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Within the Anthropocene the functional diversity of coral communities is changing rapidly, putting the resilience of many coral reef ecosystems in jeopardy. A better understanding of the relationship between coral functional diversity and reef resilience could reveal practical ways to achieve increased resilience. However, manipulating coral diversity experimentally is challenging, and consequently the links between coral functional diversity, resilience, and ecosystem functioning remain obscure. We used an ecologically detailed agent-based model to conduct a virtual experiment in which functional diversity was manipulated over the entire trait space of scleractinian corals. Using an imputed trait dataset of 798 coral species and eight key functional traits, we assembled 245 functionally distinct coral communities, which we subjected to a cyclone and bleaching event. We then measured four different aspects of their resilience and quantified for each measure the respective effect of (i) the functional richness (FRic), and (ii) community-weighted means (CWM) of four types of trait: effect, resistance, recovery, and competitive. FRic represents the volume occupied by a community in the functional space, while CWM indicates the location of the communities’ centroid in the functional space. We found a significant and positive effect of FRic on three measures of resilience: communities with higher FRic recovered surface cover faster and had more rugosity and cover 10 years after the disturbances. In contrast, the resistance of the coral community—i.e., the capacity to maintain surface cover when subjected to the disturbances—was independent of FRic and was determined primarily by the CWM of resistance traits. By analyzing community dynamics and functional trade-offs, we show that FRic increases resilience via the selection and the insurance effects due to the presence of competitive species in the functional space, i.e., those highly dominant species that contribute the most to the complexity of the habitat and recover quickly from disturbances. Building from the results of our experiment and the trait correlation analysis, we discuss the potential for FRic to serve as a proxy measure of resilience and we present a strategy that can provide direction to on-going reef restoration efforts, and pave the way for sustaining coral communities in a context of rapid global change.
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INTRODUCTION

Understanding the effect of biodiversity on resilience—the capacity of an ecosystem to maintain or recover the processes, functions and structures that define its identity when facing disturbances (Walker et al., 2004)—has been a fundamental objective in ecology (Macarthur, 1955; May, 1972; Pimm, 1984; McCann, 2000) and remains all the more relevant as global change is altering species diversity worldwide (Cardinale et al., 2012; Hooper et al., 2012; Oliver et al., 2015). By linking diversity to processes, trait-based approaches are key to understanding and predicting the response of ecosystems to disturbances (Loreau and de Mazancourt, 2013; Oliver et al., 2015; Madin et al., 2016b). However, this is especially challenging in diverse ecosystems because of the numerous potential ways traits could combine and interact to govern resilience. The prevalence of important trade-offs among functional traits (Grime, 1977; Darling et al., 2012; Díaz et al., 2016) narrows down these possibilities and offers the opportunity to define predictive frameworks (Suding et al., 2008; Carturan et al., 2018). Combining conventional experimental approaches with trait-based frameworks is an optimal strategy to piece together multiple lines of evidence. However, such experiments can be logistically unfeasible for certain ecosystems such as coral reefs. In this study, we conduct a simulation experiment in which coral diversity is manipulated over an entire Scleractinian coral trait space to quantify the relationship between aspects of functional diversity and resilience. We also undertake a novel assessment of coral trait correlations that reveals the key trade-offs and associated mechanisms responsible for the results of our experiment.

Decades of research have revealed a variety of ways (referred to hereafter as “effects”) by which biodiversity can influence the functioning and resilience of ecosystems (McCann, 2000; Walker et al., 2004; Cardinale et al., 2012; Hooper et al., 2012; Oliver et al., 2015; van der Plas, 2019). Species can contribute individually to an ecosystem function via (i) “dominance” (or “mass ratio”) and (ii) “identity” effects—the distinction being abundance-driven versus contribution to functioning, respectively (Grime, 1998; McLaren and Turkington, 2010; Longo et al., 2013). Species can also contribute collectively to functioning via (iii) “complementarity” (or “niche complementarity”) and (iv) “facilitative” effects, which produce a positive diversity-ecosystem functioning relationship and overyielding (Tilman et al., 2014; van der Plas, 2019). Finally, (v) the “selection” (or “sampling”) effect produces a correlation between diversity and ecosystem functioning due to random chance. The correlation is either negative or positive, depending on whether competitiveness is positively or negatively associated with functioning (Loreau, 2000; see Supplementary Table 1 for a definition of these effects). In the diversity-resilience realm, species contribute collectively to resilience via (vi) the “portfolio effect” (or “statistical averaging”), and (vii) the “insurance effect” (or “compensatory fluctuations”), which involves functional redundancy and response diversity (Supplementary Table 1). An important distinction between the two effects is that population fluctuations are independent in the portfolio effect (Griffin et al., 2009; Mori et al., 2013). These effects can occur concurrently and are dependent on the strength of interspecific competition.

Identifying which effects are responsible for observed ecosystem dynamics can be achieved by quantifying the covariation between measures of resilience or ecosystem functions and aspects of functional diversity (e.g., Pillar et al., 2013; Cadotte, 2017). These aspects of functional diversity can be described using single-trait indices, such as community-weighted means (CWM) (Violle et al., 2007), and multiple-trait indices, such as functional richness (FRic), i.e., the volume in functional space filled by a community (Mason et al., 2005; Villéger et al., 2008; Laliberté and Legendre, 2010; Mouchet et al., 2010). For instance, a strong dominance effect should yield a correlation between CWM of effect traits—traits involved in the delivery of an ecosystem function—and ecosystem functioning (Grime, 1998). Multi-trait indices can be used as proxies for effects that require multiple traits, such as the insurance effect (e.g., Laliberté et al., 2010). We reiterate, however, that to be most informative, analyses of functional diversity indices need to be complemented by analyses that ascribe process and mechanism to particular traits, and that also consider how trade-offs may constrain the universe of possible ecosystem responses. This is illustrated in the following section.

