
Journal of Ecology. 2024;00:1–12.	﻿�   | 1wileyonlinelibrary.com/journal/jec

Received: 27 February 2024 | Accepted: 18 March 2024

DOI: 10.1111/1365-2745.14311  

R E S E A R C H  A R T I C L E

T h e  I n f l u e n c e  o f  B e n e f i c i a l  F u n g i  o n  P l a n t - E n e m y  I n t e r a c t i o n s  a n d  P l a n t  C o m m u n i t y  S t r u c t u r e

Mutualistic and antagonistic phyllosphere fungi contribute to 
plant recruitment in natural communities

Mariona Pajares-Murgó1,2  |   José L. Garrido3,4  |   Antonio J. Perea1,2  |    
Álvaro López-García1,2,3  |   Jesús M. Bastida3  |   Julio M. Alcántara1,2

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in 
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2024 The Authors. Journal of Ecology published by John Wiley & Sons Ltd on behalf of British Ecological Society.

1Dept. Biología Animal, Biología Vegetal y 
Ecología, Universidad de Jaén, Jaén, Spain
2Inst. Interuniversitario de Investigación 
del Sistema Tierra en Andalucía (IISTA), 
Granada, Spain
3Dept. Microbiología del Suelo y la Planta, 
Estación Experimental del Zaidín (EEZ), 
CSIC, Granada, Spain
4Dept. Ecología Evolutiva, Estación 
Biológica de Doñana (EBD), CSIC, Sevilla, 
Spain

Correspondence
Julio M. Alcántara
Email: jmalcan@ujaen.es

Funding information
European Regional Development Fund; 
Ministerio de Ciencia, Innovación y 
Universidades, Grant/Award Number: 
MCIU/PRE2019-089069; Ministerio de 
Economía y Competitividad, Grant/Award 
Number: PGC2018-100966-B-I00

Handling Editor: Sunshine Van Bael

Abstract
1.	 Phyllosphere fungal communities participate in multiple ecological functions (lit-

ter decomposition, disease-causing, plant defence). However, there is a lack of 
knowledge on whether and how these functions contribute to plant community 
dynamics under natural conditions.

2.	 One of the aspects of plant dynamics in which these fungi can most clearly af-
fect is recruitment, since the success of newly germinated plants can be seriously 
compromised by pathogenic activity or the absence of mutualistic interactions.

3.	 To determine the relationship between phyllosphere fungal communities and 
plant recruitment, we combined published information on the frequency of plant–
plant recruitment interactions and phyllosphere fungal communities in 38 woody 
species from two mixed forests in southern Spain.

4.	 Our results indicate that phyllosphere pathogens and saprotrophs have a nega-
tive effect on canopy–recruit interactions, while epiphytic fungi have a positive 
effect.

5.	 Additionally, the presence of canopy species hosting high richness of epiphytes or 
counting with a high diversity of saprotrophic fungi favours the formation of an 
abundant sapling bank.

6.	 Synthesis. Our results suggest that phyllosphere fungi play a relevant role in the 
assembly of the sapling bank in forest communities, thus, potentially influencing 
plant community dynamics. Beyond the well-known negative effect of patho-
genic fungi on recruitment, our results show the mutualistic effect of fungal epi-
phytes and a dual role of saprotrophs as antagonistic, decreasing recruitment of 
certain species, or mutualistic, enhancing recruitment in the sapling bank.
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1  |  INTRODUC TION

The identification of the mechanisms that structure terrestrial 
plant communities is a central question in ecology (Sutherland 
et al., 2013). For considerable time, natural enemies (i.e. pathogens, 
herbivores and parasites) have been postulated to play critical roles 
in determining the dynamics of plant communities (Bever,  1994; 
Packer & Clay, 2000). Their importance resides in their capacity to 
cause negative density-dependent mortality, whereby host-specific 
enemies severely limit plant recruitment close to conspecifics, thus 
indirectly favouring the recruitment of heterospecific seedlings and 
promoting species diversity (Janzen-Connell effect) (Connell, 1971; 
Janzen, 1970). However, many plant antagonists are to some extent 
generalists rather than specialists, so density-dependent recruit-
ment cannot be fully understood only through the simple dichotomy 
between conspecifics and heterospecifics, since not all heterospe-
cifics have the same effect on recruitment. For example, recruitment 
is enhanced in the proximity of distantly related species (Alcántara 
et  al.,  2018; Liu et  al.,  2012; Verdú & Valiente-Banuet, 2011). 
Multiple types of plant antagonists can contribute to variability in 
species-specific effects on recruitment. Among them, fungal patho-
gens have been found as the drivers of negative density-dependent 
mortality in plant populations, from tropical (Bagchi et al., 2010; Bell 
et al., 2006; Mangan et al., 2010) to temperate forests (Bayandala & 
Seiwa, 2016; Jia et al., 2020). Many pathogenic fungi have the abil-
ity to infect multiple co-occurring plant species (Chen et al., 2019; 
Gilbert & Webb,  2007; Hersh et  al.,  2012; Rizzo et  al.,  2005), so 
their influence on plant community dynamics should not be simply 
understood in reference to the density of conspecific plants, since 
the density of alternative hosts must be taken into account (Perea 
et al., 2021).

Although there is a recognition of the role pathogenic fungi 
play in the maintenance of forest diversity, the process of re-
cruitment is affected by the complexity of interactions with other 
non-pathogenic fungi associated with the plants. First, mutualis-
tic fungi (i.e. mycorrhizae, fungal endophytes) are widely reported 
as contributors to plant immunity or resource uptake (Arnold 
& Lutzoni,  2007; Bacon & White,  2016; Delavaux et  al.,  2023; 
Raghavendra & Newcombe,  2013; Rodriguez et  al.,  2009); how-
ever, their role on natural communities is starting to be addressed 
(Martín et al., 2015), and often with contrasting results. For exam-
ple, some studies show that root-associated arbuscular mycorrhi-
zal fungi can defend against pathogens and promote conspecific 
survival (Jiang et  al.,  2020; Liang et  al.,  2015) and recruitment 
(Garrido et  al.,  2023). Conversely, it has also been shown that 
they can induce negative plant–soil feedback (Bever, 2003) or de-
crease conspecific recruitment (Bennett et al., 2017). A less stud-
ied group of potential mutualistic fungi are those inhabiting the 
surface of leaves, loosely referred to as epiphytes (Vorholt, 2012). 
Even though some studies on leaf epiphytic bacteria show they 
benefit the plant by improving cuticle resistance or permeability 
(Ritpitakphong et  al.,  2016; Schreiber et  al.,  2005), fixing nitro-
gen (Fürnkranz et  al.,  2008; Hietz et  al.,  2002) or outcompeting 

plant pathogens (Edwards & Blakeman,  1984), the actual effect 
of most epiphytic fungi remains to be determined (Kembel & 
Mueller,  2014; Lindow & Brandl,  2003). Besides antagonistic 
and mutualistic associations, many fungi live as saprotrophic and 
are most often assumed to play a commensalistic role by break-
ing down dead tissues (Tanunchai et  al.,  2023; Voříšková & 
Baldrian,  2013). While their activity can be linked to pathogens 
damage (Chen et al., 2020), fungal decomposers can have an in-
direct beneficial effect on plants by enhancing decomposition of 
organic matter in the soil (Song et  al.,  2017). In addition to this 
complexity, some studies report fungi can shift their role depend-
ing on the host, environmental factors or changes in the plant met-
abolic conditions (Alvarez-Loayza et al., 2011; Barrett et al., 2009; 
Redman et  al.,  2001). Identifying the relative contributions of 
these different functional groups of fungi on structuring natural 
plant communities in the wild still remains a challenge.

