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determine the recruitment of different plant species. Studying recruitment using a
trait-based approach may help in the search for general or dominant mechanisms
involved in this process. Here, we try to disentangle what traits of saplings and established (canopy) plants can be considered as functional for recruitment, and whether
the complementarity of these functional traits may be a driver of the plant community assembly.
Location: Regional. Two pine–oak forest communities in Sierra Sur de Jaén and one
in Sierra de Segura, southeast of the Iberian peninsula.
Methods: In each forest community, we established three 50 m × 50 m plots, where
we identified the saplings of each species recruiting under the canopy of each species
or in open interspaces. The study focuses on 37 woody species. Measures of 18 traits
were conducted for 30 saplings and 10 adults of each species.
Results: Seed mass and the ratio height:basal diameter of saplings were positively
associated with species abundance in the sapling bank under vegetation, while abundance in the sapling bank in open interspaces was only related to the type of mycorrhizal association. On the other hand, some traits of adult plants (leaf mass per
unit area [LMA], seed dispersal mechanism, leaf habit and branch density) favour the
recruitment of other species in their close proximity. However, we found only circumstantial evidence of canopy/recruit trait complementarity affecting recruitment.
Conclusions: Our results suggest that the assembly of canopy–recruit interactions
is primarily driven by the filtering effect of canopy species on recruitment, through
traits that affect both seed arrival and soil properties. Species abundance in the sapling bank was related to resource acquisition traits. We did not find any clear evidence supporting that trait complementarity is involved in the interaction between
canopy and recruit species.
KEYWORDS

canopy service, functional traits, mediterranean forests, plant community assembly, plant
recruitment, recruitment networks, sapling bank, trait-based approach, woody plants
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1 | I NTRO D U C TI O N

adult individuals of the species (i.e. the column sum in the recruit-

The assembly of local plant communities is influenced by the com-

hance or depress sapling recruitment under their canopy (Alcántara

ment matrix); it informs about whether adult plants of a species enposition of the regional species pool and its interaction with local bi-

et al., 2018), thus reinforcing, weakening or biasing the sapling bank

otic and abiotic filters (Kraft and Ackerly, 2014; Kraft et al., 2015). In

of the whole community. Certain plant species may play a key role

the hierarchy framework, after abiotic filters sieve the regional plant

in the community by allowing the recruitment of many other plant

species pool, biotic filters acquire more importance by interacting

species. For example, Verdú and Valiente-Banuet (2008) found that

with the resultant plant species (Luzuriaga et al., 2012). Here, several

Mimosa luisana facilitates the recruitment of 92.3% of the species

biotic factors, such as plant–plant interaction, herbivorous insects,

in arid communities from Mexico. The participation in the sapling

pathogens or mycorrhizal fungi, have been considered as drivers of

bank is defined by the abundance of saplings of a species in the

community assembly at local scales (Janzen, 1970; Connell, 1971;

sapling bank of the community (i.e. the row sum in the recruitment

Bagchi et al., 2014; Montesinos-Navarro et al., 2016). In fact, plant–

matrix); it informs on the suitability of the biotic and abiotic local

plant interactions, both positive and negative, are considered one

environment for the recruitment of a species, and its prospects for

of the main drivers in community assembly (Callaway and Walker,

persistence. For instance, recruitment collapse associated with cli-

1997). Negative plant–plant interactions (competition) may deter-

mate change threatens the persistence of Ponderosa pine during this

mine the exclusion of a species from a local assembly, even if this

century (Petrie et al., 2017). Both canopy service and sapling bank

species is able to tolerate the local abiotic conditions (Zenni and

summarize the outcome of multiple pairwise canopy–recruit inter-

Nuñez, 2013). On the other hand, positive plant–plant interactions

actions in which a given species is involved. To better understand

(facilitation), may allow the persistence of a given species in a local

how these two aspects emerge, we need to explore also how these

community, even if the general abiotic environment is not favourable

pairwise interactions are assembled. To this end, we define pairwise

(Valiente-Banuet et al., 2006). Plant–plant interactions are particu-

recruitment efficiency as the density of one species recruiting under

larly strong and asymmetric between established adult individuals

another (i.e. the cell elements of the recruitment matrix). Pairwise

and young plants recruiting in their close proximity (Grubb, 1977).

recruitment efficiency reflects the effects of the canopy species on

The study of plant–plant interactions that occur during the recruit-

the participation of the recruit species in the sapling bank. These

ment stages can provide insight into the persistence of species in

effects may be driven by different ecological mechanisms, such as

local communities (Valiente-Banuet et al., 2006; Poorter et al., 2008;

competition, facilitation, propagule filtering, growth strategies or

Alcántara and Rey, 2012; Umaña et al., 2017), and thus, in the role

shared pathogens and herbivores (Goldberg, 1990; Westoby et al.,

of plant–plant interactions on community assembly and dynamics.

1996; Coomes and Grubb, 2000; Callaway, 2007; Pounden et al.,

Recruitment is a key ecosystem function as it is fundamental

2008; Poorter et al., 2009).

for the dynamics of plant communities. Recruitment networks de-

The factors that drive pairwise interactions in ecological sys-

pict the structure of interactions between established plants and

tems, such as plant–pollinator, predator–prey or plant–dispersal

the plants recruiting beneath them in a local community, which we

agent, are receiving much attention. For example, the interaction

call canopy and recruit species, respectively (Alcántara et al., 2019).

between plants and hummingbirds can be driven by corolla length

The analysis of recruitment networks provides insights on how

and bill length (Maglianesi et al., 2014), by beak length and fruit

plant–plant interactions affect species persistence in local plant

length in the case of seed dispersal by birds (Dehling et al., 2014),

communities (Alcántara and Rey, 2012; Alcántara et al., 2017). If we

and by the relative sizes of predator and prey in food webs (Cohen

are to develop generalizations about the traits that determine the

et al., 1993). These studies are proving the utility of the functional

outcome of plant–plant interactions, we must consider explicitly the

traits approach to understand the assembly of complex ecological

difference between the effect that a species has on others and the

networks. Although plant–plant interactions have a high degree of

response of the same species to the presence of others (Goldberg,

pairwise specificity (Landero and Valiente-Banuet, 2010; Alcántara

1990; Goldberg and Landa, 1991). To this end, we can explore the

et al., 2018), the factors that promote this specificity are largely un-

matrix corresponding to the recruitment network. This matrix has

known. Some studies have suggested that mechanisms related to

canopy species in columns and recruit species in rows, and the cells

plant phylogeny and stochastic processes are involved (Valiente-

of the matrix contain the frequency of saplings of the recruit spe-

Banuet et al., 2006; Alcántara et al., 2015 and Alcántara et al., 2019),

cies found under individuals of the canopy species (Alcántara et al.,

but to improve our understanding of how recruitment networks are

2019). The recruitment matrix provides a description of the sapling

assembled, we need to move from these general factors to specific

bank of the community: the abundance of juvenile individuals of

traits or mechanisms.

each species and their spatial association with adult plants of any

Functional traits may help understanding the relationship be-

species. From this matrix, we can obtain three descriptors of the

tween ecological processes and community dynamics (Adler et al.,

sapling bank: canopy service, participation in the sapling bank and

2013; Cadotte et al., 2015; Funk et al., 2017). Plant recruitment is

pairwise recruitment efficiency.

the outcome of multiple processes, such as seed dispersal, seed

The canopy service provided by a given species can be mea-

germination, establishment, and survival in the face of pathogens,

sured as the density of saplings of any species that recruit under

herbivores or competition. The success in each of these processes

PEREA et al.

