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Abstract 

A number of plant traits influence the success of fertilization and reproduction in plants. Collectively 

these traits represent ecological syndromes that are of evolutionary significance. However, while an 

association between mating system and colonizing ability has been proposed, the existence of a broader 

relationship between mating system and a species' position in ecological succession has not been 

extensively investigated. Grime’s CSR theory stresses that an ecological succession can involve changes 

from colonizing to either competitive or stress-tolerant strategies. How distinct dimensions of 

competitiveness and stress tolerance covary with mating systems has still not been considered. We 

designed a comparative approach to evaluate the link between mating system, life form and CSR 

strategies for 1996 herbaceous and woody species. We found that CSR strategies are significantly related 

to mating systems. Ruderal species –colonizers in early succession– were mostly selfers while more 

competitive species were more often outcrossers. On the other hand, greater physiological stress tolerance 

was associated with mixed mating systems. Outcrossing is classically expected to be advantageous for 

most life history strategies other than colonizers, but we suggest that reproductive assurance can 

counterbalance this effect in stressful environments where populations are sparse and pollinators are rare. 

Therefore, our results emphasize that competition and abiotic stresses are not equivalent selective 

pressures on the evolution of mating systems. Finally, we found plant life span to convey additional 

information on mating system variation, supporting its role for mating system evolution. These findings 

encourage further investigation of the evolutionary role of ecological strategies as syndromes of traits and 

suggest that the emergence of large databases of plant traits will help address the major evolutionary 

hypotheses on such syndromes. 
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Introduction 

By governing gene transmission, mating system has major influence on individual fitness 

and the distribution of genetic variability. It thus determines the potential for adaptation and is 

central to our understanding of plant evolutionary processes. In addition, outcrossing rates 

have been shown to vary among populations and species in seed plants (Vogler and Kalisz 

2001). Both ecological and genetic factors influence mating systems and several hypotheses 

have been put forward to explain this variation. The cost of outcrossing (3/2-transmission 

benefit of selfing genes, Fisher 1941), along with inbreeding depression, have been considered 

as primary drivers of mating system evolution by population geneticists (Lande and Schemske 

1985, Lloyd 1979). Furthermore, pollen limitation due to pollination uncertainty, which is 

known to occur in natural populations (Knight et al. 2005), has been put forward as a major 

factor selecting for self-fertilization (Lloyd 1992). 

A number of plant functional traits determine the ability of individuals and populations to 

establish and persist in a given environment (Violle et al. 2007). These traits constitute distinct 

ecological strategies reflecting the evolution and adaptation of plants across diverse 

environments (Grime 1977, Westoby et al. 2002). Syndromes of traits related to colonizing 

ability and persistence are especially critical for plant ecology (Grime 1977). In line with 

colonizing ability, Baker (1955) hypothesized that self-fertilization should be advantageous in 

colonizing populations where pollinators or partners for mating are scarce (this hypothesis was 

to become "Baker's Law"), and thereby selfing should be predominant for colonizing species. 

Baker's Law has become influential thanks to its potentially wide application to various 

situations such as early-successional species, weeds or invasive species (Davis 2005). Further 

theoretical models have confirmed that reproductive assurance during colonization may 

favour selfers (see however Cheptou and Massol 2009, Dornier et al. 2008, Pannell and Barrett 

1998). Another line of argument proposed by Stebbins (1957, 1958) states that self-

fertilization should be positively associated with colonizing ability, because those mating 

systems allow the rapid fixation of successful genotypes. However, Grant (1967) predicted that A
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colonizers should outcross more because they “are associated with diverse and in most cases 

flexible genetic systems” and “develop where a heterotic advantage may be fully utilized in 

conjunction with some means of effective dissemination” (p. 291). 

The association between colonizing ability and self-fertilization is supported by the fact 

that self-compatible populations are over-represented in species distribution margins and 

recently colonized areas (Busch 2005, Van Kleunen and Johnson 2007). But conflicting data 

exist, e.g., Sutherland (2004) found that invasive species are actually less self-compatible than 

non-invasive species in the United States. In addition, although unable to self-fertilize, 

dioecious plants have revealed a paradoxical association with long-range dispersal (Bawa 1980, 

Renner and Ricklefs 1995), and they have been found to be overrepresented on isolated 

islands (Sakai et al. 1995). 