The development of high-throughput sequencing techniques has 
revolutionized our understanding of microbial ecology, allowing to 
explore the effects of plant-associated fungi on plant ecology and 
evolution (Laforest-Lapointe et al., 2017). While research has been 
intensively focused on below-ground plant–fungi associations (Bever 
et al., 2015; Mangan et al., 2010; Van Der Heijden, 2004), the role 
of above-ground, phyllosphere fungal communities on plant popula-
tion dynamics is less known (Chen et al., 2020; Whitaker et al., 2017; 
Zhu et al., 2022). Leaves are inhabited by functionally diverse fungal 
communities (Pajares-Murgó et  al.,  2023) that contribute to plant 
productivity and fitness by conditioning metabolic functions such 
as leaf senescence (Stone et  al.,  2018), stomatal regulation (Zhu 
et al., 2023) or stress tolerance (Arnold & Lutzoni, 2007; Hubbard 
et  al.,  2014; Rodriguez et  al.,  2009), or conversely, can cause det-
rimental impacts on plant health (Newton et  al.,  2010; Whipps 
et al., 2008; Zhu et al., 2022). In spite of the increasing knowledge 
on the factors driving the assembly and diversity of phyllosphere 
fungal communities, evidence on their impact in ecosystem func-
tions at community level is still limited. Specifically, the effect of the 
different leaf-inhabiting fungi on plant–plant interactions during re-
cruitment has never been evaluated.

Here, we address this knowledge gap by exploring whether 
the communities of phyllosphere pathogenic, saprotrophic 
and epiphytic fungi of Mediterranean woody species influence 
plant–plant interactions during recruitment in natural commu-
nities. In the context of plant–plant interactions, the framework 
based on canopy–recruit interactions (sensu Alcántara, Garrido, 
Montesinos-Navarro, et  al.,  2019) is providing new insights 
(Alcántara et  al.,  2018; Garrido et  al.,  2023; Perea et  al.,  2021). 
Recruitment interactions are defined as those occurring between 
established (canopy) plants and those plants (recruits) recruiting in 
their vicinity. The outcome of canopy–recruit interactions is typ-
ically measured in terms of the frequency, density or probability 
of recruitment of a given species in the proximity of individuals 
of a canopy species. This outcome is the combined result of di-
rect interactions between the plants (e.g. competition for light and 
nutrients) and indirect interactions mediated by other organisms 
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    |  3PAJARES-­MURGÓ et al.

that are more or less specialized in different plant species (e.g. my-
corrhizal fungi, seed dispersers, seed predators, herbivores and 
pathogens). From the perspective of community ecology, two spe-
cies interact, directly or indirectly, if the presence of one of them 
affects the population dynamics of the other (Abrams,  1987). 
Therefore, any effect of the canopy plant on the recruiting plants 
can be considered as an interaction since recruitment is a key de-
mographic process.

In this study we address the following questions: (i) Does the sim-
ilarity in leaf fungal guilds (pathogens, epiphytes and saprotrophs) 
between plants affect the outcome of canopy–recruit interactions? 
Based on current knowledge, we hypothesize that pathogenic fungi 
should have a negative effect on plant recruitment, epiphytic fungi 
should have a positive effect on recruitment and saprotrophic fungi 
would not have an effect on canopy–recruit interactions as their 
contribution to the outcome of plant recruitment should not be plant 
species specific. (ii) Do the richness and the diversity of phyllosphere 
fungi associated with a plant species condition its abundance in the 
sapling bank or its influence on the recruitment of other plants? 
We hypothesize that plant species associated with a higher rich-
ness or diversity of leaf pathogens should be scarce in the sapling 
bank, since they are exposed to many potential agents of mortality. 
Those plant species associated with higher richness or diversity of 
epiphytes should present a more abundant sapling bank if there is 
a mutualistic effect on the recruits. However, we would not expect 
an effect of the richness or diversity of saprotrophs on overall re-
cruitment since these fungi are not expected to be species-specific. 
Finally, we hypothesize that plant species associated with a higher 
richness or diversity of leaf pathogens should have a negative impact 
of recruitment in their vicinity, since they can potentially increase 
seedling mortality of many species. On the contrary, we expect that 
plant species with associated with higher richness or diversity of leaf 
epiphytes and leaf saprotrophs should favour the recruitment of 
many others because they might provide defence against pathogens 
and/or increase sapling access to nutrients.

2  |  MATERIAL S AND METHODS

2.1  |  Study area

The study was conducted in two mixed pine-oak Mediterranean 
forest communities of southern Iberian Peninsula: Sierra de Segura 
(38°16′48″ N, 2°34′48″ E; Segura, hereafter) and Sierra Sur de Jaén 
(37°22′48″ N, 3°26′23.9994″ E; Jaén, hereafter). Jaén has mean 
annual temperatures of 14.1° while Segura has mean annual tem-
peratures of 11.6°. The annual rainfall is concentrated in spring 
and autumn, reaching mean annual values of 535.4 mm in Jaén and 
611.76 mm in Segura.

Segura is characterized by the mixed forests of Pinus nigra subsp. 
salzmannii, Quercus faginea and Quercus pyrenaica. Jaén is dominated 
by mixed forests of Pinus halepensis, Quercus ilex and Q. faginea. The 
canopy is enriched with small trees and tall shrubs (with species of 

the genera Acer, Crataegus, Juniperus, Sorbus, Prunus, Phillyrea and 
Pistacia) and the understorey is composed of small shrubs (with spe-
cies of the genera Cistus, Genista, Phlomis, Rosmarinus and Thymus).

2.2  |  Data collection

2.2.1  |  Sequencing data

To study the phyllosphere fungal guilds across plant species and 
sites, we used the dataset from Pajares-Murgó et al. (2023). Briefly, 
this dataset analysed phyllosphere fungal DNA from 276 leaf sam-
ples from 138 individuals belonging to 27 woody plant species in 
Jaén and 19 in Segura. DNA was sequenced with Illumina NovaSeq 
using specific fungal primers of ITS3 and ITS4 (ITS2 region, Tedersoo 
et  al., 2014). The taxonomic assignment of amplicon sequencing 
variants into operational taxonomic units (OTUs) was determined 
against the UNITE database (Abarenkov et al., 2010) at 97% similar-
ity cut-off (Tedersoo et al., 2012). The database contained a total of 
1462 OTUs and 7173784 reads. The functional guild of each OTU 
was determined by matching OTUs' assigned genera and the genus-
guild database FungalTraits (Põlme et al., 2020). It is worth noting 
that this database was additionally filtered for detecting legitimate 
interactions. Fungi classified as endophytes were discarded due to 
their low OTU abundance. The final dataset includes 381 OTUs of 
saprotrophs, 41 OTUs of epiphytes and 186 OTUs of plant patho-
gens (see Supporting Information S3 for further details).

The studied plant species averaged 20.58 ± 13.8 OTUs of patho-
genic fungi, with a range between 65 OTUs in Juniperus oxycedrus 
and 1 OTU in Daphne laureola. The mean richness was 37.35 ± 29.05 
OTUs of saprotrophic fungi, with a range between 1 OTU in D. lau-
reola and 138 OTUs in J. oxycedrus. The mean richness was 7.7 ± 4.12 
OTUs of epiphytic fungi, with a range between 1 OTU in Daphne 
gnidium, Acer monspessulanum, Pistacia therebintus and Prunus spi-
nosa and 19 OTUs in Juniperus phoenicea (Figure  S1.1). Note that 
the PERMANOVA analyses previously computed in Pajares-Murgó 
et  al.  (2023) showed that phyllosphere fungal communities varied 
mostly between plant species for all functional guilds (saprotrophs: 
33.44%; epiphytes: 42.64%; pathogens 33.73% of explained vari-
ance), while the study site accounted for a small proportion of the 
variation (<3% for all guilds; further details provided in Pajares-
Murgó et al., 2023).

From this dataset, we extracted the richness of each fungal 
guild for each plant species, and calculated the proportion of OTUs 
of each guild associated with each plant species and sites (fungal 
richness, hereafter) and the number of effective partners for each 
plant species and sites (fungal diversity, hereafter) by means of bi-
partite R package (Dormann et al., 2008). To obtain the dissimilarity 
of fungal communities between plant species, we first normalized 
each sample by its total reads and averaged the OTU proportions 
across plants of each species in each site. The dissimilarity matrices 
were computed for each guild and site using the Bray–Curtis index, 
by means of Betapart R package (Baselga & Orme, 2012).
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2.2.2  |  Recruitment data

The data on the frequency of canopy–recruit interactions of the 
same studied plant species and sites was obtained from Alcántara 
et  al.  (2018). The protocol for obtaining this data followed the 
standard published in Alcántara, Garrido, Montesinos-Navarro, 
et al.  (2019). Briefly, the frequency of recruitment was sampled in 
five zones in Jaén (located between 0.78 and 3.69 km from each 
other) and four in Segura (1.10–3.58 km from each other). Each 
site consisted in a 50 × 50 m plot where the abundance of woody 
species and the frequency of canopy–recruit interactions was reg-
istered. Species abundance was assessed by quantifying the total 
cover of the canopy (the canopy projection in m2) for each species 
in the plot. The frequency of canopy–recruit pairwise interactions 
was estimated by counting the number of saplings (recruits) of each 
species growing underneath each canopy species (including conspe-
cific individuals). Recruits are defined as plants without symptoms 
of being reproductive (fruits and flowers), more than 1 cm of basal 

diameter, and a lower size than 25% of the typical adult of the spe-
cies. Interactions were considered when a recruited species is lo-
cated closer than 0.5 m from the canopy plant.