Journal of Vegetation Science

|

3 of 12

may be driven by different functional traits (Larson and Funk,

data, we can obtain: (b) the canopy service provided by each species

2016). For example, traits related to saplings’ shade tolerance (e.g.

measured as the summed frequency of saplings growing under a

high specific leaf area [SLA], slow growth rate; Janse-Ten Klooster

specific adult species; and (c) the participation of each species to the

et al., 2007) provide advantages under strong asymmetric compe-

structure of the sapling bank recruiting directly under the vegetation

tition for light against large neighbours, and large seed size favours

or in open interspaces, measured respectively as the summed fre-

germination and establishment under dry conditions (Leishman

quency of saplings of each species growing in the close proximity of

and Westoby, 1994). Therefore, the choice of plant traits must

established individuals of any other species or in open interspaces.

be consistent with the environmental conditions and studied
processes (Weiss and Ray, 2019). As a fundamental step towards
identifying general or dominant mechanisms of plant community

2.2 | Traits sampling design

assembly and dynamics, we need to identify functional traits related to recruitment at the community level. In this study, we eval-

Within each community, we chose the species occurring in at least

uated the functionality of 21 traits of adult plants and 16 traits of

two of the three plots. For each species, 30 saplings (15 located un-

saplings in the three different aspects of the recruitment network.

derneath canopy plants, and 15 located in open interspaces) and 10

More specifically, we address the following questions: (a) what

adults were chosen distanced at least 10 m along 100 m long parallel

traits of adult plants determine the strength of the canopy ser-

transects distributed in the surroundings of the three plots of each

vice; (b) what traits of recruit species determine their participation

community. Since environmental conditions and soil properties are

in the sapling bank; and (c) is there any complementarity between

similar at PFJ and MFJ, we assumed that traits do not differ within

traits of canopy and recruit plants that explain the efficiency of

species in these two communities (Zhao et al., 2020).

the pairwise interactions?

The traits were divided into categories: plant structural traits,
leaf traits, mutualism-related traits and seed mass. Plant struc-

2 | M E TH O DS
2.1 | Study areas and plant sampling design

tural traits included height, EBD (equivalent basal diameter), ratio
height:EBD, basal area, canopy area, canopy volume and branch
density for canopy plants. In the case of saplings, we only consider
height:EBD as structural trait since sapling height and EBD can
vary widely between individuals of the same species but different

This work was conducted in two protected areas of the southeastern

age, while their ratio is more stable. Leaf traits included LFW (leaf

Iberian peninsula, Sierra Sur de Jaén and Sierra de Segura, where we

fresh weight), LL (leaf length), LA (leaf area), LDMC (leaf dry matter

studied three communities: a pine forest of Sierra Sur de Jaén (PFJ,

content), SLA (specific leaf area) and LMA (leaf mass per unit area,

hereafter), a mixed pine–oak forest of Sierra de Jaén (MFJ, hereaf-

inverse of SLA), LWC (leaf water content), LN (leaf nitrogen), and

ter) and a mixed pine–oak forest of Sierra de Segura (MFS, here-

leaf habit (evergreen vs deciduous), for both adults and saplings.

after). In these communities, rainfall is concentrated during spring

In mutualism-related traits we included seed dispersal mechanism

and autumn, reaching mean annual values of 611.67 mm at MFS, and

(fleshy vs dry-fruited), and mycorrhizal association (arbuscular, AM,

535.39 mm at PFJ and MFJ. The coldest month is January, especially

vs ectomycorrhizal, ECM). Most traits were measured following the

at MFS, where the mean temperature approaches 6°C, whereas at

procedures of Cornelissen et al. (2003) and are described in detail in

PFJ and MFJ mean temperature exceeds 10°C. Summer season in

the Supporting Information (Appendix S2). Structural and leaf traits

these ecosystems is characterized by long periods of drought and

are available at TRY-DB (Kattge et al., 2020).

high temperatures. All the communities occur in calcareous areas
but the soil is more developed at MFS. Species richness is higher at
MFJ (Appendix S1).
In each community, we stablished three 50 m × 50 m plots
where we registered every sapling, and identified its canopy plant

2.3 | Data analyses
2.3.1 | Preliminary analyses

or whether it was recruiting in open interspaces (i.e. far from other
plants). See Alcántara et al. (2019) for full details of the sampling

Firstly, we tested whether traits of saplings and adults differed sig-

protocol. Additionally, we also recorded the cover (crown projection

nificantly among species, and whether traits differed between sap-

on the ground) of adults as a surrogate for potential seed production

lings recruited under adults or in open interspaces (open, hereafter).

of each species in each plot. Similarly, we estimated the cover of

Only traits that varied significantly between species were retained

each species between 0 m and 1.5 m from ground level (where re-

for further analyses (Appendix S3). Secondly, we explored by means

cruitment takes place) as a surrogate for the amount of space most

of Principal Components Analysis (PCA) the correlations between

strongly influenced by established individuals of each canopy spe-

plant structural traits and between leaf traits. From each PCA, we

cies. This sampling allows us to measure (a) pairwise recruitment ef-

retained the components with eigenvalues larger than 1. From each

ficiency as the frequency of saplings of each species growing under

of these components, we retained the variable with higher corre-

adults of different canopy species or in open interspaces. From these

lation (see Appendix S4 for the PCA results). This allows filtering
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out highly correlated traits, retaining a set of independent potential

those driving interspecific interactions (such as Janzen–Connell ef-

functional traits for further analyses.

fects; Janzen, 1970; Connell, 1971).
All the statistical analyses were conducted in the R environment
version 3.6.1 using the R markdown package version 1.15 (R Core

2.3.2 | Determining functional traits explaining the
sapling bank and the canopy service

Team, 2016). PCAs were developed by using the factoextra R package, version 1.0.7 (Kassambara and Mundt, 2017). The generalized
linear mixed models were fitted by means of the glmmTMB R pack-

To test trait effects on participation in the sapling bank (both

age version 1.0.1 (Brooks et al., 2017). Predictions of the models

under vegetation cover or in the open), and on canopy service,

were evaluated with the emmeans R package version 1.4.6 (Lenth

we fitted separately for each trait a generalized linear model with

et al., 2018). All graphics were done with ggplot2 R package version

negative binomial distribution function. We use the Community

3.3.0 (Wickham, 2011).