These conflicting results, however, include a variety of biotic and abiotic contexts in which 

colonizers establish, and represent varying constraints on their dispersal abilities. Therefore, a 

dichotomy of colonizing and non-colonizing plants does not capture the diversity of ecological 

strategies that are selected according to biotic and abiotic constraints. In this regard, a broader 

perspective is needed on how multiple ecological properties are shaped by evolutionary forces 

together with mating systems. We here consider Grime’s (1974, 1977, 1979) CSR theory of 

ecological strategies, which provides an integrated scheme based on three primary strategies, 

namely, competitive ability (C), physiological tolerance to stress (S) and ruderality, i.e., 

adaptation to disturbance (R). The diversity of CSR strategies in plant communities (Grime 

1977) is intimately linked to ecological successions where a temporal shift from colonizers to 

locally persisting and more conservative species is observed in an ecosystem affected by a 

disturbance. In this regard, we can distinguish successions as either favouring more 

competitive or more stress-tolerant strategies, depending on the biotic and abiotic contexts 

(Caccianiga et al. 2006). Here we hypothesize that CSR strategies are related to mating system 

variation in plants, because they characterize the diversity of ecological factors affecting 

mating system evolution (Uyenoyama et al. 1993). A
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Plant life form related to life span (short vs. long lived) and growth form (herbaceous vs. 

woody) has also been considered as a key driver of mating system evolution. Stebbins (1950) 

discussed the possibility that shorter-lived species may be more associated with selfing than 

longer-lived species, and more recent studies have revealed that this pattern is robust (Barrett 

et al. 1996). Longer-lived species can be less constrained by pollen limitation, because they can 

reproduce several times, and can incur adult inbreeding depression (Morgan et al. 1997), 

which both favour outcrossing. More recently, Snell and Aarssen (2005) addressed the ‘time-

limitation’ hypothesis, which suggests that pollination and reproductive period may be shorter 

in annuals because they occupy ephemeral habitats, thus selecting for selfing annuals. The role 

of life span and growth form in mating system evolution is at first glance complementary to 

the role of ecological properties such as competition, ruderality and stress-tolerance. In order 

to clarify the link between these apparently separate lines of arguments, we therefore aimed 

at assessing the respective links between life forms, CSR ecological strategies and plant mating 

systems. 

We investigated the relationship between mating systems, life forms and Grime’s CSR 

ecological strategies for 1,996 European plant species distributed over diverse and broad 

successional gradients. More and more extensive data have become available on CSR 

strategies, thanks to simpler and more efficient methods to measure them (Grime et al. 2007, 

Hodgson et al. 1999), and large databases now provide a huge amount of information on a 

variety of traits, including mating systems (e.g., BiolFlor, Kühn et al. 2004). We designed a 

Generalized Linear Mixed Model (GLMM) to analyse the relationship between mating systems 

and ecological traits while acknowledging the influence of phylogenetic relatedness 

(Garamszegi 2014, Hadfield and Nakagawa 2010). 

 

Material and Methods 

We selected 1,996 plant species for which the BiolFlor database (Kühn et al. 2004, 

http://www.ufz.de/biolflor/index.jsp) provided detailed information on physiological and A
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ecological traits from many sources. For the phylogeny-based analyses, we used the dated 

Daphne phylogenetic tree provided by Durka and Muchalski  (2012), which included these 

1,996 species. Branch lengths were calibrated in million years. All the statistical analyses were 

performed in R (R Core Team 2014). 

 

Plant mating system 

We classified plant mating system following the BiolFlor categorization, namely, obligatory 

selfers, facultative selfers, mixed mating plants, facultative outcrossers and obligatory 

outcrossers. These classes provided a categorical ordinal variable representing a hierarchy of 

plant mating system from selfing to outcrossing, through mixed mating systems. If several 

classes were provided in BiolFlor for a single plant species, we attributed the median one. 

BiolFlor data on mating systems mainly refer to published quantitative analyses. In order to 

check their reliability, we compared the BiolFlor ordinal index with quantitative estimates from 

independent surveys relying on genetic markers (progeny array analysis, see Appendix 1). 