Here, we use the frequency of recruitment of species i un-
derneath canopies of species j (Fij) and the probability of recruit-
ment (Pij) as the presence or absence of recruitment of species i 
underneath canopies of species j. With this information, we as-
sembled the recruitment matrix of each study site. First, we used 
the recruitment binary matrix (Pij) to extract the recruitment niche 
width of each plant species (number of species under which each 
species recruits) as the sum of entries across the rows of the bi-
nary matrix, and the species canopy service (the number of spe-
cies that recruit under a canopy species) as the sum across the 
columns. Second, we used the recruitment frequency matrix (Fij) 
to extract the structure of the sapling bank as the sum of entries 
across the rows of the frequency matrix, and the contribution of 
the canopy species to the sapling bank as the sum across the col-
umns (Figure 1).

F I G U R E  1  Data analysis framework. (a) The binary matrix represents the existence of a recruitment interaction between individuals 
of the canopy species (columns of the matrix) and the recruit species (rows of the matrix). It allows to define the recruitment niche of a 
species (sum across rows) and the canopy service provided by a canopy species (sum across columns). (b) The frequency matrix contains 
the frequency (Fij) of recruits under canopy species. It provides information of the structure of the sapling bank (sum across rows) and the 
canopy contribution to the sapling bank (sum across columns). Finally, the plant–fungi matrix represents the interactions between plant 
species and fungal OTUs pertaining to each fungal guild. We explored the role of phyllosphere fungi on recruitment at two levels. The 
pairwise-level analysis explored how the dissimilarity of each fungal guild between pairs of plant species influence their probability and 
frequency of recruitment. The species-level analysis explored whether the richness and the diversity of each fungal guild by plant species 
affect different aspects of recruitment (recruitment width, canopy service, structure of the sapling bank and canopy contribution to the 
sapling bank).
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2.3  |  Data analyses

2.3.1  |  Effect of phyllosphere fungi on recruitment 
at pairwise level

We explored how the dissimilarity of phyllosphere fungal communi-
ties influence pairwise canopy–recruit interactions. We fitted two 
generalized linear mixed models (GLMMs), one for the frequency of 
recruitment (Fij) and another for the probability of recruitment (Pij) 
for each pair in each site. As predictors, we included the dissimilar-
ity between canopy and recruit species for each fungal guild, the 
logarithms of the cover of canopy and recruit species (to control for 
different abundance of each species), the site and the square root 
of the phylogenetic distance between species pairs (phylogenetic 
distances were obtained from Alcántara et al.  (2018)). As random 
effects, we included the random intercepts for the separate ef-
fects of canopy and the recruit species of each pair (to control for 
the non-independence of pairs with some species in common). The 
Fij model was fitted using a zero-inflated negative binomial distri-
bution that included the cover of the canopy and recruit species 
as zero-inflation terms (see Figure S1.2 for the data distribution). 
These zero-inflation terms account for the probability that rare spe-
cies do not recruit under each other just by chance, what would 
explain the excess of observed zeroes in the dataset. The same 
model was fitted to Pij using a binomial distribution (see Supporting 
Information S4 for further details). Note that we include the phylo-
genetic distance between plant species in the models since it has 
been found to affect both the canopy–recruit interactions in the 
study sites (Alcántara et al., 2018) and assembly of fungal communi-
ties in the studied plant species (Pajares-Murgó et al., 2023).

2.3.2  |  Effect of phyllosphere fungi on recruitment 
at species level

We explored how the fungal species richness or the fungal diver-
sity of each plant species influenced the different aspects of the re-
cruitment: canopy service, recruitment niche width, structure of the 
sapling bank and canopy contribution to the sapling bank. For each 
aspect, we fitted two GLMMs, one exploring the effect of the rich-
ness of each fungal guild and the other testing the effect of the di-
versity of each guild. The models testing the recruitment niche width 
and the structure of the sapling bank included also the logarithm of 
the cover of the recruit species as a covariate, while those testing 
the canopy service and the canopy contribution to the sapling bank 
included the logarithm of the cover of the canopy species. All models 
included site as a fixed effect (see Supporting Information  S4 for 
further details). The models testing the structure of the sapling bank 
and the canopy contribution to the sapling bank were fitted using a 
negative binomial distribution, while those testing the recruitment 
niche width and canopy service was fitted using zero-inflated nega-
tive binomial distribution (as suggested by the function check distri-
bution in the performance R package, Lüdecke et al., 2021).

All statistical analyses were performed in the R-environment 326 
(R Development Core Team, 2020) by means of RStudio IDE (RStudio 
Team, 2020). GLMMs were fitted using glmmTMB R package (Brooks 
et al., 2017) and residual distributions were checked with DHARMa R 
package (Hartig & Lohse, 2022). Graphical representation was per-
formed by ggplot2 R package (Wickham, 2016).

3  |  RESULTS

The mean proportion of OTUs of pathogens across plant species was 
0.16 ± 0.11, with a range between 0.0086 in D. laureola and 0.55 in J. 
oxycedrus. In the case of saprotrophs, this proportion was 0.14 ± 0.11 
with a range between 0.0048 in D. laureola and 0.58 in Juniperus 
communis, and for epiphytes it was 0.20 ± 0.15 of epiphytes, with a 
range of 0.031 in D. gnidium, A. monspessulanum, P. therebintus and P. 
spinosa and 0.59 in J. phoenicea (Table S1.1).

The mean number of effective partners of pathogens across plant 
species was 9.03 ± 4.32 OTUs, with a range between 1 in D. laureola 
and 22.27 in J. oxycedrus. In the case of saprotrophs, this mean was 
12.26 ± 6.28 OTUs, with a range between 1 in D. laureola and 31.98 
in J. communis, and in the case of epiphytes it was 3.07 ± 2.37, with 
a range of 1 in D. gnidium, A. monspessulanum, P. terebinthus and P. 
spinosa and 11.63 in J. phoenicea (Table S1.2).

The largest Bray–Curtis dissimilarity between pathogenic fun-
gal communities was found between the pairs: A. monspessula-
num–Pistacia lentiscus, D. gnidium–P. lentiscus, Phillyrea latifolia–P. 
lentiscus, Phillyrea angustifolia–P. latifolia, P. angustifolia–D. gnidium 
and P. angustifolia–Acer monspessulanum. The largest difference be-
tween saprotrophic fungal communities was found between P. len-
tiscus and Rosa sp. The largest difference between epiphytic fungal 
communities was found between Amelanchier ovalis and J. phoenicea. 
The average recruitment niche width was 9.11 ± 5.87 canopy spe-
cies (range 0–23), canopy service was 9.40 ± 7.08 recruited species 
(range 0–26), the average density of the sapling bank of a recruit 
species was 0.03 ± 0.03 saplings/m2 (range 0–0.14) and the mean 
density of saplings under canopy species was 1.40 ± 8.84 saplings/
m2 (range 0–58.04) (Table S1.3).

3.1  |  Effect of phyllosphere fungi on recruitment at 
pairwise level

The GLMM analyses revealed that plants with similar pathogenic 
fungal communities had a lower frequency of recruitment (Fij) 
(Table 1a; Figure 2a; Figure S4.1). Also, we found that plants with 
similar pathogenic and saprotroph fungal communities had lower 
probability of recruitment (Pij); however, species sharing more similar 
epiphytic fungal communities had a higher probability to be recruited 
one under the other (Table 1b, Figure 2b; Figure S4.2). Additionally, 
canopy and recruit cover had a consistent positive effect on plant 
recruitment in both analyses; moreover, both had a clear negative 
contribution in the zero-inflation term (Table  1a) indicating that 
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interactions are less likely to occur between rare (low abundance) 
plants. Neither site nor phylogenetic distance showed consistent ef-
fects on Fij or Pij.