Resolving how functional traits drive resilience can be achieved by experiments that manipulate community trait composition. Specifically, the ways by which functional diversity affects resilience can be distinguished by measuring how community resilience depends on the unique and interactive effects of communities’ centroid location (CWM) and volume (FRic) in functional space. To help describe such an experiment and its potential outcomes, we present three scenarios that make simplifying assumptions and involve only two functional traits (Figure 1). Note that different effects can be revealed in each scenario depending on the traits considered and the trade-offs among them. Though simplified, these scenarios help illustrate the complexity inherent to understanding how traits and trade-offs can influence resilience.
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FIGURE 1. Examples of potential effect directions of functional richness (FRic) and community weighted mean (CWM) of traits on resilience, with corresponding idealized outputs from linear models, including bivariate relationships and parameter estimates. Each of the plots under “Functional space and resilience” show the same four communities (polygons), each of which comprises five species (black dots) and have different CWM of traits (crosses) and FRic (area of polygons). The functional space is defined by only two traits for simplicity, and these two traits are negatively correlated. The color of the community polygons represents their resilience, which depends on the sign of the effect of FRic and the CWM of traits (table on the left). The green, turquoise and purple lines represent idealized model fits with one trait set to a low, medium and high value, respectively, and the other trait set to a medium value. Interactions between FRic and CWM of traits are not depicted here but are included in the results. The figure depicts three scenarios where FRic and CWM of traits have different effects on resilience due to different mechanisms and trait compositions: the insurance effect with two response traits associated to disturbances A and B, respectively (upper panels); the complementarity effect with two traits involved in the acquisition resources α and β, respectively (middle panels); the offsetting combination of the dominance and complementarity effects with trait one involved in the contribution to a function and also in the acquisition of resources α and β (bottom panels), and trait two a competitive trait (see text for details).


In scenario one, FRic and the CWM of traits one and two have a positive effect on resilience. This could be observed under the insurance effect where traits one and two are response traits that are each positively associated with the capacity to withstand a different disturbance, and are themselves negatively correlated. Additionally, species contribute to ecosystem functions in proportion to their abundance, and no trade-off exists between species’ effect and response traits. Communities with higher FRic are more resilient because they have a higher response diversity.

In scenario two, FRic has a positive effect on resilience while the CWM of traits one and two have no effect. This could be observed under a strong complementarity effect where traits one and two positively contribute to the acquisition of different resources, and are themselves negatively correlated. Again, species contribute to ecosystem functions in proportion to their abundance, and there is no trade-off between the species effect and resource acquisition. Assuming that the CWM of traits one and two have equal effect size, the functional trade-off implies that communities with equal FRic have equal resilience. Importantly, communities with higher FRic are more resilient because they have a combination of species that are better at exploiting the resources and have consequently higher abundances.

In scenario three, FRic has no effect on resilience, and the CWM of trait one and trait two have a positive and negative effect, respectively. No effect of FRic could occur due to two offsetting mechanisms where (i) trait one is an effect trait positively associated with the species’ contribution to an ecosystem function, and is also involved in resources acquisition (with different values implying being good at exploiting different resources), and (ii) trait two is positively associated with competitiveness and is negatively correlated with trait one. FRic simultaneously enhances resilience via the complementarity effect and promotes the extirpation of the species that contribute the most to the ecosystem function via competitive exclusion (i.e., the dominance effect).

The experimental design we propose is particularly suitable for ecosystems such as coral reefs, where resilience and functions are governed by notable functional trade-offs and feedback processes. Specifically, the resilience of coral reefs depends directly on the feedback process between habitat provisioning and herbivory (Mumby and Steneck, 2008; Vergés et al., 2011; Bozec et al., 2013). By providing a complex habitat, corals support fish and macroinvertebrate diversity (Holbrook et al., 2002; Fabricius et al., 2014; Nelson et al., 2016; Plass-Johnson et al., 2016), and in particular, diverse populations of herbivores. By mediating the competition between corals and algae (Rasher and Hay, 2010; Adam et al., 2015), herbivory prevents coral reefs from falling into non-coral alternative stable states (Bellwood et al., 2004; Hughes et al., 2010). Given the importance of coral morphological complexity for reef complexity and herbivory (Alvarez-Filip et al., 2011, 2013; Heenan et al., 2016; Darling et al., 2017), and its strong trade-off with the capacity to compete, grow, recruit, and respond to disturbances (Loya et al., 2001; Madin et al., 2014; Álvarez-Noriega et al., 2016; Precoda et al., 2017; Carturan et al., 2018), it is likely that varying coral functional diversity with the relevant traits should yield measurable effect sizes of FRic and CWM on resilience.

Resolving the effects of functional diversity on coral reef resilience is critical due to the unprecedented compositional changes happening in coral communities (owing to climate change), which is altering the habitat provisioning function and the associated herbivory, and consequently jeopardizing the resilience of coral reefs (Graham et al., 2014; Hughes et al., 2018; Perry and Alvarez-Filip, 2019; Williams and Graham, 2019). But addressing this objective through empirical experiments is logistically extremely challenging and such attempts are consequently lacking (Brandl et al., 2019). The very few experiments aimed at elucidating the influences of diversity on ecosystem functions and resilience have manipulated a handful of species and traits (McWilliam et al., 2018a; Clements and Hay, 2019). These experiments yield valuable insights but may have limited applicability to the real world, where the diversity of species and traits can be extremely high (Hughes et al., 2002), and their composition varies substantially within and across geographic regions (McWilliam et al., 2018b). Consequently, critical knowledge gaps remain and preclude predictions about the functioning of these “novel” ecosystems (Graham et al., 2014; Hughes et al., 2017a).

We addressed these gaps by conducting a simulation experiment using a validated, ecologically detailed, trait-based agent-based model (Carturan et al., 2020). Informed by imputed trait data for 798 coral species (Appendix 1 in Carturan et al. (2021)), we manipulated functional diversity over an unparalleled extent and examined key responses to disturbance over scales of time and space unmanageable with real-life experiments. We first quantified correlations among the eight functional traits that informed our model (Table 1), which revealed the trade-offs that constrain the ways by which species and their traits contribute to resilience. Next, we untangled the respective contribution of FRic and CWM of traits to resilience by identifying the effects responsible for the biodiversity-resilience associations we found using the results of the trait correlation analysis. Finally, we build on these results to discuss the role of FRic as a reliable indicator of resilience, and how the results of our experiment can inform active restoration practices (Rinkevich, 2014, 2021).