Good correlation between the ordinal BiolFlor index and independent progeny-array estimates 

of outcrossing rates (Kendall τ = 0.72, p < 0.001) led us to use the BiolFlor ordinal scale as a 

good first approximation for our large dataset. 

 

Plant ecological strategies 

Grime (1974, 1977, 1979) and Grime et al. (1997) proposed a scheme of three 

fundamental ecological strategies, competitive ability (C), physiological tolerance to stress (S) 

and adaptation to disturbance (R). These fundamental strategies are the vertices of the famous 

CSR triangle. Complying with the method of Klotz (1984), the BiolFlor database provides 7 

categories of ecological strategies, including the three primary C (competitiveness), S (stress 

tolerance) and R (ruderality) strategies, along with 4 intermediate, secondary types (namely, 

CR, CS, SR and CSR). Assignation to one of the ecological strategy in BiolFlor was based on life 

form, leaf persistence, leaf anatomy, maximum growth height, flowering period, pollination A
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and dispersal characteristics, and ecological indicator values (Ellenberg et al. 1991). Although 

based on three fundamental strategies, the CSR triangle is a 2-dimensional scheme. The 

fundamental strategies are expected to be found at the extremes of ecological gradients. 

Specifically, a switch from R to C strategies is expected along an ecological succession in non-

stressful environment, where vital resources are not limited (Navas et al. 2010). On the other 

hand, a switch from R to S strategies is expected along an ecological succession in stressful and 

resource-limited environment (Caccianiga et al. 2006). Therefore we modelled the two 

dimensions of the CSR triangle by taking the CR edge as a reference dimension of 

competitiveness from R to C, and the axis orthogonal to the CR edge and going to S as a second 

independent dimension of stress-tolerance, as already proposed in Grime et al. (1997, see Fig. 

6). We then projected the 7 types in BiolFlor onto the CR edge of the CSR triangle to define the 

position of species over a competitiveness index, with three possible levels, CR1 for the R and 

SR types, CR2 for CR, CSR, S, and CR3 for C and SC (Fig. 1). Ruderal plants are generally first to 

colonize disturbed lands and, in this regard, a low value of the competitiveness index was 

related to colonizing ability in early ecological succession. We likewise projected the 7 types 

orthogonally to the CR edge to position species on a stress-tolerance index, with four possible 

levels, S1 for R, CR and C, S2 for CSR, S3 for SR and SC and S4 for S (Fig. 1). The combination of 

the two indexes covered all the 7 basic strategies. Table 2 shows the relative proportions of 

mating systems according to the competitiveness and stress-tolerance indexes. There was no 

correlation between competitiveness and stress-tolerance (Kendall rank correlation, τ = 0.01, p 

= 0.53), indicating that these indexes indeed represented independent dimensions of plant 

ecological strategies. 

 

Plant life form and lifespan 

Life-form categorisation into annuals, herbaceous perennials and woody perennials is 

widely used in evolutionary biology to test hypotheses on ecological strategies involved in 

plant mating evolution (Barrett et al. 1996, Morgan et al. 1997, Snell and Aarssen 2005, A
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Stebbins 1950). We classified the 1,996 plant species of our study into annuals A, herbaceous 

perennials HP, and woody perennials WP. The classification was based on the Raunkiaer (1934) 

index and on lifespan information provided in the BiolFlor database, so that annuals A included  

therophytes, herbaceous perennials HP included the remaining non phanerophytes, i.e, most 

geophytes, cryptophytes and chamephytes, and finally woody perennials WP included 

phanerophytes. Table 2 shows the proportion of mating systems for each life form. Over the 3 

x 7 = 21 possible combinations of  3 life forms and 7 CSR strategies, 18 were found in our 

dataset, namely, A:C, A:CR, A:CS, A:CSR, A:R , A:S,  A:SR, HP:C, HP:CR, HP:CS, HP:CSR, HP:R,  

HP:S, HP:SR, WP:C, WP:CS, WP:CSR and WP:S. Table 1a shows species numbers per life form 

and per level of competitiveness (CR levels of Fig.1) and Table 1b the numbers per life form 

and per level of stress-tolerance (S levels of Fig.1). 