Assembly by Trait Selection (CATS) analytic approach as proposed
by Warton et al. (2015). The model included as dependent variable the frequency (i.e. number of saplings) of each species in the
sapling bank or the frequency of saplings integrating the canopy
service of each species. As explanatory variables, we included the

3 | R E S U LT S
3.1 | Preliminary analyses

trait, community and cover. In the analyses of the sapling bank,
cover was entered as the cover of adult canopies, as an estimate

All traits differed among species, both for adults and for saplings

of the potential abundance of seed sources. In the analyses of can-

(Appendix S3). None of the 11 sapling traits measured varied be-

opy service, cover was entered as the cover of each adult species

tween microhabitats (under vegetation vs open) in Sierra de Jaén

at ground level, as an estimate of the space available for canopy–

and only four varied in Sierra de Segura. In Sierra de Segura, sap-

recruit interactions. We also included the cover × site interaction

ling LMA differed significantly between microhabitats, while EBD,

to control for variation in cover effect across sites. Adding the

ratio height:EBD and LN also varied between microhabitats but this

trait × site interaction in this model did not improve the Akaike

variation depended on the species. In general, these results indicate

Information Criterion (AIC), so we present results of the model

that plasticity associated with recruitment in these two microhabi-

for each trait without this interaction. Note that canopy plants

tats is much lower than the magnitude of variation between spe-

refer to adults of each species, but they are not necessarily in the

cies. Following the results of PCAs of adult plant structural traits,

canopy layer (i.e. shrub species).

we retained for subsequent analyses: height, height:EBD and branch
density. In the case of leaf traits, we retained LA, LMA and LN; and
in the case of sapling traits, LA, LMA and LN (Appendix S4). We

2.3.3 | Determining functional traits explaining
pairwise recruitment efficiency

also included in the subsequent analyses seed mass and dichotomous traits: leaf habit, seed dispersal mechanism and mycorrhizal
association.

To test for trait effects on pairwise recruitment efficiency, we fitted a generalized linear mixed model using, as fixed effects, species
cover and the functional traits identified in the previous analyses:
branch density, seed dispersal mechanism, LMA and leaf habit for

3.2 | Determining functional traits in relation to
participation in the sapling bank and canopy service

canopy service, and ratio height:EBD and seed mass for sapling bank
under vegetation cover. As random effects we included the identity

Branch density, LMA, seed dispersal mechanism and leaf habit had

of canopy and recruit species to control for autocorrelation between

a significant effect on the frequency of saplings under adult plants

interactions involving the same canopy or recruit species. We also

of different species, and we therefore considered these as canopy

included all the trait interactions between sapling bank functional

service functional traits (Table 1). Branch density was negatively

traits and canopy service functional traits to explore trait comple-

correlated with canopy service, while LMA was positively correlated

mentarity between saplings and adults. Note however, that the in-

(Figure 1). Dry fruitiness and evergreen leaves improved the canopy

teraction between branch density of canopy plants and seed mass

service (Figure 1). Canopy service was scarcely affected by site ef-

of recruits was removed due to model convergence problems. The

fect, and was positively related with canopy species cover (Table 1).

model was fitted using a zero-inflated negative binomial distribution

Height:EBD and seed mass had significant effects on the num-

(the model fitted with Poisson; Poisson with zero inflation or nega-

ber of saplings of each species recruited under vegetation cover and

tive binomial had higher AIC). The zero inflation term included the

were therefore considered as sapling bank functional traits (Table 1).

cover of the canopy and recruit species. The model was fitted sepa-

Height:EBD was negatively related to species abundance in the

rately for each community (PFJ, MFJ and MFS). Only the interspecific

sapling bank, whereas seed mass was positively related (Figure 2).

interactions were included in the analyses because the ecological

Finally, only mycorrhizal association was functional in relation to the

mechanisms driving conspecific interactions are likely different from

sapling bank in the open (Table 1). The sapling bank of ECM species

PEREA et al.
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TA B L E 1 Results of models exploring whether traits are functional for canopy service and for participation in the sapling bank (under
adults and in open)
Model
Dependent variable

Trait tested

Canopy service

Height
Height:EBD

Trait

Site

Cover

Site × Cover

0.054

2.72

3.57

15.01*

2.30

0.818

1.06

4.03

17.69*

2.15

−0.002*

4.67*

3.76

15.14*

1.78

LA

−0.013
6.405*

1.98

4.18

17.82*

3.01

6.14*

0.13

19.53*

2.94

LN

−0.035

2.11

0.13

16.77*

2.53

Seed dispersal mechanism*

−0.561*

5.66*

4.14

15.48*

3.11

Leaf habit*

0.792*

9.71*

6.14*

21.22*

3.15

Mycorrhizal association

0.444

2.17

4.05

12.73*

2.38

−1.457*

6.96*

1.24

19.39*

11.75*

0.012

0.26

0.80

21.61*

14.17*

−15.820

1.69

0.70

24.12*

16.92*

0.009

0.02

0.85

18.36*

13.03*

Height:EBD*
LA
LMA
LN
Seed dispersal mechanism

0.217

0.52

0.62

21.69*

14.55*

−0.217

0.41

0.94

22.49*

14.38*

Mycorrhizal association

0.605

2.42

2.05

12.16*

9.64*

Seed mass*

9.1 × 10 −5*

7.16*

1.80

23.82*

13.79*

Leaf habit

Sapling bank in open

Wald χ2

Branch density*
LMA*

Sapling bank under
vegetation cover

Estimated trait
effect

Height:EBD
LA
LMA
LN
Seed dispersal mechanism
Leaf habit

−0.553

1.64

2.02

19.86*

17.49*

0.007

1.31

19.51*

20.85*

−10.580

1.01

1.92

21.11*

23.17*

0.008

0.02

1.06

18.53*

19.87*

−0.539

2.74

1.92

16.83*

17.47*

0.287

0.54

1.76

18.10*

18.97*

0.002

Mycorrhizal association*

1.137*

7.08*

3.85

9.44*

11.65*

Seed mass

2.01 × 10 −5

0.28

0.94

20.46*

21.11*

Note: Models were fitted separately for each trait. For each trait we provide its estimated effect according to the fitted model and its significance
evaluated by means of a Wald chi-square test. Significant effects (p < 0.05) are indicated by *. Since we dealt with categorical traits, the values shown
in the table correspond to “fleshy-fruited,” “evergreen leaves” and “ectomycorrhizal association (ECM)” for seed dispersal mechanisms, leaf habit and
mycorrhizal association, respectively. EBD, equivalent basal diameter; LA, leaf area; LMA, leaf mass per unit area; LN, leaf nitrogen.

in the open was more abundant (mean ± SE: 0.35 ± 0.004 saplings/

m2) than that of AM species (mean ± SE: 0.11 ± 0.003 saplings/m2).

mass had higher recruitment under fleshy-fruited canopy plant species, but seed mass had no effect under dry-fruited plants (Table 2).

Both under vegetation cover and in the open the sapling bank was
affected by the interaction between recruit species cover and site.