TABLE 1. The eight functional traits we used to define the functional space.
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MATERIALS AND METHODS


Software

We used a spatially explicit agent based model written in the Java object-oriented programming language Repast Simphony 2.5.0 (North et al., 2013) to run simulations and R (version 3.5.0, R Core Team, 2017) to manage the simulations. We launched simulations using the R package rrepast 0.7.0 (Prestes García and Rodríguez-Patón, 2016) and rJava 0.9-10 (Urbanek, 2018). We used R (version 3.6.1, R Core Team, 2019) to manipulate datasets and conduct statistical analyses. Further details of the model, including a full Overview, Design, Concept and Details (ODD) are provided in Appendix 2 in Carturan et al. (2020).



Model Description

We used a spatially explicit, stochastic, demographic, trait-based, and agent-based model that simulates the dynamics of functionally diverse coral communities under different environmental conditions. The model represents processes at different spatiotemporal scales (e.g., larval settlement, spatial interactions, overtopping, colony dislodgement, bleaching, grazing, and larval dispersion), their interactions, and the contribution of species functional diversity to ecosystem dynamics. The model enables manipulation of the intensity and frequency of hydrodynamic (i.e., waves and cyclones) and thermal (i.e., bleaching) disturbances as well as larval connectivity and sedimentation. Importantly, the positive feedback between habitat provisioning by corals and herbivory (see section “Introduction”) is implemented because grazing pressure depends directly on the complexity of the habitat created by coral colonies (expressed as reef rugosity). These different abiotic factors influence species interactions and determine the dominance and exclusion of coral species and algae functional groups as a function of their traits (c.f. the hierarchically structured validation in Appendix 5 in Carturan et al. (2020)). The simulated coral community is completely configurable to represent real or fictitious reef systems and can be assembled by sampling species from their functional trait space. Ten functional traits are used to determine how each species grows, reproduces, competes, and responds to disturbances. Most of the parameter values and submodels of ecological processes implemented are based on empirical studies. The model has been calibrated and validated using empirical datasets of three Caribbean reefs and successfully reproduces interspecies dynamics and reef responses to bleaching and cyclone events [cf. Carturan et al. (2020) for complete description of the ecological processes implementation and the model calibration and validation].



Experimental Design

We assembled communities that had unique trait structure, that is, unique combinations of FRic and CWMs, and simulated scenarios subjecting them to a cyclone and a bleaching event. We determined resilience by measuring resistance and three different aspects of the post-disturbance emergent community dynamics, which we compared among communities (Supplementary Figure 1).


Construction of the Communities

We initiated communities of nine coral species by selecting species from a functional space we defined using the traits that have a direct and clear implication in certain processes: (1) bleaching susceptibility; (2) colony complexity; (3) colony maximum diameter; (4) dislodgement susceptibility; (5) colony fecundity; (6) (vegetative) growth rate; (7) mode of larval development; (8) overtop capacity (cf. Table 1 and Supplementary Material: section 2.2 for more details). In the model these traits determine how a colony resists a disturbance (i.e., dislodgement susceptibility, bleaching susceptibility), recovers from it (i.e., colony fecundity, mode of larval development, and growth rate), competes (overtop capacity and growth rate), and contributes to the habitat provisioning function and consequently grazing (i.e., colony complexity).

We reduced the number of dimensions of the functional space by conducting a principal component analysis (PCA) on the correlation matrix, retaining the first four of eight principal components (Supplementary Material: section 2.4), using the prcomp function from the R package stats 3.6.1. We then developed an algorithm to assemble 245 different communities, each initially comprising nine species, and each exhibiting unique functional trait characteristics; specifically, the communities’ centroids collectively span the entire functional space, and the range of functional volume occupied spans over four orders of magnitude (Supplementary Material: section 2.4).



Model Configuration and Scenarios

We defined a 25 m2 benthic surface and a six-month time step. We activated the feedback process between architectural complexity created by the coral community and grazing pressure data (Appendix 2: section 7.1.2.2 in Carturan et al. (2020)). In all simulations we set the initial cover of each coral species, macroalgae, turf and crustose coralline algae to 7.5% each. We maintained a mild and constant wave hydrodynamic regime (dislodgement mechanical threshold = 200), and triggered an intense pulse disturbance at year four, either a cyclone (dislodgement mechanical threshold = 30; the value corresponds approximatively to the effect on the reef crest of a cyclone of category 3 on the Saffir-Simpson scale accorging to Madin and Connolly (2006)) or a bleaching event (degree heating = 14°C-weeks) depending on the scenario. We simulated the effect of the disturbance on larval connectivity (Connell, 1997; Gilmour et al., 2013) by initially setting the number of external larvae entering the reef at 700 m–2, then suppressing it in the 6 months following the disturbance and letting it increase to 700 m–2 during the subsequent 10 years using the following model:

[image: image]

where larvaeexternal = number of external larvae m–2, time is in year. We ran the simulations for 20 years. Finally, we imposed a minimum of 30% of cover grazed to represent the presence of other grazers, such as sea urchins, which are not dependent on the rugosity created by coral colonies.



Dependent Variables

We defined four dependent variables that represent some of the numerous different definitions of resilience (Carpenter et al., 2001; Desjardins et al., 2015). Resiliencecover and resiliencerugosity are the 10 years post-disturbance total coral cover and reef rugosity, respectively; together they capture the definition of resilience provided by Walker et al. (2004) and provided above, namely, the capacity of the ecosystem to absorb disturbance and to reorganize while undergoing changes so as to still retain essentially the same function, structure, identity, and feedbacks. As it is relevant to estimate resilience by measuring its two complementary aspects resistance and recovery (Nyström et al., 2008; McClanahan et al., 2012; Hodgson et al., 2015), we defined resistancecover—one minus the proportional reduction of total coral cover caused by the pulse disturbance and recoverycover—the rate of recovery during the first 3 years after the disturbance (% cover year–1) represent two complementary aspects of resilience (Supplementary Figure 8). For each measure of resilience, we retained the minimum resilience values obtained between the bleaching and cyclone scenario. We retained the minimum value rather than calculating the mean because it is more useful to know, from a management perspective, the absolute vulnerability of an ecosystem rather than its average vulnerability over several disturbances (Supplementary Figure 1). But for comparison, we also provide the results of the statistical analyses obtained with using the mean values (Supplementary Material: section 2.3). Note that we did not define resistancerugosity and recoveryrugosity because the bleaching disturbance does not directly reduce the rugosity of the reef as the skeleton of dead coral colonies remain after the event.