A key issue was to address whether the variation in mating systems was related to the 

variation in ecological strategies as measured by the competitiveness and stress-tolerance 

indexes, in combination or not with life-form variation. Basically, life form was correlated to 

both competitiveness and stress-tolerance (Spearman rank tests, p < 0.001; Table 1), and we 

could not assess any effect of life-form among  ruderals (for CR1, 305 individuals are in A, but 

only 6 in HP and 0 in WP), or, conversely, any effect of the variation in competitiveness within 

woody perennials (224 individuals in CR3, but only 15 in 2 and 0 in 1). We could still analyze 

the variation of mating systems according to competitiveness for a given life form (e.g., among 

herbaceous perennials), or according to life form for a given level of competitiveness (e.g., for 

CR2).  

 

MCMC Generalized Linear Mixed Model 

Comparing plant traits and mating systems required addressing whether species display 

correlated features because of their phylogenetic relatedness (phylogenetic signal, see 

Blomberg and Garland 2002). We used the function fitDiscrete in R package geiger to fit a 

macroevolutionary model of the ordinal mating system variable, depending on the structure of A
cc

ep
te

d
 A

rt
ic

le



 

‘This article is protected by copyright. All rights reserved.’ 

the phylogeny. Pagel's λ was used to represent the intensity of the phylogenetic signal in 

mating systems. The λ parameter is a factor ranging between 0 and 1, by which the lengths of 

internal branches in the phylogeny are multiplied. λ = 1 then represents the structure of the 

original phylogeny, while λ values closer to 0 represent longer terminal branches and 

ultimately a complete polytomy (star phylogeny). fitDiscrete performed an equal-rate, 

continuous-time Markov model of evolution and provided a maximum-likelihood for λ = 0.97. 

We compared this model to a null model considering the absence of phylogenetic effect on 

mating system evolution, with λ = 0. We performed a likelihood ratio test of the two models 

and found that the model with λ = 0.97 performed significantly better than the model without 

phylogenetic structure (χ2 test, p < 0.001). Therefore a phylogenetic signal exists in the 

variation of mating systems and should reflect the imprint of evolutionary processes. 

We then designed a Generalized Linear Mixed Model (GLMM) to address the influence of 

ecological strategies and life form on the ordinal categorization of mating systems, while 

taking into account the influence of phylogenetic structure. Mating systems were ordered with 

increasing outcrossing, and a cumulative link function was used to model the shifts between 

mating systems. The estimated cutpoints of the link function represented shifts to greater or 

lower outcrossing for varying ecological strategies and life forms. The model included a 

random term, for which the covariance was defined depending on the topology and branch 

lengths of the phylogeny (Hadfield and Nakagawa 2010). There is no close-form analytical 

solution for estimating parameters of such GLMMs, and we therefore performed a Monte-

Carlo Markov Chain (MCMC) simulation to calculate posterior probability distributions of the 

parameters. For this purpose, we used the MCMCglmm function of the R package 

MCMCglmmRAM (Hadfield 2014, Hadfield 2010, Hadfield 2015, Hadfield and Nakagawa 2010). 

The phylogenetic covariance structure was calculated using the function inverseA. The model 

included a single categorical predictor representing all the combinations of life form and CSR 

categories existing in our dataset, except the A:C, A:CS, HP:R, HP:SR and WP:S categories, 

which were too rare (i.e., less than 10 individuals). The analysis was thus restricted to 1,972 A
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species. We defined uninformative prior distribution of the fixed-effect parameters following a 

multivariate zero-mean Normal distribution with large variance. In the case of a categorical 

response, the variance of residuals should be fixed (here arbitrarily to 0.5) (Hadfield and 

Nakagawa 2010). We further used parameter expansion to improve MCMC performance 

(Gelman 2006, Hadfield 2014). The burn-in parameter of the MCMC simulation was adjusted 

to ensure that posterior distributions were estimated at the stationary state of the Markov 

Chain, that is, the first 10000 generations were withdrawn. The total number of MCMC 

iterations was set to 300000, and the thinning parameter was set to 100 to control for 

autocorrelation in the Markov process. Therefore, 2900 sampled MCMC iterations were used 

to assess posterior distributions. We controlled convergence and autocorrelation of the 

resulting distributions using standard diagnostic tools of the coda package. We analyzed the 

predicted variation of mating systems with increasing competitiveness and stress-tolerance 