3.3 | Determining functional in relation to pairwise
recruitment efficiency

4 | D I S CU S S I O N
We have found that the assembly of the sapling bank is driven by
traits of the saplings and traits of the adult plants. Branch density,
LMA, seed dispersal mechanism and leaf habit of adult plants are

Our results showed that pairwise recruitment efficiency did not

related to their canopy service, acting as functional traits that mod-

depend on the complementarity between the traits of saplings and

ulate the abundance of saplings under the cover of different plant

adults in Sierra Sur de Jaén. In Sierra de Segura, the interaction of

species. On the other hand, the ratio height:EBD and seed mass

sapling seed mass with LMA and seed dispersal mechanism of can-

were related to variation between species in their participation in

opy plants was significant. Saplings of species with small seed mass

the sapling bank under the cover of vegetation. In the open, only

were significantly more abundant under species of canopy plants

mycorrhizal association can be considered as functional in relation

with low LMA (Table 2). On the other hand, species with larger seed

to sapling recruitment. These results suggest that the recruitment
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(a)(b)

F I G U R E 1 Predictions of the relationship between the canopy service and traits of the canopy plants. Only traits considered as
functional for the canopy service are represented. (a) Branch density and seed dispersal mechanisms. (b) Leaf mass per unit area (LMA) and
leaf habit. The y-axis represents the model-predicted estimates of recruitment density (saplings/m2 of canopy species) under each canopy
species assuming the mean cover of species in the mixed pine-oak forest community of Sierra de Jaén (112.52 m2)

(a)(b)

F I G U R E 2 Predictions of the relationship between abundance in the sapling bank under vegetation cover and traits of saplings that
showed significance under vegetation cover: height/equivalent basal diameter (EBD) (a) and seed mass (b). These traits were considered
as functional for the sapling bank and were included in subsequent analyses. The y-axis represents the model-predicted estimates of
recruitment efficiency (saplings/m2 of recruit species) assuming the mean cover of species in the mixed pine–oak forest community of Sierra
de Jaén community (344.30 m2)

environment in the open is less heterogeneous than under the cover
of different plant species, where this heterogeneity might be dealt

4.1 | Traits of adult plants functional in relation to
canopy service

with through the participation of a more diverse set of functional
traits. Finally, none of the canopy–recruit trait interactions analysed

Canopy service reflects the effect of each species on the forma-

was related to pairwise recruitment efficiency in two of the three

tion of the sapling bank of the whole community. Different species

communities studied, and only two out of seven interactions were

modify the microhabitat in their close proximity in ways that can be

significant in one of the communities. This inconsistency between

beneficial or detrimental for recruitment (van de Voorde et al., 2011;

communities regarding the influence of trait complementarity sug-

Aponte et al., 2013). Our results show that species with evergreen

gests that the pairwise specificity of canopy–recruit interactions is

leaves, that produce dry fruits, have low branch density or high LMA

not driven by trait complementarity between the interacting species.

provide a better canopy service.

LMA : height:EBD

1.503

−4

6.9 × 10 −5

4.3 × 10 −5

Seed dispersal mechanism
: seed mass*

0.001

Cover of seed
producers

0.003

0.189

−2.521

0.636

1.914

−0.444

1.383

−0.968

−0.176

0.794

1.581

0.610

0.730

−2.668

−1.633

−0.601

0.850

0.012*

0.525

0.056

0.657

0.167

0.333

0.860

0.427

0.114

0.542

0.466

0.008*

0.103

0.548

0.975

0.893

p-value

−0.006

−0.007

2.8 × 10 −5

0.329

−2.4 × 10 −5

−0.269

−0.010

−4

−5

4.2 × 10

−10.370

0.005

0.001

−6.1 × 10

0.442

−0.834

0.967

0.003

9.565

Estimate

MFJ

−4

−4

0.003

0.006

7.0 × 10 −5

0.649

7.3 × 10 −5

0.681

0.007

4.8 × 10

7.088

0.001

3.2 × 10 −4

1.2 × 10

1.147

0.724

0.766

0.005

8.184

SE

−1.787

−1.191

0.396

0.506

−0.322

−0.395

−1.327

0.887

−1.463

3.861

2.961

−0.509

0.385

−1.152

1.262

0.651

1.169

Z-value

0.375

0.074

0.234

0.692

0.613

0.747

0.693

0.185

−4

−0.031

−0.039

2.3 × 10 −4

0.736

−1.1 × 10 −4

−1.034

−0.011

0.002

4.822

0.005

1.1 × 10−4*
0.143

0.001

−1.3 × 10

0.122

−0.539

1.188

−0.002

4.141

Estimate

0.003*

0.611

0.700

0.249

0.207

0.515

0.243

p-value

MFS

−4

0.042

0.067

1.0 × 10 −4

0.838

9.6 × 10 −5

0.885

0.008

0.001

8.235

0.001

3.2 × 10 −4

1.7 × 10

1.610

0.899

1.012

0.006

10.730

SE

−0.740

−0.572

2.156

0.877

−1.086

−1.169

−1.367

2.414

0.586

3.993

2.158

−0.799

0.076

−0.599

1.175

−0.300

0.386

Z-value

0.460

0.568

0.031*

0.380

0.277

0.243

0.172

0.016*

0.558

6.5 × 10 −5*

0.031*

0.424

0.940

0.549

0.240

0.764

0.700

p-value

Note: The model includes functional traits for sapling bank, functional traits for canopy service, and their two-way interactions as estimates of trait complementarity between saplings and canopy plants
(see Methods). The model was fitted using a zero-inflated negative binomial distribution. As zero-inflation terms we used the cover of the canopy and recruit species. The identities of the recruit and
canopy plants were used as random blocking effects. Significance is evaluated by means of Z-tests and is indicated by * (p < 0.05). Since we dealt with categorical traits, the values shown in the table
correspond to “fleshy-fruited” and “evergreen leaves” for seed dispersal mechanisms and leaf habit, respectively. EBD, equivalent basal diameter; LMA, leaf mass per unit area.

−0.182

Cover of canopy plants*

0.072

1.497

2.865

Seed dispersal mechanism
: height:EBD

Zero-inflation terms

1.849
8.3 × 10 −5

2.557

−3.6 × 10 −5

Leaf habit : height:EBD

0.014

0.001

15.610

0.001

1.6 × 10 −4

1.2 × 10

2.822

1.194

0.031

−0.134

13.710
0.011

Z-value

SE

Leaf habit : seed mass

−9.9 × 10

12.380

Cover of seed producers*

−0.014

0.001

Cover of canopy plants*

LMA : seed mass*

9.5 × 10 −5

Sapling seed mass

Branch density :
height:EBD

8.8 × 10

Sapling height:EBD*

−5

−7.528

Canopy seed dispersal
mechanism

−5

−0.903

−1.950

Canopy leaf habit

−1.840

3.4 × 10−5

Canopy LMA

Estimate

Traits (Canopy, Sapling
and Canopy × Sapling)

Canopy branch density

PFJ

Results of generalized linear mixed models testing whether functional traits explain the pairwise recruitment efficiency at each site

Model predictors
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High branch density may affect recruitment by acting as a physical barrier repelling the arrival of seeds. For instance, in plants with

PEREA et al.

saplings recruited underneath evergreen than under deciduous adult
plants (Aerts, 1990; Lal et al., 2001).

very high branch density, like Thymus spp., winged and plumed seeds

Although the summer drought is considered the most important

(e.g. Acer spp. or Pinus spp.) or large seeds dropped by birds (e.g.

