. The integration of experimental tests with field data and population dynamics models is proposed as a means to reduce the tension between the theory and experimental challenges. Using the five chosen topics, we illustrated the ways in which a mechanism's hypotheses can be formulated descriptively, theoretical criteria can be defined, and experiments can be uniformly designed, despite the multifaceted and complex theoretical models. We also illustrated how interdisciplinary communication can contribute to broadening the explored scope of each coexistence topic, opening opportunities to investigate unexplored study systems and conditions. We predict that this systematic review will serve as a proof of concept, emphasizing the usefulness and relevance to experimentalists of the coexistence theory. As such, it should convince leading experimentalists from a range of disciplines, who incorporate coexistence concepts in their studies, to adopt the mechanistic approach to coexistence. Together with continuous progress in the phenomenological approach, progress in the mechanistic approach will make our understanding of coexistence in nature more comprehensive.
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GLOSSARY

Co-occurring species: Two or more species that are observed together.

Coexisting species: See “Stable coexistence.”

Consumption vector: A vector that represents the rate of consumption of all resources by a species. It is often calculated using the resource quotients (the amount required to produce one individual, which is the inverse of the yield).

Fluctuation-independent coexistence mechanism: A mechanism that does not require environmental variability in time or space to promote coexistence.

Generalist enemies: Organisms, including predators, parasitoids, parasites, herbivores, and pathogens, that benefit from exploitation of their victims and are not specific to a victim species.

Invader species: Species that are introduced at low densities to a resident community.

Janzen–Connell hypothesis: Janzen (1970) and Connell (1971) suggested that the remarkable diversity in tropical forests and coral reefs derives from the density-dependent nature of specialist enemies of seeds and larvae, which reduces recruitment and survival near conspecific adults and at high offspring densities.

“Killing the winner” hypothesis: A model of population growth rates that was constructed to explain the observed coexistence between multiple species of prokaryotes (or protozoans) and their specialist viruses (Vage et al., 2018). It is based on the victim's trade-off between directing resources to growth (“winner”) or to defense against specialist enemies, and it assumes that enemies will mainly target the “winner.”

Model parameterization study: A study that includes a mathematical model, for which parameters are estimated from experimental data (reviewed in Godwin et al., 2020).

Modern coexistence theory (MCT): A general framework, formalized by the theoretical work of Chesson (e.g., Chesson, 1994, 2000b), for explaining species coexistence across multiple types of competition models. There are two forms of MCT in the literature; the first deals with the universal conditions for coexistence, i.e., those under which stabilizing niche differences will offset relative fitness differences, and it distinguishes between the stabilizing and equalizing mechanisms (i.e., those that increase negative intraspecific interactions relative to negative interspecific interactions and those that minimize fitness differences, respectively) for coexistence (e.g., Mayfield and Levine, 2010; Godoy et al., 2014; Saavedra et al., 2017; Spaak and De Laender, 2020). It mainly maps how species traits and environmental conditions relate to niche and fitness differences and, thus, remains phenomenological (i.e., it does not delve into details of mechanisms). The second provides analytical ways to compare the importance of niche- and fitness-differentiating processes for species coexistence through the various mechanisms, with special consideration of the role played by environmental fluctuations (Chesson, 2008, 2018; Kuang and Chesson, 2010; Ellner et al., 2019). As such, this form of MCT can be used to define a mechanism and to facilitate empirical studies of mechanisms.

R* rule prediction: R* is the level to which a limiting resource is reduced by a monoculture of a consumer species once it has attained its carrying capacity (reproductive rate is equal to mortality rate). Thus, R* is the minimum resource concentration that a species requires to maintain a stable population. The R* rule predicts that when multiple species are competing for a single limiting resource, the species who has the lowest R* will outcompete all others.

Resident community: Assembly of populations of two or more different species at their typical steady-state abundances.

Resource supply ratio: Concentration ratio of the limiting resources available in the environment before consumption by competing species.

Stable coexistence: The long-term co-persistence of species, without any species being competitively excluded by the others, and with each species able to recover from low density.

Victim: An organism that is exploited by enemies, including prey (for predation and herbivory) and hosts (for parasites, pathogens, and parasitoids).

Zero net growth isocline (ZNGI) of resources: Curves in state space that connect all concentration combinations of two resources in which the target consumers have a zero growth rate (birth rate is equal to mortality rate) (see Tilman, 1980).
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