(Table 3a and 3b), as well as according to life form (Table 3c). For instance, we calculated the 

combined response of all the levels of the predictor concerning R and SR strategies (CR1 level 

of competitiveness), and subtracted it to the response of CR, CSR and S strategies at CR2 level 

(see Fig. 1). The 95% Highest Posterior Density (HPD) interval of this difference represented a 

change from CR1 to CR2 toward more outcrossing if positive, or toward more outcrossing if 

negative. If the interval included 0, there was no predicted change. We likewise analyzed the 

variation of outcrossing depending on ecological strategies for a given life form, or depending 

on life form for a given ecological strategy. The R code used to perform MCMC modelling of 

the GLMM analysis is provided in Appendix 2a. 

 

Results 

The MCMC converged and displayed little autocorrelation with the selected parameters of 

simulations (burn-in, thinning and parameter expansion). The trace of MCMC estimations and 

the corresponding posterior distribution are provided for each category of the predictor in 

Appendix 2b. Phylogenetic structure contributed to the relationship between ecological A
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predictors and mating system variation, as the 95% Highest Posterior Density (HPD) interval of 

the random phylogenetic effect did not include 0 (Appendix 2b, last plot). We further 

combined the estimated effects of each combination of life form and CSR strategy to assess 

the predicted variation of outcrossing along the competitiveness (Table 3a) and stress 

tolerance (Table 3b) indexes, and across life forms (Table 3c). We calculated the 95% HPD 

intervals of the predicted differences between levels of the indexes (from a row category to a 

column category in Table 3). Positive intervals indicated a significant increase and negative 

intervals a significant decrease in outcrossing. We found increasing outcrossing along the 

competitiveness index (Table 3a). Conversely, we did not find consistent outcrossing variation 

along the stress-tolerance index. Highest stress-tolerance (S4 level in Fig.1) did not display 

more or less outcrossing that other categories of the index, and only weak variation was found 

from levels S1 to S2 (increase) and from S2 to S3 (decrease) (Table 3b). Therefore outcrossing 

did not increase with stress tolerance. Concerning life forms, we found increasing outcrossing 

from annuals (A) to woody perennials (WP), but woody perennials outcrossed only slightly 

more than herbaceous perennials (lower bound of the HPD interval close to 0) (Table 3c).  An 

ecological succession in non-stressful abiotic environment would then display a clear variation 

from early-stage, more selfing, more annual and ruderal species to later-stage, more 

outcrossing, more perennial, more woody and competitive species. However, in physiologically 

more stressful environments, the absence of such an increase suggests that increasing 

physiological stress and competition do not have the same influence on mating systems. In 

addition, mixed mating was more frequent in stress-tolerant species, compared to competitive 

species (72% of taxa at highest stress-tolerance level S4 were mixed mating, and 21% were 

outcrossing, while 58% of taxa at highest competitive level CR3 were mixed mating, while 41% 

were outcrossing, χ2 p < 0.001; Table 2).  

Furthermore, we found that outcrossing increased with competitiveness within annuals 

(from CR1 to CR2, HPD interval = [0.04; 0.82]), and within herbaceous perennials (from CR2 to 

CR3, HPD interval = [0.13; 0.74]). We also found that outcrossing increased between annuals A
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and herbaceous perennials for a fixed level of competitiveness (i.e., at CR2, HPD interval = 

[1.78; 2.64]), but not between most competitive herbaceous and woody perennials at CR3 

(HPD interval = [-0.14; 1.69]). These nested variations were basically consistent with the 

general patterns of Table 3. It underlines that life form and CSR strategies are ecological 

properties related to plant mating system variation in a complementary way. 