climatic stress in Mediterranean vegetation, Mediterranean moun-

Crataegus spp. or Prunus spinosa) may collide with the branches and

tains also experience periods of freezing temperatures and snowfall

fall around the canopy but not beneath it (Pounden et al., 2008). On

which impact plant recruitment (Ramírez et al., 2006). Better canopy

the other hand, species with low branch density, like Acer monspes-

service by evergreen than by deciduous plants cannot be related to

sulanum or Pistacia terebinthus, do not easily repel wind-dispersed

amelioration of summer drought stress because both evergreen and

seeds and may provide perches favouring the foraging activity of

deciduous species provide shelter in summer. However, the ever-

frugivorous birds, enhancing the deposition of seeds under their

green leaf habit may also enhance canopy service by providing shel-

canopy (McClanahan and Wolfe, 1987; Zapata et al., 2014). On

ter to seedlings and saplings against cold-related climatic incidences

the other hand, branch density may also affect the canopy service

such as frosts or snowfalls.

through modulating the light availability. High branch density may
project a strong shadow that prevents the recruitment of species
with higher light requirements (Wright, 2002; Rüger et al., 2009).
A significant, but moderate contribution to the canopy service

4.2 | Traits of saplings functional in relation to the
participation in the sapling bank

was associated with the seed dispersal mechanisms of the canopy
plants. Although it could be expected that the foraging activity of

The participation of species in the sapling bank reflects the gen-

birds should increase the canopy service under fleshy-fruited plants,

eral suitability of the habitat for recruitment. As a key demographic

we obtained the opposite result. Plants bearing fleshy fruits pro-

stage, a high sapling abundance is expected to indicate a high proba-

vided slightly worse canopy service than those producing dry fruits.

bility of persistence of a species in the community. Our results show

This was unexpected because fleshy-fruited plants are known to

that height:EBD ratio, seed mass and mycorrhizal association play

induce the nucleation of seeds from other bird-dispersed species

a role in explaining the participation of species in the sapling bank.

(Verdú and García-Fayos, 1996; García et al., 2000). However, it is

Slow growth is a conservative strategy for the use of resources,

possible that post-dispersal processes (e.g. seed predation, seed-

which provides a greater chance to persist in early life stages

ling mortality) are stronger under fleshy-fruited species, maybe as a

(Welden et al., 1991; Lucas et al., 2013). This strategy is related to

consequence of the attraction of rodents and ungulates looking for

species’ shade tolerance (Bazzaz, 1979), so slow-growing species

fallen fleshy fruits that accumulate on the ground under the trees,

may dominate the sapling bank under vegetation, increasing their

or due to the propagation of generalist fungal pathogens associated

chances to exploit newly created vacant spaces (Zobel and Antos,

with a high density of rotting fruits on the ground.

1991; Sakai, 1995). It is well known that shade tolerance plays an

Regarding leaf traits of the adult plants, we observed an en-

important role in the recruitment niche of species and it is related

hanced canopy service under species with high LMA and evergreen

to several traits of the saplings, such as ratio height:EBD or SLA

leaves. Indeed, some authors have found higher LMA in evergreen

(Bazzaz, 1979; Pacala et al., 1994; Silvertown, 2004; Rüger et al.,

than in deciduous plants (Poorter et al., 2009). High LMA impacts

2009). Our results support this relationship. Under vegetation cover,

negatively on litter decomposition rates (Xiong and Nilsson, 1999;

where less light is available, species with a low height:EBD ratio (i.e.

Garnier et al., 2004), and this may have indirect effects on soil prop-

slow growth; Pacala et al., 1994) achieved higher recruitment. In this

erties that affect recruitment. For example, species with a high LMA,

way, slow-growing species such as Quercus ilex or Pinus nigra showed

like Pinus halepensis or Quercus ilex, have low decomposition rates,

a more abundant sapling bank than fast-growing species such as

providing the soil with a thicker layer of litter (Kazakou et al., 2009)

Ulex parviflorus or Genista cinerea. Moreover, this relationship did not

and high soil moisture that may enhance the persistence of saplings

occur in the open, where light is not limiting.

in the dry season of the Mediterranean climate. However, oppositely

Saplings of species with larger seeds tended to be more abun-

to our results, studies focusing on the dynamics of herbaceous com-

dant under vegetation cover. Larger seed mass provides multiple

munities have found that the litter accumulation associated with

advantages to the seeds and seedlings, like enhanced germination

high LMA depressed both recruitment and species richness under

and escape from seed predators, higher tolerance to herbivores

canopy cover (Carson and Peterson, 1990; Xiong et al., 2003), so it

and faster access to below- and above-ground resources (Westoby

seems likely that the relationship between LMA and the canopy ser-

et al., 1996). However, this effect was absent in the open. Thus,

vice may depend on the life form of saplings. In turn, deciduous leaf

the benefit of seed mass does not seem to be related to tolerance

habit may impose strong seasonality on the soil nutrient use, since

of the harsher ground conditions that occur in the open (e.g. lower

deciduous plants need to grow new leaves to replace the shedded

soil water residence time, extreme summer and winter tempera-

ones, demanding a high amount of nutrients during the early grow-

tures, photoinhibition), but rather, to the diverse biotic interac-

ing season that would not be available for the saplings. Oppositely,

tions that plants have to address while recruiting under vegetation

evergreen woody plants might not impose this strong seasonality,

cover. On the other hand, the structure of the sapling bank in the

leaving nutrients more available during the growing season for

open was exclusively explained by the mycorrhizal association. This

PEREA et al.
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may reflect the importance of the symbiosis under more stressful

This suggests that the assembly of canopy–recruit interactions

conditions like those occurring in the open in Mediterranean sys-

is primarily driven by the canopy species’ effect on recruitment,

tems (Morte et al., 2000; Zhang et al., 2010; Armada et al., 2015).

rather than by how different species respond to the recruitment

Saplings associated with ECM fungi were more abundant than

environment. Similar results have been found in the context of

those associated with AM fungi. Both symbioses improve nutrient

competition between annual plants (Goldberg and Landa, 1991;

and water acquisition, especially under water shortage, something

Liancourt et al., 2009). Our results also agree with studies of plant–

typical in Mediterranean systems (Caravaca et al., 2004; Lehto and

soil feedbacks, showing that different species modify the soil en-

Zwiazek, 2011; Birhane et al., 2012). Despite both associations im-

vironment differently affecting recruitment and the assembly of

proving plant performance, ECM fungi have much better dispersal

communities (Mangan et al., 2010; Kadowaki et al., 2018; Crawford

abilities than AM fungi (Egan et al., 2014; Horton, 2017), so places

et al., 2019). However, our results also suggest that in natural con-

far from established plants (i.e. open interspaces) are more likely

ditions, canopy species may filter recruitment not only through

to contain ECM than AM propagules. Some ECM fungi can even

plant–soil feedbacks, but also by conditioning the accumulation

form a persistent propagule bank in the soil, favouring the estab-

of seeds under their canopy, since traits related to seed intercep-

lishment of early-successional plant species (Ashkannejhad and

tion and seed dispersal mechanisms were also associated with the

Horton, 2006).

canopy service.
The diversity of functional traits related to the canopy service

4.3 | No evidence of functional trait complementary
between adults and saplings in relation to the
pairwise recruitment efficiency

opens the possibility for recruitment niche partitioning between recruit species. Each canopy trait may represent a different recruitment
niche axis, so combinations of the four functional traits for canopy service can provide a multitude of potential recruitment niches to support
the coexistence of diverse forest species.