Independent Variables

We described the trait structure of the communities created in section “Construction of the Communities” with three independent variables: functional richness (FRic)—the convex hull volume index (Villéger et al., 2008; Laliberté and Legendre, 2010)—and two variables, PC.1 and PC.2, representing aggregated CWM of traits. We calculated FRic from the first four principal components of a PCA we conducted on the species × traits dataset (Supplementary Figures 4A,B). We log-transformed FRic to reduce the skewness of its distribution (Supplementary Figure 6). We calculated FRic using the R code provided by Mouillot et al. (2013) and using the convhulln function from the R package geometry 0.4.5 (Habel et al., 2019). PC.1 and PC.2 are the first two principal components of a PCA we conducted using the communities × CWM of traits dataset (Supplementary Figure 4C). We centered and scaled FRic, PC.1 and PC.2 to a mean of zero and unit variance in order to compare their effect sizes (Figure 1); we used the scale function from the R package base 3.6.1.




Statistical Analyses


Trait Correlations

We used the PCA performed on the species × traits dataset (n = 798 species and eight traits; cf. section “Construction of the Communities”) to quantify the overall covariations and trade-offs in the trait space. We determined species density in the trait space defined by the first two principal components using kernel density estimation and the kde function from the R package Ks 1.13.1 (Duong et al., 2021). We performed Spearman rank correlations to quantify associations between two continuous or ordinal traits using the cor.test function from the R package Stats 3.6.1. We calculated the Glass rank biserial correlation to quantify the association between a continuous or ordinal trait and a dichotomous trait (Glass, 1965); we determined 95% confidence limits by bootstrap using the percentile method and 1,000 randomisations; we used the wilcoxonRG function from the R package rcompanion (Mangiafico, 2020).



Quantifying Functional Richness and CWM of Traits to Resilience

For each measure of resilience (resiliencecover, resiliencerugosity, resistancecover, and recoverycover), we first fitted full (i.e., with all three explanatory variables and their interactions) linear model candidates (i.e., with different link functions or variance structures). We selected the best full model using the corrected Akaike information criterion (AICc)—we used the AICc because sample size divided by number of parameters < 40 (Burnham and Anderson, 2002)—and residual diagnostic plots (i.e., to check normality and homoscedasticity of the residuals). From each full model selected, we generated models with all possible combinations of predictors, selected the 95% confidence set using AICc, and calculated model-averaged coefficients and 95% confidence intervals using the “full average” method (Bartoń, 2019). We conducted model averaging using the R package MuMIn 1.43.6 (Bartoń, 2019).

For resiliencecover and resistancecover we fitted beta regressions using the R package betareg 3.1.3 (Cribari-Neto and Zeileis, 2010); we used this approach because beta regressions are appropriate with response variables that represent proportions and two categories (e.g., coral and non-coral cover) (Douma and Weedon, 2019). In order to obtain the best full model, we fitted and compared all possible full model candidates considering each link function for the mean model (i.e., logit, probit, cauchit, log, cloglog, and loglog), and each link function (i.e., identity, log, and sqrt) and each possible combination of predictors (and their interactions) for the precision model (phi). Following Espinheira et al. (2008) recommendation, we used the “standardized weighted residuals 2” for the diagnostic plots. We removed one outlier to meet the assumptions of the full model for resistancecover (Supplementary Figures 15, 16). We verified that the maximum likelihood estimator did not overestimate the parameters of the selected full beta regression models by comparing the parameter estimates of the same models but using bias-corrected and bias-reduced estimators (Grün et al., 2012). The selected full and averaged models for resiliencecover and resistancecover are presented in Supplementary Tables 7, 8, 9, 10, respectively. We computed the confidence interval of the fitted values using bootstrap using the percentile method and 1,000 replications.

For resiliencerugosity we fitted gamma generalized linear models—after subtracting one to the response variable so it belonged to [0,+∞)—and compared full model candidates with different link functions (i.e., inverse, identity, and log). We fitted the models using the glm function from the R package stats 3.6.1. We removed four outliers to meet the models’ assumptions using the outlierTest function from the R package car 3.0.3 (Fox and Weisberg, 2019; Supplementary Figures 10, 11). We used the deviance residuals to check the full models’ assumptions (Zuur et al., 2009b and references therein). We present the selected full and averaged models in Supplementary Tables 5, 6, respectively.

We fitted full linear models for recoverycover and applied residual variance structure to account for identifiable structure in the error residuals (Zuur et al., 2009a). First, we used AICc to determine the best variance structure function to apply to each variable (dependent and independent) by comparing a full linear model and full models with a variance structure applied to one variable, for each variance structure available (i.e., fixed, exponential, constant plus power of the variance covariate functions). We then fitted full model candidates for all the possible variables-variance structure function associations. We present the full linear model, the model with variance structure and the averaged model with variance structure in Supplementary Tables 11, 12, 13, respectively.

To evaluate model performance, we calculated for each model the McFadden’s (1977) pseudo R2 = one minus the ratio between the likelihood values for the fitted and null model. Its value is comprised between 0 and 1 for logistic regression models and tends to be considerably lower than other pseudo R2; for instance, values between 0.2 and 0.4 are considered “an excellent fit.” Note that McFadden’s pseudo R2 is negative if the models’ log likelihood values are positive. For instance, values < −1 correspond cases where the goodness of fit of the model is more than twice larger than the goodness of fit of the null model. We obtained the McFadden’s pseudo R2 of the averaged models by calculating the weighted average of the McFadden’s pseudo R2 of the models in the 95% confidence set using their AICc weights (rescaled to the model set). For comparison, we calculated another pseudo R2, defined as the square of the sample correlation coefficient between the original and predicted values of the response variable on the scale of the link function (Ferrari and Cribari-Neto, 2004).