3.2  |  Effect of phyllosphere fungi on recruitment at 
species level

The GLMM analyses indicated that the canopy contribution to the 
sapling bank (sum across columns in the Fij matrix) of a given plant 
species was enhanced by the richness of epiphytic fungi and by the 
diversity of saprotroph fungi (Table 2b,d; Figure 3a,b). We did not 
find any relationships between fungal richness and diversity and the 
plant species canopy service (number of species that recruit under 
canopy species) or recruitment niche width (number of species 
under which each species recruits; Table S2).

4  |  DISCUSSION

Leaf fungal communities associated with plant species are funda-
mental to promote multiple ecosystem functions (Laforest-Lapointe 
& Whitaker,  2019; Peñuelas & Terradas,  2014). Research on their 
potential effects on the host performance is largely based on de-
tailed laboratory studies of metabolic activities or pathogenic ef-
fects on plant species with agronomic and forestry interests (Parker 
& Gilbert,  2004). However, thanks to the development of high-
throughput sequencing technologies that allow the identification of 
large numbers of microbial taxa that cannot be cultivated in the labo-
ratory, the study of their implications in the functioning of ecosys-
tems and plant communities under natural conditions has recently 
increased (Laforest-Lapointe et al., 2017). Here, we take advantage 
of these advances to provide evidence on the multiple roles that 
phyllosphere fungi play in the recruitment process of plant species 
in natural communities.

Our results suggest that phyllosphere pathogenic communities 
impose a pairwise-specific filter on recruitment: when two plant 
species hosted similar pathogen communities, it was less likely that 
they recruited under each other and, even when recruitment oc-
curred, the density of recruitment decreased. However, at species 
level, we did not find any effect of the richness and the diversity of 
leaf pathogens associated with a plant species on their abundance 
as saplings or on their contribution as canopy plants to the sapling 
bank. This suggests that phyllosphere fungal pathogens in our study 
system may play a role in regulating the dynamics of the plant com-
munity by modulating the structure of the sapling bank at the pair-
wise scale. The role of pathogens as drivers of plant species diversity 
and community dynamics is classically framed in terms of negative 
conspecific density-dependent mortality caused by the interac-
tion between plants and host-specialist pathogens in early stages 
of recruitment (Janzen-Connell mechanism; Comita et al., 2010; Jia 
et al., 2020; Song et al., 2017). However, the generality of this hypoth-
esis has been increasingly called into question (Barrett et al., 2009; 
Parker & Gilbert, 2018; Song et al., 2017). Along this line, the com-
munity of fungal pathogens in our study system shows low levels of 
specialization (Pajares-Murgó et al., 2023). In fact, it is well known 
that many fungal pathogens are able, or obligated, to infect multi-
ple hosts with differential impact depending on the plant identity 
(Gilbert & Webb, 2007; Hersh et al., 2012; Perea et al., 2020; Spear 
& Mordecai,  2018). For example, Spear and Broders  (2021) show 
that generalist pathogens are the main drivers of seedling death 
and disease, with differences in pathogenic susceptibility among 
woody species of tropical forests. Our results suggest that negative 
density-dependent mortality may not depend solely on the density 
of conspecific individuals but also on the density of individuals of 
plant species that host similar pathogen communities.

Although interactions between plants and pathogenic fungi 
have received most of the attention, they are not the only guild 
that can play a relevant role on plant community dynamics 
(Delavaux et al., 2023; Liang et al., 2015). Our study allows infer-
ring the differential effects of fungal guilds on plant recruitment. 

TA B L E  1  Generalized linear mixed model analyses performed 
to explore the effect of the phyllosphere fungal communities' 
compositional distance (measured as the Bray–Curtis distance), 
plant phylogenetic distance, site and cover of canopy and recruit 
on the probability (a) and the frequency (b) of plant species 
recruitment. Significant effects are bold typed.

Fixed effects Estimate SE Z-value p-Value

(a)

Pathogen dissimilarity 1.548 0.502 3.083 0.002

Saprotroph dissimilarity −0.087 0.583 −0.149 0.881

Epiphyte dissimilarity −0.505 0.356 −1.417 0.156

Recruit cover 0.394 0.067 5.851 <0.001

Canopy cover 1.014 0.077 13.103 <0.001

Site 0.121 0.218 0.557 0.578

Phylogenetic distance −0.009 0.011 −0.856 0.392

Zero-inflation terms

Recruit cover −0.054 0.384 −0.139 0.889

Canopy cover −1.019 0.383 −2.661 0.008

Variance SD

Random effects

Canopy species 0.688 0.829

Recruit species 0.233 0.483

(b)

Pathogen dissimilarity 1.953 0.955 2.046 0.041

Saprotroph dissimilarity 2.266 1.123 2.018 0.044

Epiphyte dissimilarity −2.289 0.698 −3.28 0.001

Recruit cover 0.551 0.084 6.602 <0.001

Canopy cover 1.257 0.113 11.143 <0.001

Site 0.187 0.354 0.528 0.598

Phylogenetic distance −0.025 0.021 −1.219 0.223

Variance SD

Random effects

Canopy species 0.679 0.824

Recruit species 0.195 0.441
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We found that plant species with similar saprotrophic fungal com-
munities have lower probability to recruit one under the other. 
Therefore, leaf saprotrophs add to the negative effect exerted by 
plant pathogens and contribute to filter the recruitment of spe-
cies with similar fungal communities. This result was against our 
predictions, since we did not expect saprotrophs to increase or 
decrease seedling establishment as they feed on dead tissues. It 
is possible that phyllosphere saprotrophs may benefit from the 
dead plant tissues caused by pathogen damage, possibly acting 
synergistically with them, contributing to increase the extension 
of leaf damage beyond that inflicted by the pathogen, hence in-
creasing seedling mortality. This hypothesis may be supported by 
Mantel tests that show plant species with similar fungal communi-
ties of saprotrophs also present similar communities of pathogens, 
suggesting a potential link between these guilds (Pajares-Murgó 
et al., 2023). Indeed, saprotrophic fungi can accelerate leaf senes-
cence (Bertelsen et al., 2001) or shift into a pathogenic secondary 
lifestyle (Newton et al., 2010; Petrini, 1991). Interestingly, while 
we found that leaf saprotrophs have a negative pairwise-specific 
effect on plant recruitment, our species-level analyses show that 

canopy plants with diverse saprotrophic fungal communities fa-
cilitate abundant sapling recruitment. This suggests that a high 
diversity of saprotrophic fungi could promote the decomposi-
tion of soil organic matter and benefit those saplings that are not 
affected by the pathogenic filtering. Upon leaf decay, the early 
stage of decomposition typically entails the exudation of signif-
icant quantities of easily decomposable and nutrient-rich com-
pounds (Voříšková & Baldrian,  2013). Some studies have found 
that leaf saprotrophic fungi participate in litter decomposition on 
the soil, making accessible more recalcitrant matter compounds 
in the initial stages of the process (Fanin et al., 2021; Promputtha 
et al., 2007; Voříšková & Baldrian, 2013). The production of litter 
and exudates richer in nutrients and labile carbon can enhance 
seedling performance and survival (Berg & McClaugherty, 2008; 
Deniau et al., 2018). Therefore, a higher diversity of saprotrophic 
fungi could improve decomposition rates (Cox et al., 2001; Setälä 
& McLean,  2004) due to niche differentiation or facilitation 
(Hättenschwiler et al., 2005), indirectly benefiting recruitment.

Finally, our findings suggest there is a beneficial effect of 
epiphytic fungi on recruitment, which counters the detrimental 

F I G U R E  2  Predictions of the 
generalized linear mixed model analysis 
performed to explore the effect of the 
dissimilarity of phyllosphere fungal 
communities of pathogens, saprotrophs 
and epiphytes measured as the Bray–
Curtis distance on (a) recruitment 
frequency and (b) recruitment probability 
between pairs of plant species.