 

Discussion 

Our results demonstrate how variation in plant ecological strategy and life form closely 

relates to variation in mating system. First, using a large dataset, we confirm that annuals are 

more selfing and perennials are more outcrossing (Tables 2 and 3), as previously advanced 

(Barrett et al. 1996). Second, we found that Grime’s CSR strategies are related to mating 

system in two independent ways. On one hand, on the CR edge of the triangle representing a 

variation of competitiveness, ruderal selfers were replaced by more competitive outcrossers 

(Table 3a), as observed both at intraspecific and interspecific level along ecological successions 

(Cheptou et al. 2002, Rydin and Borgegard 1991, Silvertown et al. 2002). On the other hand, 

there was no increasing outcrossing along the orthogonal index of stress-tolerance (Table 3b), 

and mixed mating was frequent in most stress-tolerant species (Table 2). Third, we highlight 

that the CSR ecological strategies and the classical life form categorization based on life span 

variation complementarily influence the variation of plant mating systems. 

Various hypotheses have been proposed for the association between mating system and 

ruderality. Our results are in line with Stebbins (1957)’s and Baker (1955, 1967)’s predictions 

that ruderal species are more selfing than competitive species. These authors however, 

proposed different selection pathways to explain the relationship. Stebbins hypothesized that 

the rapid fixation of locally adapted genotypes through apomixis or selfing should be a key 

selection factor, but this still needs further experimental support. Alternatively, focusing on 

the lack of pollinators, Baker’s view conforms to the classical arguments for mating system 

evolution (Lloyd 1979). Many species are indeed pollen-limited in natural conditions (Burd A
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1994) and ecological disturbance such as pollinator losses or plant density variation (Knight et 

al. 2005) are known to affect pollen limitation. In this context, selfing may provide 

reproductive assurance (Eckert et al. 2009, Kalisz et al. 2004). In our study however, inferences 

about species’ successional status were derived from the CSR theory and do not include an 

analysis of dispersal or colonizing ability per se, since other traits linked to early succession 

position of species may play a role. Though appealing, the idea that colonizing species or 

species from early successional stages are more prone to pollen limitation than plants from 

later successional stages is, to our knowledge, not established and needs further experimental 

support. As a consequence, it is premature to consider our results as a support for Baker’s law. 

In addition, previous studies focused on the relationship between mating system and dispersal 

ability, which is hypothesized to be higher in colonizers (see for instance Price and Jain 1981). 

However dispersal ability does not directly reflect colonizing ability, and other ecological 

properties determine establishment and survival of pioneer species. In this regard, the 

ruderality strategy of the CSR theory represents a more comprehensive index of colonizing 

ability. Our results then support the idea that the comprehensive nature of ecological 

strategies can capture the broad adaptive nature of plant mating system variation in plants.  

It has been well established that inbreeding depression is a major factor selecting for 

outcrossing (Charlesworth et al. 1990, Lloyd 1979). High inbreeding depression is expected to 

select for outcrossing while low inbreeding depression is expected to select for selfing. 

Population geneticists have established that the level of inbreeding depression caused by 

deleterious mutations can be affected by selfing as a result of mutation/selection balance 

(purging, Charlesworth et al. 1990). How inbreeding depression influences the variation in 

mating systems along ecological successions has been mainly addressed at the intraspecific 

level. For example, Cheptou et al. (2000) found that the magnitude of inbreeding depression in 

populations of the ruderal annual species Crepis sancta, a partially self-incompatible plant 

species, increases along an ecological succession, and Cheptou et al. (2002) showed that it is 

associated with a slight increase in outcrossing rates and self-incompatibility. Cheptou et al. A
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(2002) proposed that selfing may be selected at earlier stages, via automatic selection, 

because of the 3/2-transmission benefit of selfing genes (Fisher 1941), while higher inbreeding 

depression in later stages counteracts the automatic advantage of selfing genes, thus 

favouring outcrossing. Interestingly, this does not exclude the role of reproductive assurance in 

early successional stages, but Cheptou et al. (2002) did not find any evidence of pollination 

limitation in early successional stages. In a compilation of surveys, Armbruster & Reed (2005) 

highlighted that stress tends to increase the magnitude of inbreeding depression, but 

counterexamples for this trend were also reported. Their definition of environmental stress 

encompassed both the effect of competition and the effect of abiotic constraints, but these 

stresses could affect inbreeding depression in a different manner. The expression of 

inbreeding depression may therefore differ with respect to CSR strategies along the 

competitiveness and stress-tolerance indexes, in line with our distinct patterns of outcrossing 

variation. However, empirical data on whether and how inbreeding depression varies with CSR 

strategy is lacking. Therefore the contribution of inbreeding depression to broad-scale, 

interspecific variation in mating systems remains to be tested.  