RESULTS


Distribution of Traits Across Species and Communities

The coral trait space is highly restricted due to strong trait correlations and trade-offs: 72.4% of the species variation within the eight-dimensional functional space is contained in the plane defined by the first two principal components of the PCA (Figure 2). The first principal component represents 48% of variance and discriminates species according to their growth rate, colony fecundity, dislodgement susceptibility, overtop capacity, and colony complexity (cf. loadings in Supplementary Table 3). The first principal component clearly separates competitive from stress-resistant species. The second principal component explains 25% of variance and represents bleaching susceptibility, colony maximum diameter and mode of larval development. Weedy species, which are mostly brooders, are situated at lower values along the second principal component.
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FIGURE 2. Coral functional space from which we sampled coral species. Biplot (A) of the principal component analysis (PCA) shows the species distribution (n = 798; gray dots in the left panel) and the loadings of the first and second principal components (black segments) which represent the following traits: (1) bleaching susceptibility, (2) colony complexity, (3) colony maximum diameter, (4) dislodgement susceptibility, (5) colony fecundity, (6) growth rate, (7) mode of larval development, and (8) overtop capacity (cf. Supplementary Table 2 for the values of the loadings). The red, black, blue, and green dots represent the competitive, generalist, stress-tolerant, and weedy species, respectively (cf. Darling et al. (2012) classification). Biplot (B) describes the species density with color gradient and contour lines (based on kernel density estimation). Note that we sampled species in the space defined by the first four principal components (cf. Construction of the Communities and Supplementary Figure 4).


The trait correlation analysis reveals key functional trade-offs (Figure 3). First, the species contributing the most to the complexity of the habitat are generally more susceptible to dislodgement (rs = 0.71) and, to a lesser extent, bleaching (rs = 0.14). They are, however, better at recovering via vegetative growth (rs = 0.68) and/or recruitment (rs = 0.64). Importantly, they are strong spatial competitors due to their capacity to overtop other organisms (rg = −0.78), which is explained by the presence of branching and plating species in the trait dataset. Second, non-resistant species are usually able to recover quickly and vice versa. Species susceptible to dislodgement have on average a faster growth rate (rs = 0.76) and a higher colony fecundity (rs = 0.56). Species susceptible to bleaching tend to be susceptible to dislodgment (rs = 0.21) and grow faster (rs = 0.28). Finally, species with a fast growth rate tend to have a high colony fecundity (rs = 0.65).
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FIGURE 3. Pairwise correlation matrix of the functional traits (n = 798) (cf. Table 1 for a complete description of these traits) We used the Spearman’s rank correlation statistic (rs), the Glass’ rank biserial correlation statistic (rg) and the mean square contingency coefficient (ϕ) to calculate the correlations between two continuous variables, one continuous and one dichotomous variable and between two dichotomous variables, respectively (cf. Supplementary Figure 9 for a visualization of the data).


Trade-offs and constraints in trait values among species translated to similar trade-offs and constraints in trait CWM across assembled communities. There is a strong similarity between the PCA performed on the species × traits dataset and the one performed on the communities × CWM of traits dataset (Supplementary Figure 4). In the latter, the first principal component (PC.1) represents 53% of variance and is negatively associated with colony complexity, dislodgement susceptibility, colony fecundity, growth rate, overtop capacity. The second principal component (PC.2) represents 27% of variance and is negatively associated with bleaching susceptibility, colony maximum diameter and mode of larval development (cf. loadings in Supplementary Table 4).



Strong Positive Effect of Functional Richness on Overall Resilience and Recovery

The effect sizes on resiliencerugosity, resiliencecover, and recoverycover were positive for FRic and negative for PC.1 (Figure 4). These results are due to the combined effect of the rugosity-grazing feedback process and trait correlations. The feedback process was strong as it permitted communities able to provide sufficient rugosity to recover rapidly from disturbances (both cover and rugosity), while it led those with the lowest levels of rugosity to collapse even before the onset of the disturbances (Supplementary Figures 21, 22). The strong positive correlations between colony complexity, growth rate, and colony fecundity (Figure 3) further granted the communities with higher CWM of these traits (i.e., low PC.1) a stronger capacity to provide and recover rugosity and total cover, which further enhanced rugosity (Supplementary Figures 12, 14, 20). Additionally, the fact that many of the species with complex morphologies and capable of recovering quickly can also overtop other organisms further contributed to the resilience of their communities. PC.1 had a strong negative effect because it captured most of the variation in the CWM of these traits (with lower values of PC.1 corresponding to higher values of these traits).
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FIGURE 4. Experimental results depicting interacting effects of FRic and CWM of traits on ecosystem resilience. Left and center panels show conditioning plots of FRic (X-axes) versus one of four measures of resilience (Y-axes), conditioned by CWMs of traits, specifically PC.1 (panels A,D,G,J) and PC.2 (B,E,H,K). Green, turquoise, and purple lines represent model fits conditioned on the 1st, 2nd, and 3rd quartiles, respectively, of the conditioning variable (each n = 245). In all cases the secondary conditioning variable (either PC.1 or PC.2) was held at its median value. Right-hand panels show model-averaged parameter estimates and their 95% confidence intervals (C,F,I,L).


The strong positive effects of FRic on resiliencerugosity, resiliencecover, and recoverycover were due to the occurrence of combined positive selection and dominance effects in most of the resilient communities. Species with complex colonies tend to be competitive due to their capacity to overtop and their fast growth rates and/or colony fecundity. The dominance effect occurred in the communities where at least one such species was present as it occupied a larger surface area and contributed proportionally to the rugosity of the reef, and consequently to its resilience. The positive selection effect occurred because communities with higher FRic were more likely to have such morphologically complex and competitive species (Figure 5). Note that our categorization of competitive species is independent from, but similar to, those of Darling et al. (2012) (Figure 2). The selection effect was particularly important for communities dominated by morphologically simple species (i.e., with high PC.1) because higher FRic provided a chance to avoid total collapse; this is reflected in the significant and positive interaction between FRic and PC.1 for resiliencerugosity and resiliencecover (Figures 4C,F).
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FIGURE 5. Representation in the functional trait space of the 245 communities and their Resilience rugosity. Trait space is represented by principal component 1 and 2, which are the first two of four PCA axes from our trait analyses (cf. section “Independent Variables”; Supplementary Figure 4A). Each polygon represents a unique community, and its area reflects its value of FRic. The red-blue color gradient reflects community resilience (rugosity). Gray and black dots show the location of all species (n = 798) and those categorized as competitive (n = 46) by Darling et al. (2012), respectively. See Figure 2 for details about the traits defining the functional trait space. The yellow symbols designate the centroids of the resilient communities presented in Figure 7.