(a)

(b)
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effect of plant pathogens, in which shared epiphytes contribute 
to enhance canopy–recruit interactions. Furthermore, we found 
that canopy plants hosting higher richness of epiphytic fungi 
contribute positively to the sapling bank, increasing recruitment 

density under their canopy. These results provide evidence on 
the mutualistic role of these fungi by promoting recruitment and 
thus affecting plant community dynamics. This adds to recent 
studies that show the capacity of some foliar fungi to regulate 
plant disease severity (Arnold et  al.,  2003) or enhance disease 
resistance (Ganley et  al.,  2008). However, the precise mecha-
nisms remain unclear and may result from direct protection from 
antagonists or indirect positive effects on different components 
of plant fitness (Vorholt,  2012). For example, some studies re-
port that endophytic fungi can be used as biocontrol agents in-
ducing host local or systemic resistance (Andrews, 1992; Bailey 
et al., 2006; Raghavendra & Newcombe, 2013) or outcompeting 
plant pathogens by impeding their colonization of the leaf (Arnold 
et al., 2003; Saikkonen et al., 2015). However, although epiphytic 
fungal communities have been found to be more abundant com-
pared to endophytic fungi (Gomes et al., 2018; Yao et al., 2019), 
and several studies prove the protective role of epiphytic bacte-
ria in leaf surfaces (Aragón et al., 2017; Innerebner et al., 2011; 
Ritpitakphong et  al.,  2016; Wei et  al.,  2016), few experimental 
studies have particularly addressed the potential mutualistic role 
of fungal epiphytes (Kembel & Mueller,  2014). Research on ep-
iphytic fungi is mostly based on seedlings of cultivated plants 
(Kembel & Mueller, 2014; Warren, 1972; Widmer & Dodge, 2013). 
For example, research on Aureobasidium pullulans, a dominant ep-
iphyte used in biocontrol for agricultural and commercial forestry 
(Bashir et al., 2022; Kharwar et al., 2010; Osono, 2008). Yet, the 
role of these fungi in wild plant species, where environmental 
conditions and density of host plants are much more variable, still 
remains unexplored.

5  |  CONCLUSION

Taken together, our results suggest that phyllosphere pathogens 
and saprotrophs impose a pairwise-specific filter on recruitment 
in natural plant communities, which can be counteracted, to some 
extent, by a pairwise-specific mutualistic effect of leaf epiphytic 
fungi. The present study did not allow to explore the interactions 
between different fungal guilds that may explain their counteract-
ing effects. Future experimental studies could allow to understand, 
for example, how often and in which species the beneficial effect 
of epiphytes is due to protection against pathogens or to nutrient 

TA B L E  2  Generalized linear mixed model analyses exploring the 
effect of fungal richness (operational taxonomic unit proportion) 
and the diversity (number of effective partners), the site and the 
cover of canopy and recruit on the structure of the sapling bank 
(a, c) and the canopy contribution to the sapling bank (b, d) of plant 
species on the frequency of canopy–recruit interactions. Significant 
effects are bold typed.

Fixed effects Estimate SE Z-value p-Value

(a) Structure of the sapling bank

Pathogen richness 6.097 4.198 1.452 0.146

Saprotroph richness −8.107 4.368 −1.856 0.063

Epiphyte richness −0.049 1.304 −0.037 0.970

Site −0.558 0.361 −1.544 0.123

Cover of recruit 
species

0.505 0.054 9.338 <0.001

(b) Canopy contribution to the sapling bank

Pathogen richness −0.019 2.956 −0.006 0.995

Saprotroph richness −1.096 2.916 −0.376 0.707

Epiphyte richness 2.078 0.986 2.107 0.035

Site 0.081 0.270 0.302 0.763

Cover of canopy 
species

1.075 0.075 14.304 <0.001

(c) Structure of the sapling bank

Pathogen diversity 0.003 0.043 0.077 0.939

Saprotroph diversity −0.035 0.031 −1.128 0.259

Epiphyte diversity −0.023 0.057 −0.411 0.681

Site −0.323 0.347 −0.932 0.351

Cover of recruit 
species

0.536 0.053 10.055 <0.001

(d) Canopy contribution to the sapling bank

Pathogen diversity −0.042 0.029 −1.454 0.146

Saprotroph diversity 0.065 0.021 3.127 0.002

Epiphyte diversity −0.017 0.044 −0.385 0.701

Site 0.609 0.247 2.464 0.014

Cover of canopy 
species

1.110 0.071 15.558 <0.001

F I G U R E  3  Predictions of the 
generalized linear mixed model analysis 
performed to explore the effects of (a) 
the richness (operational taxonomic unit 
proportion) of fungal epiphytes on the 
canopy contribution to the sapling bank, 
(b) the diversity (effective number of 
partners) of fungal saprotrophs to the 
canopy contribution to the sapling bank.
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deposition on leaf surfaces. Although the mechanisms involved in 
this counteracting effect remain to be disclosed, our study clearly 
suggests that phyllosphere fungi play a relevant role in the assem-
bly of canopy–recruit interactions in plant communities (Alcántara, 
Garrido, & Rey, 2019), with potential consequences for plant spe-
cies coexistence (Alcántara & Rey, 2012). Phyllosphere fungi also 
contribute to structure forest sapling banks. The presence of can-
opy species hosting high richness of epiphytes or high diversity of 
saprotrophs favours the formation of an abundant sapling bank. 
These results provide a new example on the relationship between 
diversity and a key ecological function such as plant recruitment. 
In order to determine whether these relationships are widespread, 
similar studies should be conducted in multiple biogeographic re-
gions and ecosystems.

AUTHOR CONTRIBUTIONS
Julio M. Alcántara and Jose L. Garrido designed the study. Julio M. 
Alcántara and Mariona Pajares-Murgó lead the writing and con-
ducted the statistical analyses. Álvaro López-García conducted the 
bioinformatic analyses. All authors collected field samples. All au-
thors contributed critically to the manuscript.

ACKNOWLEDG EMENTS
We thank the administration of the Parque Natural de las Sierras de 
Cazorla, Segura y las Villas and the Delegación Territorial of Jaén of 
the Consejería de Sostenibilidad, Medioambiente y Economía Azul 
of Junta de Andalucía for facilitating the fieldwork. Funds for open 
access publication were provided by Universidad de Jaén.

CONFLIC T OF INTERE S T S TATEMENT
The authors have no conflicts of interest.

PEER RE VIE W
The peer review history for this article is available at https://​www.​
webof​scien​ce.​com/​api/​gatew​ay/​wos/​peer-​review/​10.​1111/​1365-​
2745.​14311​.

DATA AVAIL ABILIT Y S TATEMENT
Data on the phyllosphere fungal communities are available from 
the Dryad Digital Repository: https://​doi.​org/​10.​5061/​dryad.​98sf7​
m0nh (Pajares-Murgó et al., 2022). Raw sequences are deposited in 
the NCBI Sequence Read Archive under BioProject PRJNA909185. 
Data on the frequency of canopy–recruit interactions are available 
from the Dryad Digital Repository: https://​doi.​org/​10.​5061/​dryad.​
bh8n5j8 (Alcántara et al., 2018).

ORCID
Mariona Pajares-Murgó   https://orcid.org/0000-0001-6432-7609 
José L. Garrido   https://orcid.org/0000-0002-6859-4234 
Antonio J. Perea   https://orcid.org/0000-0001-8351-9358 
Álvaro López-García   https://orcid.org/0000-0001-8267-3572 
Jesús M. Bastida   https://orcid.org/0000-0002-8680-1401 
Julio M. Alcántara   https://orcid.org/0000-0002-8003-7844 

R E FE R E N C E S
Abarenkov, K., Henrik Nilsson, R., Larsson, K.-H., Alexander, I. J., 

Eberhardt, U., Erland, S., Høiland, K., Kjøller, R., Larsson, E., 
Pennanen, T., Sen, R., Taylor, A. F. S., Tedersoo, L., Ursing, B. M., 
Vrålstad, T., Liimatainen, K., Peintner, U., & Kõljalg, U. (2010). The 
UNITE database for molecular identification of fungi—Recent up-
dates and future perspectives. The New Phytologist, 186, 281–285.

Abrams, P. A. (1987). On classifying interactions between populations. 
Oecologia, 73, 272–281.

Alcántara, J. M., Garrido, J. L., Montesinos-Navarro, A., Rey, P. J., 
Valiente-Banuet, A., & Verdú, M. (2019). Unifying facilitation 
and recruitment networks. Journal of Vegetation Science, 30, 
1239–1249.

Alcántara, J. M., Garrido, J. L., & Rey, P. J. (2019). Plant species abundance 
and phylogeny explain the structure of recruitment networks. The 
New Phytologist, 223, 366–376.