The efficiency of canopy–recruit interactions in our study’s communities is pairwise specific (Alcántara et al., 2018), as has been
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or plant–seed dispersers, the complementarity between the traits

DATA AVA I L A B I L I T Y S TAT E M E N T

of both organisms plays a key role in the stability of the systems,

Trait-based data that support the findings of the study are available

showing a straight link to the success of the process (Herrera,

upon request in the TRY Plant Trait Database at (Kattge et al., 2020).

1984; Pichler et al., 2020). Unlike these interactions, it seems that

All data on interaction frequencies by canopy–recruit pair are avail-

the structure of plant recruitment networks is not mediated by the

able at the Dryad Digital Repository at https://doi.org/10.5061/

complementarity of traits between the interacting species at local

dryad.bh8n5j8 (see Alcántara et al., 2018).

scales. Kunstler et al. (2016) found similar results, determining a
weak effect of trait dissimilarity on the strength of competition.

ORCID

We found only two significant trait interactions out of the seven

Antonio J. Perea

https://orcid.org/0000-0001-8351-9358

tested, and these only in one of the three studied communities.
This lack of consistency suggests that these two trait interactions

REFERENCES

might be either spurious or the result of idiosyncratic species com-

Adler, P.B., Fajardo, A., Kleinhesselink, A.R. and Kraft, N.J. (2013) Trait-based
tests of coexistence mechanisms. Ecology Letters, 16(10), 1294–1306.
Aerts, R. (1990) Nutrient use efficiency in evergreen and deciduous species from heathlands. Oecologia, 84(3), 391–397.
Alcántara, J.M., Garrido, J.L., Montesinos-Navarro, A., Rey, P.J., Valiente-
Banuet, A. and Verdú, M. (2019) Unifying facilitation and recruitment
networks. Journal of Vegetation Science, 30(6), 1239–1249. https://
doi.org/10.1111/nph.15774
Alcántara, J.M., Pulgar, M. and Rey, P.J. (2017) Dissecting the role of
transitivity and intransitivity on coexistence in competing species
networks. Theoretical Ecology, 10(2), 207–215.
Alcántara, J.M., Pulgar, M., Trøjelsgaard, K., Garrido, J.L. and Rey, P.J.
(2018) Stochastic and deterministic effects on interactions between
canopy and recruiting species in forest communities. Functional
Ecology, 32(9), 2264–2274.
Alcántara, J.M. and Rey, P.J. (2012) Linking topological structure and
dynamics in ecological networks. The American Naturalist, 180(2),
186–199.

position in particular communities. It is possible that the outcome
of each pairwise canopy–recruit interaction depends on particular
details of the life history of the species, like the particularities of
the mutualistic and antagonistic species shared by the interacting
plants.

5 | CO N C LU S I O N S
Functional traits in the sapling bank seem to be related to resource
acquisition (height:EBD, seed mass and type of mycorrhizal association), as could be expected at early stages of plant life. Taken
together, there was a larger number of functional traits involved
in the canopy service than in the participation in the sapling bank.

10 of 12

| Journal of Vegetation Science

Alcántara, J.M., Rey, P.J. and Manzaneda, A.J. (2015) A model of plant
community dynamics based on replacement networks. Journal of
Vegetation Science, 26(3), 524–537.
Aponte, C., García, L.V. and Marañón, T. (2013) Tree species effects on
nutrient cycling and soil biota: a feedback mechanism favouring species coexistence. Forest Ecology and Management, 309, 36–46.
Armada, E., Azcón, R., López-C astillo, O.M., Calvo-Polanco, M. and Ruiz-
Lozano, J.M. (2015) Autochthonous arbuscular mycorrhizal fungi
and Bacillus thuringiensis from a degraded Mediterranean area can
be used to improve physiological traits and performance of a plant
of agronomic interest under drought conditions. Plant Physiology and
Biochemistry, 90, 64–74.
Ashkannejhad, S. and Horton, T.R. (2006) Ectomycorrhizal ecology
under primary succession on coastal sand dunes: interactions involving Pinus contorta, suilloid fungi and deer. New Phytologist, 169(2),
345–354.
Bagchi, R., Gallery, R.E., Gripenberg, S., Gurr, S.J., Narayan, L., Addis, C.E.
et al (2014) Pathogens and insect herbivores drive rainforest plant
diversity and composition. Nature, 506(7486), 85–88.
Bazzaz, F.A. (1979) The physiological ecology of plant succession. Annual
Review of Ecology and Systematics, 10(1), 351–371.
Birhane, E., Sterck, F.J., Fetene, M., Bongers, F. and Kuyper, T.W. (2012)
Arbuscular mycorrhizal fungi enhance photosynthesis, water use efficiency, and growth of frankincense seedlings under pulsed water
availability conditions. Oecologia, 169(4), 895–904.
Brooks, M.E., Kristensen, K., van Benthem, K.J., Magnusson, A., Berg,
C.W., Nielsen, A. et al (2017) glmmTMB balances speed and flexibility
among packages for zero- inflated generalized linear mixed modeling.
The R Journal, 9(2), 378–4 00.
Cadotte, M.W., Arnillas, C.A., Livingstone, S.W. and Yasui, S.L.E. (2015)
Predicting communities from functional traits. Trends in Ecology &
Evolution, 30(9), 510–511.
Callaway, R.M. (2007) Positive Interactions and Interdependence in Plant
Communities. Springer.
Callaway, R.M. and Walker, L.R. (1997) Competition and facilitation: a
synthetic approach to interactions in plant communities. Ecology,
78(7), 1958–1965.
Caravaca, F., Figueroa, D., Barea, J.M., Azcon-A guilar, C. and Roldan,
A. (2004) Effect of mycorrhizal inoculation on nutrient acquisition,
gas exchange, and nitrate reductase activity of two Mediterranean-
autochthonous shrub species under drought stress. Journal of Plant
Nutrition, 27(1), 57–74.
Carson, W.P. and Peterson, C.J. (1990) The role of litter in an old-field
community: impact of litter quantity in different seasons on plant
species richness and abundance. Oecologia, 85(1), 8–13.
Castillo-L andero, J.P. and Valiente-Banuet, A. (2010) Species-specificity
of nurse plants for the establishment, survivorship and growth of a
columnar cactus. American Journal of Botany, 97, 1289–1295. https://
doi.org/10.3732/ajb.1000088
Cohen, J.E., Pimm, S.L., Yodzis, P. and Saldaña, J. (1993) Body sizes of
animal predators and animal prey in food webs. Journal of Animal
Ecology, 62, 67–78.
Connell, J.H. (1971) On the role of natural enemies in preventing competitive exclusion in some marine animals and in rain forest trees.
Dynamics of Populations, 298, 312.
Coomes, D.A. and Grubb, P.J. (2000) Impacts of root competition in forests and woodlands: a theoretical framework and review of experiments. Ecological Monographs, 70(2), 171–207.
Cornelissen, J.H.C., Lavorel, S., Garnier, E., Diaz, S., Buchmann, N.,
Gurvich, D.E. et al (2003) A handbook of protocols for standardised
and easy measurement of plant functional traits worldwide.
Australian Journal of Botany, 51(4), 335–380.
Crawford, K.M., Bauer, J.T., Comita, L.S., Eppinga, M.B., Johnson, D.J.,
Mangan, S.A. et al (2019) When and where plant-soil feedback may