The averaged models explained sizeable fractions of the variation in the response variables: for resiliencerugosity (GLM with gamma distribution), pseudo R2 = 0.68 and McFadden’s pseudo R2 = 0.38 ± 0.001 (Supplementary Table 6); for resistancecover (beta regression), pseudo R2 = 0.71 and McFadden’s pseudo R2 = −0.59 ± 0.002 (Supplementary Table 10); for recoverycover (linear model with exponential variance structure), pseudo R2 = 0.60 and McFadden’s pseudo R2 = 0.17 ± 0.000 (Supplementary Table 13); for resiliencecover (beta regression), pseudo R2 = 0.10 and McFadden’s pseudo R2 = −1.20 ± 0.002 (Supplementary Table 8). The low pseudo R2 of the model fitted for resiliencecover was smaller than the ones obtained with other link functions (> 0.7). This was surprising considering that the selected model had a much smaller AICc (delta AICc > 60). This was due to the high number of values close to zero and one. The Cauchit link function accommodated this distribution better compared to the other link functions, according to the AICc. However, several observations on the link scale were much more extreme with the Cauchit function than with other link functions. Consequently, the pseudo R2—which is based on the correlations of observed and fitted values on the link scale—was strongly affected. This measure of pseudo R2 was consequently not a good measure of fit in this case. Comparatively, the McFadden’s pseudo R2 < −1, which suggests that the model fitted the data much better than the null model. We obtained highly similar results by using the mean instead of the minimum resilience (Supplementary Material: Section 3.3).

Overall, communities with higher FRic were more likely composed by a majority of corals 10 years after the disturbances (Figure 6). Additionally, most of these communities were characterized by a strong dominance effect where the dynamics of coral cover was mostly influenced by one morphologically complex species that dominated the community (> 30% relative cover). The positive selection effect is shown by the fact that most of these communities had above-average FRic. The insurance effect occurred to a lesser extent and mostly in communities with high FRic (see examples of community dynamics in Figure 7).
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FIGURE 6. Relationships between FRic and coral-dominance via the insurance or strong dominance effects for both scenarios (each dot represents a community in either the cyclone or bleaching scenario; total n = 2 × 245). Algae-dominated communities (black dots) have < 50% coral cover 10 years after the disturbance. Communities showing the insurance effect (green dots) are defined by having at least two morphologically complex species (i.e., tabular, digitate, corymbose, branching, and columnar) and a switch of dominance among these species and between just before the onset of the disturbance and 3 years after. Communities showing strong dominance effect (blue dots) are characterized by a constant dominance of the same morphologically complex species (i.e., just before the disturbance, 3 and 10 years after) and a relative % cover of at least 30% 10 years after the disturbance. The horizontal line shows the initial FRic averaged across all communities and scenarios. The prevalence of the positive selection effect is shown by the higher number of communities with strong dominance effect and above-average FRic. The yellow symbols designate the communities presented in Figure 7.
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FIGURE 7. Examples of community dynamics for each category shown in Figure 6. Top row represents the rugosity created by the colonies; the (middle row) displays individual species’ cover in color and total coral cover in black; the (bottom row) shows the density of recruits for each species (solid lines and shaded areas represent mean ± standard error over five replicates; each dote is the number of recruits. m–2 at a given time for a given replicate). Symbols on the top left corner of the plots in the first row are used to indicate where these communities are in Figure 6 and in the variable space in Figure 5 and Supplementary Figures 12, 14, 17, 20.




Weak Negative Effect of Functional Richness on Resistance

Resistancecover depended almost exclusively on CWM of resistance traits (Figure 4), whose variation was captured by PC.1 and PC.2 for dislodgement susceptibility and bleaching susceptibility, respectively (Supplementary Figures 17A,B). Because of the trade-offs between resistance and recovery, the communities with high resistancecover had functional characteristics that differed from those in the communities with high recoverycover, i.e., slow growth rate, low colony fecundity and complexity and incapacity to overtop (hence the positive effect sizes of PC.1 and PC.2).

FRic had a negative effect on recoverycover because of a negative selection effect due to the higher susceptibility of competitive species to disturbances. The effect size was however small (and insignificant) compared to the effect sizes of PC.1 and PC.2, which could be due to the insufficient amount of time between the initialisation of the simulation and the onset of the disturbances (i.e., 4 years) for the competitive species to dominate in their communities.

Note that the trade-off between colony complexity and resistance implies that resistant communities had lower rugosity and total coral cover 10 years after the disturbances compared to communities that recovered quickly but could nevertheless maintain coral dominance (Figure 7).




DISCUSSION

Our extensive analyses of coral trait space and constituent trade-offs, combined with our novel simulation experiment, suggest that FRic is positively associated with resilience, and are the first to clearly highlight the mechanisms at play. We discuss our findings below, then consider potential limitations of our simulation experiment, and finally suggest ways our findings can inform reef conservation and restoration efforts.


How Did Functional Diversity Influence Resilience?

We found that FRic had a positive effect on overall resilience (i.e., resiliencerugosity, resiliencecover) and on recovery (i.e., recoverycover), a weak negative effect on resistance (i.e., resistancecover) (Figure 4) and a positive effect on coral versus algae prevalence after the disturbances (Figure 6). These results are mostly due to the occurrence of a strong dominance effect of species with complex growth forms in communities with above average FRic. To a lesser extent, these results are also due to a positive association between FRic and the insurance effect (Figure 6). These effects occurred because of the rugosity-grazing feedback process and strong correlations and trade-offs among traits. The importance of the dominance effect in the diversity-resilience relationship arose from the superior competitiveness, higher susceptibility and stronger capacity to recover of the species that contributed more to the rugosity of the habitat—those with more complex growth forms—due to their overall faster growth rate and/or colony fecundity and often their capacity to overtop other organisms. When present in a community, these “competitive” species dominated the substrate and consequently drove the dynamics of reef rugosity and the associated grazing regime. The positive association between FRic and this dominance effect corresponds to a positive selection effect, i.e. the increased likelihood of communities with higher FRic to possess at least one competitive species, and arose because these species were situated in a particular location in the functional space (Figure 5).

In at least four important ways, our simulation experiment, results and interpretations align well with empirical evidence and knowledge of coral reef ecology. First, we are confident that the extensive coral trait dataset we used (Appendix 1 in Carturan et al., 2020) accurately captures key functional trade-offs among corals, as attested by the clear segregation the species that have competitive, stress-tolerant, weedy and generalist life-history strategies (Figure 2; Darling et al., 2012). It is also well documented that competitive species tend to grow faster and have higher colony fecundity, are more susceptible to colony breakage (Madin et al., 2014; Álvarez-Noriega et al., 2018) and bleaching (Loya et al., 2001; Wooldridge, 2014), and contribute more to the complexity of the habitat and to fish diversity (Darling et al., 2017).