Alcántara, J. M., Pulgar, M., Trøjelsgaard, K., Garrido, J. L., & Rey, P. J. 
(2018). Stochastic and deterministic effects on interactions be-
tween canopy and recruiting species in forest communities. 
Functional Ecology, 32, 2264–2274.

Alcántara, J. M., & Rey, P. J. (2012). Linking topological structure and 
dynamics in ecological networks. The American Naturalist, 180, 
186–199.

Alvarez-Loayza, P., White, J. F., Jr., Torres, M. S., Balslev, H., Kristiansen, 
T., Svenning, J. C., & Gil, N. (2011). Light converts endosymbiotic 
fungus to pathogen, influencing seedling survival and niche-space 
filling of a common tropical tree, Iriartea deltoidea. PLoS One, 6(1), 
e16386.

Andrews, J. H. (1992). Biological control in the phyllosphere. Annual 
Review of Phytopathology, 30, 603–635.

Aragón, W., Reina-Pinto, J. J., & Serrano, M. (2017). The intimate talk 
between plants and microorganisms at the leaf surface. Journal of 
Experimental Botany, 68, 5339–5350.

Arnold, A. E., & Lutzoni, F. (2007). Diversity and host range of foliar fun-
gal endophytes: Are tropical leaves biodiversity hotspots? Ecology, 
88, 541–549.

Arnold, A. E., Mejía, L. C., Kyllo, D., Rojas, E. I., Maynard, Z., Robbins, N., 
& Herre, E. A. (2003). Fungal endophytes limit pathogen damage in 
a tropical tree. Proceedings of the National Academy of Sciences of the 
United States of America, 100, 15649–15654.

Bacon, C. W., & White, J. F. (2016). Functions, mechanisms and regula-
tion of endophytic and epiphytic microbial communities of plants. 
Symbiosis, 68, 87–98.

Bagchi, R., Swinfield, T., Gallery, R. E., Lewis, O. T., Gripenberg, S., 
Narayan, L., & Freckleton, R. P. (2010). Testing the Janzen-Connell 
mechanism: Pathogens cause overcompensating density depen-
dence in a tropical tree. Ecology Letters, 13, 1262–1269.

Bailey, B. A., Bae, H., Strem, M. D., Roberts, D. P., Thomas, S. E., Crozier, 
J., Samuels, G. J., Choi, I. Y., & Holmes, K. A. (2006). Fungal and 
plant gene expression during the colonization of cacao seedlings 
by endophytic isolates of four Trichoderma species. Planta, 224, 
1449–1464.

Barrett, L. G., Kniskern, J. M., Bodenhausen, N., Zhang, W., & Bergelson, 
J. (2009). Continua of specificity and virulence in plant host–patho-
gen interactions: Causes and consequences. The New Phytologist, 
183, 513–529.

Baselga, A., & Orme, C. D. L. (2012). Betapart: An R package for the study 
of beta diversity. Methods in Ecology and Evolution, 3, 808–812.

Bashir, I., War, A. F., Rafiq, I., Reshi, Z. A., Rashid, I., & Shouche, Y. S. 
(2022). Phyllosphere microbiome: Diversity and functions. 
Microbiological Research, 254, 126888.

Bayandala, Y. F., & Seiwa, K. (2016). Roles of pathogens on replacement 
of tree seedlings in heterogeneous light environments in a temper-
ate forest: A reciprocal seed sowing experiment. Journal of Ecology, 
104, 765–772.

 13652745, 0, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.14311 by U

niversitat B
ern, W

iley O
nline L

ibrary on [11/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.14311
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.14311
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.14311
https://doi.org/10.5061/dryad.98sf7m0nh
https://doi.org/10.5061/dryad.98sf7m0nh
https://doi.org/10.5061/dryad.bh8n5j8
https://doi.org/10.5061/dryad.bh8n5j8
https://orcid.org/0000-0001-6432-7609
https://orcid.org/0000-0001-6432-7609
https://orcid.org/0000-0002-6859-4234
https://orcid.org/0000-0002-6859-4234
https://orcid.org/0000-0001-8351-9358
https://orcid.org/0000-0001-8351-9358
https://orcid.org/0000-0001-8267-3572
https://orcid.org/0000-0001-8267-3572
https://orcid.org/0000-0002-8680-1401
https://orcid.org/0000-0002-8680-1401
https://orcid.org/0000-0002-8003-7844
https://orcid.org/0000-0002-8003-7844


10  |    PAJARES-­MURGÓ et al.

Bell, T., Freckleton, R. P., & Lewis, O. T. (2006). Plant pathogens drive 
density-dependent seedling mortality in a tropical tree. Ecology 
Letters, 9, 569–574.

Bennett, J. A., Maherali, H., Reinhart, K. O., Lekberg, Y., Hart, M. M., 
& Klironomos, J. (2017). Plant-soil feedbacks and mycorrhizal type 
influence temperate forest population dynamics. Science, 355, 
181–184.

Berg, B., & McClaugherty, C. (2008). Plant litter: decomposition, humus 
formation, carbon sequestration (2nd. ed.). Springer.

Bertelsen, J. R., De Neergaard, E., & Smedegaard-Petersen, V. (2001). 
Fungicidal effects of azoxystrobin and epoxiconazole on phyllo-
sphere fungi, senescence and yield of winter wheat. Plant Pathology, 
50, 190–205.

Bever, J. D. (1994). Feedback between plants and their soil communities 
in an old field community. Ecology, 75, 1965–1977.

Bever, J. D. (2003). Soil community feedback and the coexistence of 
competitors: Conceptual frameworks and empirical tests. The New 
Phytologist, 157, 465–473.

Bever, J. D., Mangan, S. A., & Alexander, H. M. (2015). Maintenance of 
plant species diversity by pathogens. Annual Review of Ecology, 
Evolution, and Systematics, 46, 305–325.

Brooks, M. E., Kristensen, K., van Benthem, K. J., Magnusson, A., Berg, 
C. W., Nielsen, A., Skaug, H. J., Mächler, M., & Bolker, B. M. (2017). 
glmmTMB balances speed and flexibility among packages for zero-
inflated generalized linear mixed modeling. The R Journal, 9(2), 378. 
https://​doi.​org/​10.​32614/​​rj-​2017-​066

Chen, L., Swenson, N. G., Ji, N., Mi, X., Ren, H., Guo, L., & Ma, K. (2019). 
Differential soil fungus accumulation and density dependence of 
trees in a subtropical forest. Science, 366, 124–128.

Chen, T., Nomura, K., Wang, X., Sohrabi, R., Xu, J., Yao, L., Paasch, B. C., 
Ma, L., Kremer, J., Cheng, Y., Zhang, L., Wang, N., Wang, E., Xin, X. 
F., & He, S. Y. (2020). A plant genetic network for preventing dysbi-
osis in the phyllosphere. Nature, 580, 653–657.

Comita, L. S., Muller-Landau, H. C., Aguilar, S., & Hubbell, S. P. (2010). 
Asymmetric density dependence shapes species abundances in a 
tropical tree community. Science, 329, 330–332.

Connell, J. H. (1971). On the role of natural enemies in preventing 
competitive exclusion in some marine animals and in rain for-
est trees. In P. J. Den Boer & G. R. Gradwell (Eds.), Dynamics of 
populations (pp. 298–312). Centre for Agricultural Publishing and 
Documentation.

Cox, P., Wilkinson, S. P., & Anderson, J. M. (2001). Effects of fungal inoc-
ula on the decomposition of lignin and structural polysaccharides 
in Pinus sylvestris litter. Biology and Fertility of Soils, 33, 246–251.

Delavaux, C. S., Angst, J. K., Espinosa, H., Brown, M., Petticord, D. F., 
Schroeder, J. W., Broders, K., Herre, E. A., Bever, J. D., & Crowther, 
C. W. (2023). Fungal community dissimilarity predicts plant–soil 
feedback strength in a lowland tropical forest. Ecology, 105, e4200.

Deniau, M., Jung, V., Le Lann, C., Kellner, H., Béchade, B., Morra, T., & 
Prinzing, A. (2018). Janzen–Connell patterns can be induced by 
fungal-driven decomposition and offset by ectomycorrhizal fungi 
accumulated under a closely related canopy. Functional Ecology, 32, 
785–798.