We further hypothesize that pollen limitation is an important constraint in a broader 

context when environmental conditions impose low population densities and short and 

uncertain reproductive periods. Specifically, most stress-tolerant species of the present study 

belonged to three main ecological contexts, high elevation/cold ecosystems, desert/salt 

places, and acid peat bogs. In these contexts, the reproductive period is constrained by the 

environment, pollinators are rare, populations are often sparse, and environmental 

stochasticity is high. Reproductive assurance may then select for selfing. Conversely, enhanced 

inbreeding depression in the context of high physiological stress could limit such directional 

selection and result in more frequent mixed mating system (Table 2).  

We also found life form to contribute to mating system variation in addition to CSR 

ecological strategies. Outcrossing basically increases with life span, even though the variation 

between herbaceous and woody perennials is very small (Table 3c). We note here that various A
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ecological strategies can exist for a given life form (Table 1) and relate to different mating 

systems, as found within annuals and herbaceous perennials. Conversely, different life forms 

can be found at a given level of competitiveness, and we found increasing outcrossing 

between annuals and herbaceous perennials at the CR2 level. The fact that life form 

contributed to the variation of outcrossing rates in addition to CSR strategies thereby provides 

support to hypotheses that state that inbreeding depression (Morgan et al. 1997) and 

reproductive assurance (Snell and Aarssen 2005) depend on life span. First, because of 

multiple episodes of selection against inbred individuals, inbreeding depression is expected to 

be higher in perennial species. A recent study has shown that almost one hundred percent of 

inbred progeny died before the adult stage in the mixed mating Rhododendron ferrugineum 

(Delmas et al. 2014). Second, pollination limitation should have less impact on perennials 

because of their possibility to postpone reproduction. Therefore, (i) different patterns of 

mating system variation with competitiveness and stress-tolerance show that the separate 

dimensions of CSR ecological strategies aid understanding mating system evolution, and (ii) the 

additional effect of annuality vs. perenniality supports the idea that time limitation is per se an 

important driver of mating system evolution. 

The fact that the evolution of self-fertilization depends on genetic as well as ecological 

factors is well accepted (Barrett and Harder 1996). In this study, we have provided new pieces 

of evidence on how ecological traits pertaining to successional processes and stress tolerance 

relate to plant mating systems. These results encourage further analysis on how the leading 

dimensions of ecological trait variation (Westoby et al. 2002) influence the evolution of mating 

systems. On the other hand, mating system is still an overlooked plant trait in ecological 

studies. While plant traits related to resource acquisition, persistence and regeneration have 

been found to be good proxys of the mechanisms driving ecological successions (Huston and 

Smith 1987, Navas et al. 2010, Raevel et al. 2012), traits regarding mating systems have been 

neglected despite their broad variation along successions. We accordingly suggest adding 

mating systems to the list of traits of interest when analyzing the dynamics of ecological A
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successions. Including more information on breeding systems and reproductive traits in global 

trait databases (Kattge et al. 2011) should stimulate future comparative studies and help 

bridge the gap between ecological and evolutionary theories.  
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Table Legends 

Table 1. Number of species per life form (columns), per CR level of the competitiveness index, 

and per S level of the stress-tolerance index (rows). 

The levels of the competitiveness and stress-tolerance indexes are derived from CSR strategies 

as shown on Fig. 1. 

Combinations of life form (A = annuals, HP = herbaceous perennials, WP = woody perennials) 

and CSR strategy for each CR level are (i) A:R, A:SR, HP:R and HP:SR in CR1, (ii) A:CR, A:CSR, A:S, 

HP:CR, HP:CSR, HP:S, WP:CSR and WP:S in CR2 and (iii) A:C, A:CS, HP:C, HP:CS, WP:C and WP:CS 

in CR3.  