PEREA et al.

promote plant coexistence: a meta-analysis. Ecology Letters, 22(8),
1274–1284.
Dehling, D.M., Töpfer, T., Schaefer, H.M., Jordano, P., Böhning-Gaese, K.
and Schleuning, M. (2014) Functional relationships beyond species
richness patterns: trait matching in plant–bird mutualisms across
scales. Global Ecology and Biogeography, 23(10), 1085–1093.
Egan, C., Li, D.W. and Klironomos, J. (2014) Detection of arbuscular mycorrhizal fungal spores in the air across different biomes and ecoregions. Fungal Ecology, 12, 26–31.
Funk, J.L., Larson, J.E., Ames, G.M., Butterfield, B.J., Cavender-Bares, J.,
Firn, J. et al (2017) Revisiting the Holy Grail: using plant functional
traits to understand ecological processes. Biological Reviews, 92(2),
1156–1173.
García, D., Zamora, R., Hódar, J.A., Gómez, J.M. and Castro, J. (2000)
Yew (Taxus baccata L.) regeneration is facilitated by fleshy-fruited
shrubs in Mediterranean environments. Biological Conservation,
95(1), 31–38.
Garnier, E., Cortez, J., Billès, G., Navas, M.L., Roumet, C., Debussche, M.
et al (2004) Plant functional markers capture ecosystem properties
during secondary succession. Ecology, 85(9), 2630–2637.
Goldberg, D.E. (1990) Components of resource competition in plant
communities. In: Grace, J.B. and Tilman, D. (Eds.) Perspectives on Plant
Competition. Academic, pp. 27–49.
Goldberg, D.E. and Landa, K. (1991) Competitive effect and response:
hierarchies and correlated traits in the early stages of competition.
Journal of Ecology, 79, 1013–1030.
Grubb, P.J. (1977) The maintenance of species-richness in plant communities: the importance of the regeneration niche. Biological Reviews,
52(1), 107–145.
Herrera, C.M. (1984) A study of avian frugivores, bird-dispersed plants,
and their interaction in Mediterranean scrublands. Ecological
Monographs, 54(1), 1–23.
Horton, T.R. (2017) Spore Dispersal in Ectomycorrhizal Fungi at Fine and
Regional Scales. Biogeography of Mycorrhizal Symbiosis. Springer
International Publishing, pp. 61–78.
Janse-Ten Klooster, S.H., Thomas, E.J. and Sterck, F.J. (2007) Explaining
interspecific differences in sapling growth and shade tolerance in
temperate forests. Journal of Ecology, 95(6), 1250–1260.
Janzen, D.H. (1970) Herbivores and the number of tree species in tropical
forests. The American Naturalist, 104(940), 501–528.
Kadowaki, K., Yamamoto, S., Sato, H., Tanabe, A.S., Hidaka, A. and Toju,
H. (2018) Mycorrhizal fungi mediate the direction and strength of
plant–soil feedbacks differently between arbuscular mycorrhizal and
ectomycorrhizal communities. Communications Biology, 1, 196.
Kassambara, A. and Mundt, F. (2017) Package ‘factoextra’. Extract and visualize the results of multivariate data analyses. 76.
Kattge, J., Bönisch, G., Díaz, S., Lavorel, S., Prentice, I.C., Leadley, P.
et al (2020) TRY plant trait database–enhanced coverage and
open access. Global Change Biology, 26(1), 119–188. https://doi.
org/10.1111/gcb.14904
Kazakou, E., Violle, C., Roumet, C., Pintor, C., Gimenez, O. and Garnier,
E. (2009) Litter quality and decomposability of species from a
Mediterranean succession depend on leaf traits but not on nitrogen
supply. Annals of Botany, 104(6), 1151–1161.
Kraft, N.J. and Ackerly, D.D. (2014) Assembly of plant communities.
Ecology and the Environment, 8, 67–88.
Kraft, N.J., Adler, P.B., Godoy, O., James, E.C., Fuller, S. and Levine, J.M.
(2015) Community assembly, coexistence and the environmental filtering metaphor. Functional Ecology, 29(5), 592–599.
Kunstler, G., Falster, D., Coomes, D.A., Hui, F., Kooyman, R.M., Laughlin,
D.C. et al (2016) Plant functional traits have globally consistent effects on competition. Nature, 529(7585), 204–207.
Lal, C.B., Annapurna, C., Raghubanshi, A.S. and Singh, J.S. (2001) Effect
of leaf habit and soil type on nutrient resorption and conservation

PEREA et al.

in woody species of a dry tropical environment. Canadian Journal of
Botany, 79(9), 1066–1075.
Lan, G., Getzin, S., Wiegand, T., Hu, Y., Xie, G., Zhu, H. et al (2012) Spatial
distribution and interspecific associations of tree species in a tropical seasonal rain forest of China. PLoS One, 7, e46074. https://doi.
org/10.1371/journal.pone.0046074
Larson, J.E. and Funk, J.L. (2016) Regeneration: an overlooked aspect
of trait-based plant community assembly models. Journal of Ecology,
104(5), 1284–1298.
Lehto, T. and Zwiazek, J.J. (2011) Ectomycorrhizas and water relations of
trees: a review. Mycorrhiza, 21(2), 71–90.
Leishman, M.R. and Westoby, M. (1994) The role of seed size in seedling establishment in dry soil conditions: experimental evidence from
semi-arid species. Journal of Ecology, 82, 249–258.
Lenth, R. and Lenth, M.R. (2018) Package ‘lsmeans’. The American
Statistician, 34(4), 216–221.
Liancourt, P., Tielbörger, K., Bangerter, S. and Prasse, R. (2009)
Components of ‘competitive ability’ in the LHS model: Implication
on coexistence for twelve co-occurring Mediterranean grasses. Basic
and Applied Ecology, 10(8), 707–714.
Lucas, C.M., Bruna, E.M. and Nascimento, C.M. (2013) Seedling co-
tolerance of multiple stressors in a disturbed tropical floodplain forest. Ecosphere, 4(1), 1–20.
Luzuriaga, A.L., Sánchez, A.M., Maestre, F.T. and Escudero, A. (2012)
Assemblage of a semi-arid annual plant community: abiotic and biotic
filters act hierarchically. PLoS One, 7(7), e41270.
Maglianesi, M.A., Blüthgen, N., Böhning-Gaese, K. and Schleuning, M.
(2014) Morphological traits determine specialization and resource
use in plant–hummingbird networks in the neotropics. Ecology,
95(12), 3325–3334.
Mangan, S.A., Schnitzer, S.A., Herre, E.A., Mack, K.M., Valencia, M.C.,
Sanchez, E.I. et al (2010) Negative plant–soil feedback predicts tree-
species relative abundance in a tropical forest. Nature, 466(7307),
752–755.
McClanahan, T.R. and Wolfe, R.W. (1987) Dispersal of ornithochorous
seeds from forest edges in central Florida. Vegetatio, 71(2), 107–112.
Montesinos-Navarro, A., Segarra-Moragues, J.G., Valiente-Banuet, A.
and Verdú, M. (2016) Fungal phylogenetic diversity drives plant facilitation. Oecologia, 181(2), 533–541.
Morte, A., Lovisolo, C. and Schubert, A. (2000) Effect of drought
stress on growth and water relations of the mycorrhizal association Helianthemum almeriense-Terfezia claveryi. Mycorrhiza, 10(3),
115–119.
Pacala, S.W., Canham, C.D., Silander, J.A. Jr and Kobe, R.K. (1994) Sapling
growth as a function of resources in a north temperate forest.
Canadian Journal of Forest Research, 24(11), 2172–2183.
Petrie, M.D., Bradford, J.B., Hubbard, R.M., Lauenroth, W.K., Andrews,
C.M. and Schlaepfer, D.R. (2017) Climate change may restrict
dryland forest regeneration in the 21st century. Ecology, 98(6),
1548–1559.
Pichler, M., Boreux, V., Klein, A.M., Schleuning, M. and Hartig, F. (2020)
Machine learning algorithms to infer trait-matching and predict
species interactions in ecological networks. Methods in Ecology and
Evolution, 11(2), 281–293.
Poorter, H., Niinemets, Ü., Poorter, L., Wright, I.J. and Villar, R. (2009)
Causes and consequences of variation in leaf mass per area (LMA): a
meta-analysis. New Phytologist, 182(3), 565–588.
Poorter, L., Wright, S.J., Paz, H., Ackerly, D.D., Condit, R., Ibarra-
Manríquez, G. et al (2008) Are functional traits good predictors of
demographic rates? Evidence from five neotropical forests. Ecology,
89(7), 1908–1920.
Pounden, E., Greene, D.F., Quesada, M. and Contreras Sánchez, J.M.
(2008) The effect of collisions with vegetation elements on the
dispersal of winged and plumed seeds. Journal of Ecology, 96(4),
591–598.