Dormann, C. F., Gruber, B., & Fründ, J. (2008). Introducing the bipartite 
package: Analysing ecological networks. R News, 8, 8–11.

Edwards, M. C., & Blakeman, J. P. (1984). An autoradiographic method for 
determining nutrient competition between leaf epiphytes and plant 
pathogens. Journal of Microscopy, 133, 205–212.

Fanin, N., Lin, D., Freschet, G. T., Keiser, A. D., Augusto, L., Wardle, D. 
A., & Veen, G. F. (2021). Home-field advantage of litter decompo-
sition: From the phyllosphere to the soil. The New Phytologist, 231, 
1353–1358.

Fürnkranz, M., Wanek, W., Richter, A., Abell, G., Rasche, F., & Sessitsch, 
A. (2008). Nitrogen fixation by phyllosphere bacteria associated 
with higher plants and their colonizing epiphytes of a tropical low-
land rainforest of Costa Rica. The ISME Journal, 2, 561–570.

Ganley, R. J., Sniezko, R. A., & Newcombe, G. (2008). Endophyte-
mediated resistance against white pine blister rust in Pinus monti-
cola. Forest Ecology and Management, 255(7), 2751–2760.

Garrido, J. L., Alcántara, J. M., López-García, Á., Ozuna, C. V., Perea, A. 
J., Prieto, J., Rincón, A., & Azcón-Aguilar, C. (2023). The structure 
and ecological function of the interactions between plants and ar-
buscular mycorrhizal fungi through multilayer networks. Functional 
Ecology, 37, 2217–2230.

Gilbert, G. S., & Webb, C. O. (2007). Phylogenetic signal in plant patho-
gen–host range. Proceedings of the National Academy of Sciences of 
the United States of America, 104, 4979–4983.

Gomes, T., Pereira, J. A., Benhadi, J., Lino-Neto, T., & Baptista, P. (2018). 
Endophytic and epiphytic phyllosphere fungal communities are 
shaped by different environmental factors in a Mediterranean eco-
system. Microbial Ecology, 76, 668–679.

Hartig, F. & Lohse, L. (2022). DHARMa: Residual diagnostics for hierarchical 
(multi-level/mixed) regression models. R package, Version 0.4.6.

Hättenschwiler, S., Tiunov, A. V., & Scheu, S. (2005). Biodiversity and 
litter decomposition in terrestrial ecosystems. Annual Review of 
Ecology, Evolution, and Systematics, 36, 191–218.

Hersh, M. H., Vilgalys, R., & Clark, J. S. (2012). Evaluating the impacts 
of multiple generalist fungal pathogens on temperate tree seedling 
survival. Ecology, 93, 511–520.

Hietz, P., Wanek, W., Wania, R., & Nadkarni, N. M. (2002). Nitrogen-15 
natural abundance in a montane cloud forest canopy as an indicator 
of nitrogen cycling and epiphyte nutrition. Oecologia, 131, 350–355.

Hubbard, M., Germida, J. J., & Vujanovic, V. (2014). Fungal endophytes 
enhance wheat heat and drought tolerance in terms of grain 
yield and second-generation seed viability. Journal of Applied 
Microbiology, 116, 109–122.

Innerebner, G., Knief, C., & Vorholt, J. A. (2011). Protection of 
Arabidopsis thaliana against leaf-pathogenic Pseudomonas syringae 
by Sphingomonas strains in a controlled model system. Applied and 
Environmental Microbiology, 77, 3202–3210.

Janzen, D. H. (1970). Herbivores and the number of tree species in trop-
ical forests. The American Naturalist, 104, 501–528.

Jia, S., Wang, X., Yuan, Z., Lin, F., Ye, J., Lin, G., Hao, Z., & Bagchi, R. (2020). 
Tree species traits affect which natural enemies drive the Janzen-
Connell effect in a temperate forest. Nature Communications, 11, 
286.

Jiang, F., Zhu, K., Cadotte, M. W., & Jin, G. (2020). Tree mycorrhizal type 
mediates the strength of negative density dependence in temper-
ate forests. Journal of Ecology, 108, 2601–2610.

Kembel, S. W., & Mueller, R. C. (2014). Plant traits and taxonomy drive 
host associations in tropical phyllosphere fungal communities. 
Botany, 92, 303–311.

Kharwar, R. N., Gond, S. K., Kumar, A., & Mishra, A. (2010). A compar-
ative study of endophytic and epiphytic fungal association with 
leaf of Eucalyptus citriodora Hook., and their antimicrobial activity. 
World Journal of Microbiology and Biotechnology, 26, 1941–1948.

Laforest-Lapointe, I., Paquette, A., Messier, C., & Kembel, S. W. (2017). 
Leaf bacterial diversity mediates plant diversity and ecosystem 
function relationships. Nature, 546, 145–147.

Laforest-Lapointe, I., & Whitaker, B. K. (2019). Decrypting the phyllo-
sphere microbiota: Progress and challenges. American Journal of 
Botany, 106(2), 171–173.

Liang, M., Liu, X., Etienne, R. S., Huang, F., Wang, Y., & Yu, S. (2015). 
Arbuscular mycorrhizal fungi counteract the Janzen-Connell effect 
of soil pathogens. Ecology, 96, 562–574.

Lindow, S. E., & Brandl, M. T. (2003). Microbiology of the phyllosphere. 
Applied and Environmental Microbiology, 69(4), 1875–1883.

Liu, X., Liang, M., Etienne, R. S., Wang, Y., Staehelin, C., & Yu, S. (2012). 
Experimental evidence for a phylogenetic Janzen–Connell effect in 
a subtropical forest. Ecology Letters, 15(2), 111–118.

Lüdecke, D., Ben-Shachar, M., Patil, I., Waggoner, P., & Makowski, D. 
(2021). Performance: An R package for assessment, comparison 

 13652745, 0, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.14311 by U

niversitat B
ern, W

iley O
nline L

ibrary on [11/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.32614/rj-2017-066


    |  11PAJARES-­MURGÓ et al.

and testing of statistical models. Journal of Open Source Software, 
6, 3139.

Mangan, S. A., Schnitzer, S. A., Herre, E. A., Mack, K. M. L., Valencia, M. 
C., Sanchez, E. I., & Bever, J. D. (2010). Negative plant–soil feed-
back predicts tree-species relative abundance in a tropical forest. 
Nature, 466, 752–755.

Martín, J. A., Macaya-Sanz, D., Witzell, J., Blumenstein, K., & Gil, L. 
(2015). Strong in vitro antagonism by elm xylem endophytes is not 
accompanied by temporally stable in planta protection against a 
vascular pathogen under field conditions. European Journal of Plant 
Pathology, 142, 185–196.

Newton, A. C., Fitt, B. D. L., Atkins, S. D., Walters, D. R., & Daniell, T. J. 
(2010). Pathogenesis, parasitism and mutualism in the trophic space 
of microbe–plant interactions. Trends in Microbiology, 18, 365–373.

Osono, T. (2008). Endophytic and epiphytic phyllosphere fungi of 
Camellia japonica: Seasonal and leaf age-dependent variations. 
Mycologia, 100(3), 387–391.

Packer, A., & Clay, K. (2000). Soil pathogens and spatial patterns of seed-
ling mortality in a temperate tree. Nature, 404, 278–281.

Pajares-Murgó, M., Garrido, J. L., Perea, A. J., López-García, Á., & 
Alcántara, J. M. (2023). Biotic filters driving the differentiation of 
decomposer, epiphytic and pathogenic phyllosphere fungi across 
plant species. Oikos, 2023, e09624.

Pajares-Murgó, M., Garrido, J. L., Perea, A. J., Lópz-García, A., & 
Alcántara, J. M. (2022). Data from the fungal phyllosphere of 
Mediterranean plant species [dataset]. Dryad. https://​doi.​org/​10.​
5061/​dryad.​98sf7​m0nh

Parker, I. M., & Gilbert, G. S. (2004). The evolutionary ecology of novel 
plant-pathogen interactions. Annual Review of Ecology, Evolution, 
and Systematics, 35, 675–700.

Parker, I. M., & Gilbert, G. S. (2018). Density-dependent disease, life-
history trade-offs, and the effect of leaf pathogens on a suite of 
co-occurring close relatives. Journal of Ecology, 106, 1829–1838.