Combinations of life form and CSR strategy for each S level are (i) A:C, A:CR, A:R, HP:C, HP:CR, 

HP:R and WP:C in S1, (ii) A:CSR, HP:CSR and WP:CSR in S2, (iii) A:CS, A:SR, HP:CS, HP:SR and 

WP:CS in S3, and (iv) A:S, HP:S and WP:S in S4. Combinations containing fewer than 10 species, 

which were excluded from GLMM analysis, are shown in italics. 

  Annuals 
Herbaceous 

perennials 

Woody 

perennials 
Total 

C
o

m
p

e
titive

n
e

ss 

CR1 305 6 0 311 

CR2 251 648 15 914 

CR3 14 533 224 771 

Stre
ss-to

le
ran

ce
 

S1 413 332 180 925 

S2 34 472 11 517 

S3 110 279 44 433 

S4 13 104 4 121 
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Table 2. Relative proportions of mating systems at each level of the competitiveness index (CR levels 1 

to 3), at each level of the stress-tolerance index (S levels 1 to 4), and for each life form. The proportions 

sum to 1 on each row, and the two highest proportions are shown in bold.  

 

  
Outcrossing 

  
Obligatory 

selfer 

Facultative 

selfers 
Mixed mating 

Facultative 

outcrossers 

Obligatory 

outcrossers 

C
o

m
p

etitiv
en

ess 

CR1 0.24 0.38 0.20 0.12 0.06 

CR2 0.08 0.20 0.25 0.22 0.25 

CR3 0.02 0.07 0.25 0.25 0.41 

S
tress-to

lera
n

ce 

S1 0.09 0.23 0.21 0.18 0.28 

S2 0.05 0.11 0.27 0.26 0.31 

S4 0.07 0.19 0.31 0.22 0.21 

S3 0.10 0.15 0.28 0.21 0.26 

L
ife fo

rm
 

Annuals 0.22 0.34 0.22 0.13 0.10 

Herbaceous 

perennials 
0.03 0.13 0.27 0.26 0.31 

Woody 

perennials 
0.02 0.07 0.20 0.16 0.55 
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Table 3. Variation in mating system predicted by the GLMM model according to ecological strategies 

and life form. Outcrossing variation is shown for increasing competitiveness (a), stress tolerance (b), or 

depending on life form (c), from a row category to a column category. The 95% High Probable Density 

(HPD) interval of the GLMM model (in brackets) here represents the predicted outcrossing variation 

between these classes. A positive HPD interval means shift toward more outcrossing (denoted with "↗ "), 

while a negative HPD interval represents shift to more selfing (denoted with "↘ "). If a HPD interval 

includes 0, there is no significant shift between the row and column classes (denoted with "="). 

Significant shifts are shown in bold, except when a bound is very close to 0 (then in italics). 

(a) Predicted outcrossing variation with increasing competitiveness 

From               To CR2 CR3 

CR1 ↗  [1.71; 2.41] ↗  [2.85; 3.88] 

CR2  ↗  [0.89; 1.65] 

 

(b) Predicted outcrossing variation with increasing stress-tolerance 

From                      To S2 S3 S4 

S1 ↗  [0.04; 0.73] = [-0.31; 0.38] = [-0.46; 0.58] 

S2  ↘ [-0.69; -0.02] = [-0.77; 0.21] 

S3   = [-0.42; 0.60] 

 

(c) Predicted outcrossing variation with life form 

From                    To Herbaceous perennials Woody perennials 

Annuals ↗  [2.30; 3.00] ↗  [2.65; 4.50] 

Herbaceous perennials  ↗  [0.00; 1.74] 
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Figure Legend 

Figure 1. Two basic indexes of competitiveness and of stress-tolerance are derived from the 

CSR triangle of ecological strategies (grey arrows). We projected the 7 CSR categories of the 

BiolFlor database onto the CR edge of the triangle to get the 3-level index of competitiveness, 

and projected the categories orthogonally to the CR edge to get the 4-level index of stress 

tolerance. 

Along the index of increasing competitiveness, CR1 includes the R and SR strategies, CR2 

includes CR, CSR and S strategies and CR3 includes C and SC strategies. Along the index of 

increasing stress-tolerance, S1 includes the R, CR and C strategies, S2 includes the CSR strategy, 

S3 includes the SR and SC strategies and S4 includes the S strategy. 
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