Second, the dominance effect has the potential for strong influence coral communities. It is reasonable to assume, for example, that coral species contribute to structural complexity proportionally to their abundance (e.g., cover) (Darling et al., 2017) and, consequently, that competitive species drive most of the structural complexity dynamics when present and under favorable conditions (Graham and Nash, 2013). The dynamics we observed in most of the resilient communities (i.e., those with high resiliencerugosity, resiliencecover, and recoverycover) were characterized by strong competitive exclusion and fast recovery after the pulse disturbances (Figure 7). These dynamics are akin to dynamics observed in shallow habitats (where light is not limited) relatively protected from waves and other disturbances, and where communities are usually dominated by one or a few competitive species (Huston, 1985; Cornell and Karlson, 2000), and that show fast recovery after similar disturbances (e.g., Highsmith, 1982; Halford et al., 2004; Diaz-Pulido et al., 2009; Gilmour et al., 2013).

Third, selection effects are likely influential for coral community resilience. Logically, selection effects only happen if dominance or identity effects occur, and dominance effects are potentially strong when competitive species are present in communities (see above). It follows that selection effects are likely when conditions are favorable for competitive species. Evidence consistent with this reasoning comes from protected reefs that, despite being diverse, were generally susceptible to cyclone and bleaching owing to dominance by competitive species (Côté and Darling, 2010; Zhang et al., 2014). This aligns with the observed negative effect size of FRic on resistance (Figure 4I).

Fourth, the insurance effect has been considered a fundamental factor determining coral reef resilience (Bellwood et al., 2004; Nyström, 2006). For instance, the lack of functional redundancy among competitive coral species in the Caribbean is purportedly one important cause of their lower resilience compared to reefs in the Indo-Pacific region (Roff and Mumby, 2012; McWilliam et al., 2018b). Our study is the first to provide a detailed, mechanistic and trait-based explanation of how FRic can foster the insurance effect in coral communities. While it is trivial that FRic is positively correlated with functional redundancy, its association with response diversity depends on the strength of the correlations between effect and response traits. Specifically, response diversity would be limited if species that contributed more to rugosity responded similarly to disturbances. Our trait analysis revealed that there are substantial variations of resistance and recovery traits among species with high colony complexity (Supplementary Figure 9). Consequently, communities with higher FRic were more likely to have multiple species with higher colony complexity (i.e., functional redundancy) that likely responded differently to disturbances (i.e., response diversity). Interestingly, the magnitude of FRic’s effects relative to that of PC.1 and PC.2 is positively associated with the number of trait-related mechanisms involved in the different measures of resilience. The effect of FRic was the weakest with resistance cover, which only depends on one resistance trait in each scenario (either bleaching or dislodgement susceptibility). In comparison, FRic had a stronger effect on recoverycover, which was influenced by several processes associated to the recovery traits growth rate, colony fecundity and mode of larval development (Figure 7). Finally, FRic had the strongest effect on resiliencerugosity and resiliencecover, which accounted for both resistance and recovery processes. This could be a manifestation of the insurance effect, as FRic provided more opportunities for resilience when more responses were potentially available.

Note that these variations of response traits among morphologically complex species suggest that FRic should provide opportunities for the portfolio effect to occur. However, the effect implies that populations fluctuate (quasi) independently from each other (Schindler et al., 2015), which did not occur in our simulations because of the strong competitive spatial interaction among corals. In real reefs, the portfolio effect can be responsible for the stability of communities of mobile species, such as fish (e.g., Mellin et al., 2014). We are not aware of manifestations of this effect with corals, and it seems reasonable to assume that coral populations are rarely independent in their communities because of their strong spatial interactions.



Implication of Certain Model Assumptions

Like all models, ours includes simplifying assumptions, and these bear upon interpretations of our experimental outcomes.

Diversity effects (i.e., complementary and facilitation) did not occur in our simulations because the related processes were not implemented. A complementarity effect requires species to share several resources differently, which involves a complex combination of multiple traits (Kraft et al., 2015; Cadotte, 2017). The model assumes that the landscape is homogeneous and resources such as light, nutrients and dissolved inorganic carbon—necessary for photosynthesis—were unlimited and, consequently, species only compete for space. Like plant species, coral species have different strategies to acquire diverse resources (Darling et al., 2012), which suggests that complementarity effects are possible in real communities. However, attempts to measure these effects are lacking, which prevents us from assessing how critical this model limitation might be. In contrast, facilitation effects have been observed; for instance, coral diversity has been shown to enhance photosynthesis and growth rates and reduce corallivory and disease transmissions (Aeby et al., 2011; Kayal et al., 2011; McWilliam et al., 2018a; Clements and Hay, 2019). We predict that including complementary and facilitation processes could reduce the strength of the competitive exclusion and increase the effect size of FRic on general resilience and recovery, provided that the relevant traits are included in the analysis.

According to our definitions (Supplementary Table 1), the identity effect did not occur because coral colonies contribute to habitat complexity proportionally to their cover (Appendix 2: section 7.1.2.2 in Carturan et al., 2020). This is a reasonable assumption considering that corals contribute to the habitat provisioning functions via the dominance effect (Alvarez-Filip et al., 2011). Brandl et al. (2019) argued that identity effects are prevalent in coral reefs, but we suggest that this best applies to non-coral taxa, such as fish (e.g., Bellwood et al., 2006).

The high prevalence of the dominance and selection effects in our experiment is due in part to the lack of processes that facilitate coexistence, such as frequency-dependent predation and spatial fitness heterogeneity (Chesson, 2000b,a). Additionally, the rugosity-grazing feedback process was purposefully simplistic. In real coral reefs, the feedback process can be moderated by additional processes or features not implemented in our model, such as the contribution of other organisms (e.g., soft corals, sponges) and the reef matrix to structural complexity (Emslie et al., 2008; Halford and Caley, 2009). Other feedback processes can also slow down the recovery of communities, such as the decreased palatability of mature algae stands (van de Leemput et al., 2016). We predict that allowing for more coexistence in our model would have increased the number of communities showing the insurance effect.