Journal of Vegetation Science

|

11 of 12

R Core Team (2016) R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing. www.r-proje
ct.org
Ramírez, J.M., Rey, P.J., Alcántara, J.M. and Sánchez-L afuente, A.M.
(2006) Altitude and woody cover control recruitment of Helleborus
foetidus in a Mediterranean mountain area. Ecography, 29(3),
375–384.
Rüger, N., Huth, A., Hubbell, S.P. and Condit, R. (2009) Response of recruitment to light availability across a tropical lowland rain forest
community. Journal of Ecology, 97(6), 1360–1368.
Sakai, S. (1995) Evolutionarily stable growth of a sapling which waits for
future gap formation under closed canopy. Evolutionary Ecology, 9(4),
444–452.
Silvertown, J. (2004) Plant coexistence and the niche. Trends in Ecology &
Evolution, 19(11), 605–611.
Umaña, M.N., Zhang, C., Cao, M., Lin, L. and Swenson, N.G. (2017) A
core-transient framework for trait-based community ecology: an example from a tropical tree seedling community. Ecology Letters, 20(5),
619–628.
Valiente-Banuet, A., Rumebe, A.V., Verdú, M. and Callaway, R.M. (2006)
Modern Quaternary plant lineages promote diversity through facilitation of ancient Tertiary lineages. Proceedings of the National
Academy of Sciences, 103(45), 16812–16817.
Verdú, M. and García-Fayos, P. (1996) Nucleation processes in a
Mediterranean bird-dispersed plant. Functional Ecology, 10,
275–280.
Verdú, M. and Valiente-Banuet, A. (2008) The nested assembly of plant
facilitation networks prevents species extinctions. The American
Naturalist, 172(6), 751–760.
van de Voorde, T.F., van der Putten, W.H. and Martijn Bezemer, T. (2011)
Intra-and interspecific plant–soil interactions, soil legacies and priority effects during old-field succession. Journal of Ecology, 99,
945–953.
Warton, D.I., Shipley, B. and Hastie, T. (2015) CATS regression–a model-
based approach to studying trait-based community assembly.
Methods in Ecology and Evolution, 6(4), 389–398.
Weiss, K.C. and Ray, C.A. (2019) Unifying functional trait approaches to
understand the assemblage of ecological communities: synthesizing
taxonomic divides. Ecography, 42(12), 2012–2020.
Welden, C.W., Hewett, S.W., Hubbell, S.P. and Foster, R.B. (1991) Sapling
survival, growth, and recruitment: relationship to canopy height in a
neotropical forest. Ecology, 72(1), 35–50.
Westoby, M., Leishman, M. and Lord, J. (1996) Comparative ecology of seed size and dispersal. Philosophical Transactions of the
Royal Society of London. Series B: Biological Sciences, 351(1345),
1309–1318.
Wickham, H. (2011) ggplot2. Wiley Interdisciplinary Reviews:
Computational Statistics, 3(2), 180–185.
Wright, J.S. (2002) Plant diversity in tropical forests: a review of mechanisms of species coexistence. Oecologia, 130(1), 1–14.
Xiong, S., Johansson, M.E., Hughes, F.M., Hayes, A., Richards, K.S. and
Nilsson, C. (2003) Interactive effects of soil moisture, vegetation
canopy, plant litter and seed addition on plant diversity in a wetland
community. Journal of Ecology, 91(6), 976–986.
Xiong, S. and Nilsson, C. (1999) The effects of plant litter on vegetation:
a meta-analysis. Journal of Ecology, 87(6), 984–994.
Zapata, V.M., Robledano, F., Ramos, V. and Martínez-López, V. (2014)
Bird-mediated seed dispersal of fleshy fruits of mediterranean
shrubs in semiarid forest patches: the role of Pinus halepensis Miller
trees as seed receptors. Plant Ecology, 215(11), 1337–1350.
Zenni, R.D. and Nuñez, M.A. (2013) The elephant in the room: the role
of failed invasions in understanding invasion biology. Oikos, 122(6),
801–815.
Zhang, Y., Zhong, C.L., Chen, Y., Chen, Z., Jiang, Q.B., Wu, C. et al (2010)
Improving drought tolerance of Casuarina equisetifolia seedlings by

12 of 12

| Journal of Vegetation Science

arbuscular mycorrhizas under glasshouse conditions. New Forests,
40(3), 261–271.
Zhao, N., Yu, G., Wang, Q., Wang, R., Zhang, J., Liu, C. et al (2020)
Conservative allocation strategy of multiple nutrients among major
plant organs: From species to community. Journal of Ecology, 108(1),
267–278.
Zobel, D.B. and Antos, J.A. (1991) Growth and development of natural
seedlings of Abies and Tsuga in old-growth forest. The Journal of
Ecology, 79, 985–998.

PEREA et al.

Appendix S1. List of species.
Appendix S3. Trait measures.
Appendix S2. Traits differing between species.
Appendix S4. Principal Components Analysis of leaf traits of saplings.

How to cite this article: Perea AJ, Garrido JL, Alcántara JM.
Plant functional traits involved in the assembly of canopy–
recruit interactions. J Veg Sci. 2021;32:e12991. https://doi.

S U P P O R T I N G I N FO R M AT I O N
Additional supporting information may be found online in the
Supporting Information section.

org/10.1111/jvs.12991