Our quantification of rugosity in colonies was approximate because we used simple geometric formulas (Supplementary Material: section 2.2). In particular, in our formulation, the columnar growth form emerged as the most complex one (Supplementary Figure 2), whereas other growth forms, such as branching, should have yielded more complexity. It is notable that this reduced the strength of the correlations of colony complexity with dislodgement and bleaching susceptibility and growth rate (Figure 3).

Finally, we assembled fictional communities based on the location and distances of species in the functional space, without considering the realism of their functional structure, which could have imposed excessively strong fitness differences among species.



Significance of Our Findings for Reefs in the Anthropocene

To the extent that functional diversity indices such as FRic capture mechanistic links between functional traits, community assembly, and ecosystem functioning, they have the potential to inform conservation and restoration decisions that aim to improve the resilience of ecosystems to ongoing anthropogenic stressors (Cadotte et al., 2011). Below we consider the potential for FRic to serve this role in reef ecosystems.

On its own, FRic is not sufficient to inform restoration efforts: our experiment revealed multiple communities that were resilient despite low FRic, and communities with high FRic that were not (Figure 5). It is the combination of FRic and CWMs of the effects, resistance, recovery, and competitive traits that can confer resilience. For instance, our simulation experiment predicts that any community having small FRic and low CWM of colony complexity, growth rate or colony fecundity and overtop capacity will not be resilient in the environmental contexts of our experiment (Figure 5).

Despite revealing significant and somewhat complex interactions between FRic and CWMs, the results of our experiment nevertheless suggest strong utility for FRic in guiding restoration efforts. Specifically, our results suggest the following application of active restoration of coral reefs (Rinkevich, 2014, 2021). If a coral community simultaneously exhibits low FRic and is located far from the optimal trait space location for resilience, adding competitive species to the community could confer greater resilience. In cases where the community has high FRic, or low FRic combined with a favorable location in functional space, resilience would be supported by introducing species situated at a similar location along colony complexity but at distinct locations along the resistance and recovery traits. This would promote resilience through the insurance effect (Figure 8). Broadly, our study aligns with the suggestion to apply effect and response trait-based models to achieve functional targets for ecological restoration (Laughlin, 2014). Our model can help design experiments to (i) compare the efficacy of diverse trait targets for meeting a given restoration goal (e.g., a resilient rugosity level), and (ii) to compare the capacity of different species assemblages to reach a given trait target.
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FIGURE 8. Illustration of resilience enhancement of two coral communities (red and blue polygons) by adding three species (purple dots) that have complex morphologies but different bleaching susceptibilities, growth rates and modes of larval development. Adding the competitive species to the non-resilient community (A) increases its overall resilience via the dominance effect, while adding them to the resilient community (C) enhances its resilience via the insurance effect. Gray dots show the location of all the 798 coral species in the functional space. The traits defining the functional space in panel (B) are: (1) bleaching susceptibility; (2) colony complexity; (3) colony maximum diameter; (4) dislodgement susceptibility; (5) colony fecundity; (6) growth rate; (7) mode of larval development; (8) overtop capacity.


The examples above illustrate how one can combine the results of our experiment with knowledge of traits and their correlations to inform active restoration. They are appropriate for reefs that experience similar environmental conditions, i.e., conditions found in well preserved and protected reefs, and before reefs were strongly affected by climate change and anthropogenic disturbances (e.g., Highsmith, 1982; Halford et al., 2004; Diaz-Pulido et al., 2009; Gilmour et al., 2013). Different strategies might need to be deployed in the majority of contemporary reefs that are affected by the increased frequency and intensity of major bleaching events (Eakin et al., 2010; Hughes et al., 2017b) and other disturbances (Tkachenko, 2015; Pendleton et al., 2016), whose cumulative effects tend to filter out competitive species from local communities (Loya et al., 2001; Van Woesik et al., 2011; McCowan et al., 2012; Hughes et al., 2018). We can reasonably predict that without competitive species the effect of FRic on resilience would have been smaller. Large stress-tolerant species (e.g., Orbicella spp.) are able to provide complex habitats as well (González-Barrios and Álvarez-Filip, 2018) but they might not be able to compete with small opportunistic weedy species (Alvarez-Filip et al., 2013). This suggests that the association of FRic with resilience must be re-evaluated in a similar experiment where competitive species are excluded or where contemporary climatic conditions are simulated.

Several other considerations may limit broader applicability of our findings. First, our experiment highlighted the importance of recovery processes for resilience and overshadowed the role of resistance processes. But in the real world, resistance processes might become the only effective resilience processes due to the increased frequency of climate-related disturbances (Darling and Côté, 2018). This suggests that efforts need to be directed more specifically toward understanding the diversity-resistance relationship. Given the importance of the habitat provisioning-herbivory feedback process for the resilience of the reefs, and the strong trade-off between colony complexity and dislodgement and bleaching susceptibility (Figure 2), assisted evolution efforts might consider focusing on increasing the resistance of coral species that provision high structural complexity to the reefs (Van Oppen et al., 2015; van Oppen et al., 2017). Second, cyclone and bleaching events are only two of the numerous and potentially interacting disturbances that affect contemporary reefs (Pendleton et al., 2016). Third, we considered only a subset of the numerous traits (Madin et al., 2016a) and associated processes involved in coral community dynamics. Further model development effort should be focussed on implementing additional relevant processes. Lastly, CWM and FRic capture only certain aspects of functional diversity, and several other single-trait (e.g., community-weighted variance, or CWV; Sonnier et al., 2010) and multiple-trait indices (e.g., FEve, FDiv, FDis) could serve to shed more light on the processes involved in the diversity-resilience relationship. For instance, CWV can help to further identifying the traits whose intra-community variations are the most influential for resilience.




CONCLUSION

Many coral reef benthic communities are rapidly changing toward assemblages dominated either by weedy species or by non-coral organisms. Understanding the basis of such changes, and the capacity of different assemblages to respond to disturbances is essential to successfully managing these ecosystems and the services they provide. By manipulating FRic with our ecologically detailed agent-based model and accounting for functional trade-offs between effect, resistance, recovery and competitive coral traits, we found a “sweet spot for resilience” in the functional space, characterized by species that are morphologically complex, competitive and with a good capacity to recover. These findings provide direction to on-going reef restoration efforts by revealing how the resilience of local communities could be managed by importing species that have complementary traits (Figure 8). Future experiments should strive to explore further the role of FRic and other indices on resilience in order to fully comprehend how resilience could be achieved through trait diversity and composition in coral communities.
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