Peñuelas, J., & Terradas, J. (2014). The foliar microbiome. Trends in Plant 
Science, 19, 278–280.

Perea, A. J., Garrido, J. L., & Alcántara, J. M. (2021). Plant functional traits 
involved in the assembly of canopy–recruit interactions. Journal of 
Vegetation Science, 32, e12991.

Perea, A. J., Garrido, J. L., Fedriani, J. M., Rey, P. J., & Alcántara, J. M. 
(2020). Pathogen life-cycle leaves footprint on the spatial dis-
tribution of recruitment of their host plants. Fungal Ecology, 47, 
100974.

Petrini, O. (1991). Fungal endophytes of tree leaves. In J. H. Andrews & S. 
S. Hirano (Eds.), Microbial ecology of leaves, Brock/Springer series in 
contemporary bioscience (pp. 179–197). Springer.

Põlme, S., Abarenkov, K., Henrik Nilsson, R., Lindahl, B. D., Clemmensen, 
K. E., Kauserud, H., Nguyen, N., Kjøller, R., Bates, S. T., Baldrian, 
P., Frøslev, T. G., Adojaan, K., Vizzini, A., Suija, A., Pfister, D., Baral, 
H. O., Järv, H., Madrid, H., Nordén, J., … Tedersoo, L. (2020). 
FungalTraits: A user-friendly traits database of fungi and fungus-
like stramenopiles. Fungal Diversity, 105, 1–16.

Promputtha, I., Lumyong, S., Dhanasekaran, V., McKenzie, E. H. C., Hyde, 
K. D., & Jeewon, R. (2007). A phylogenetic evaluation of whether 
endophytes become saprotrophs at host senescence. Microbial 
Ecology, 53, 579–590.

R Development Core Team. (2020). R: A language and environment for sta-
tistical computing. R Foundation for Statistical Computing. https://​
www.​R-​proje​ct.​org/​

Raghavendra, A. K. H., & Newcombe, G. (2013). The contribution of foliar 
endophytes to quantitative resistance to Melampsora rust. The New 
Phytologist, 197, 909–918.

Redman, R. S., Dunigan, D. D., & Rodriguez, R. J. (2001). Fungal symbiosis 
from mutualism to parasitism: Who controls the outcome, host or 
invader? The New Phytologist, 151, 705–716.

Ritpitakphong, U., Falquet, L., Vimoltust, A., Berger, A., Métraux, J., 
& L'Haridon, F. (2016). The microbiome of the leaf surface of 

Arabidopsis protects against a fungal pathogen. The New Phytologist, 
210, 1033–1043.

Rizzo, D. M., Garbelotto, M., & Hansen, E. M. (2005). Phytophthora 
ramorum: Integrative research and management of an emerg-
ing pathogen in California and Oregon forests. Annual Review of 
Phytopathology, 43, 309–335.

Rodriguez, R. J., White, J. F., Jr., Arnold, A. E., & Redman, R. S. (2009). 
Fungal endophytes: Diversity and functional roles. The New 
Phytologist, 182, 314–330.

RStudio Team. (2020). RStudio: Integrated development for R. RStudio. 
http://​www.​rstud​ io.​com/

Saikkonen, K., Mikola, J., & Helander, M. (2015). Endophytic phyllo-
sphere fungi and nutrient cycling in terrestrial ecosystems. Current 
Science, 109, 121–126.

Schreiber, L., Krimm, U., Knoll, D., Sayed, M., Auling, G., & Kroppenstedt, 
R. M. (2005). Plant–microbe interactions: Identification of epiphytic 
bacteria and their ability to alter leaf surface permeability. The New 
Phytologist, 166, 589–594.

Setälä, H., & McLean, M. A. (2004). Decomposition rate of organic sub-
strates in relation to the species diversity of soil saprophytic fungi. 
Oecologia, 139, 98–107.

Song, Z., Kennedy, P. G., Liew, F. J., & Schilling, J. S. (2017). Fungal en-
dophytes as priority colonizers initiating wood decomposition. 
Functional Ecology, 31, 407–418.

Spear, E. R., & Broders, K. D. (2021). Host-generalist fungal pathogens 
of seedlings may maintain forest diversity via host-specific im-
pacts and differential susceptibility among tree species. The New 
Phytologist, 231, 460–474.

Spear, E. R., & Mordecai, E. A. (2018). Foliar pathogens are unlikely to 
stabilize coexistence of competing species in a California grassland. 
Ecology, 99, 2250–2259.

Stone, B. W. G., Weingarten, E. A., & Jackson, C. R. (2018). The role of 
the Phyllosphere microbiome in plant health and function. In J. A. 
Roberts (Ed.), Annual plant reviews online (pp. 533–556). Wiley.

Sutherland, W. J., Freckleton, R. P., Godfray, H. C. J., Beissinger, S. R., 
Benton, T., Cameron, D. D., Carmel, Y., Coomes, D. A., Coulson, T., 
Emmerson, M. C., Hails, R. S., Hays, G. C., Hodgson, D. J., Hutchings, 
M. J., Johnson, D., Jones, J. P. G., Keeling, M. J., Kokko, H., Kunin, W. 
E., … Wiegand, T. (2013). Identification of 100 fundamental ecologi-
cal questions. Journal of Ecology, 101, 58–67.

Tanunchai, B., Ji, L., Schroeter, S. A., Wahdan, S. F. M., Hossen, S., 
Delelegn, Y., Buscot, F., Lehnert, A. S., Alves, E. G., Hilke, I., Gleixner, 
G., Schulze, E. D., Noll, M., & Purahong, W. (2023). FungalTraits vs. 
FUNGuild: Comparison of ecological functional assignments of 
leaf- and needle-associated fungi across 12 temperate tree species. 
Microbial Ecology, 85, 411–428.

Tedersoo, L., Bahram, M., Põlme, S., Kõljalg, U., Yorou, N. S., Wijesundera, 
R., Ruiz, L. V., Vasco-Palacios, A. M., Thu, P. Q., Suija, A., Smith, M. 
E., Sharp, C., Saluveer, E., Saitta, A., Rosas, M., Riit, T., Ratkowsky, 
D., Pritsch, K., Põldmaa, K., … Abarenkov, K. (2014). Global diversity 
and geography of soil fungi. Science, 346(6213). https://​doi.​org/​10.​
1126/​scien​ce.​1256688

Tedersoo, L., Bahram, M., Toots, M., Diédhiou, A. G., Henkel, T. W., 
Kjøller, R., Morris, M. H., Nara, K., Nouhra, E., Peay, K. G., Põlme, S., 
Ryberg, M., Smith, M. E., & Kõljalg, U. (2012). Towards global pat-
terns in the diversity and community structure of ectomycorrhizal 
fungi. Molecular Ecology, 21, 4160–4170.

Van Der Heijden, M. G. (2004). Arbuscular mycorrhizal fungi as support 
systems for seedling establishment in grassland. Ecology Letters, 7, 
293–303.

Verdú, M., & Valiente-Banuet, A. (2011). The relative contribution of 
abundance and phylogeny to the structure of plant facilitation net-
works. Oikos, 120(9), 1351–1356. https://​doi.​org/​10.​1111/j.​1600-​
0706.​2011.​19477.​x

Vorholt, J. A. (2012). Microbial life in the phyllosphere. Nature Reviews 
Microbiology, 10, 828–840.

 13652745, 0, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.14311 by U

niversitat B
ern, W

iley O
nline L

ibrary on [11/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.5061/dryad.98sf7m0nh
https://doi.org/10.5061/dryad.98sf7m0nh
https://www.r-project.org/
https://www.r-project.org/
http://www.rstud
http://io.com
https://doi.org/10.1126/science.1256688
https://doi.org/10.1126/science.1256688
https://doi.org/10.1111/j.1600-0706.2011.19477.x
https://doi.org/10.1111/j.1600-0706.2011.19477.x


12  |    PAJARES-­MURGÓ et al.

Voříšková, J., & Baldrian, P. (2013). Fungal community on decomposing 
leaf litter undergoes rapid successional changes. The ISME Journal, 
7, 477–486.

Warren, R. C. (1972). Interference by common leaf saprophytic fungi 
with the development of Phoma betae lesions on sugarbeet leaves. 
The Annals of Applied Biology, 72, 137–144.

Wei, F., Hu, X., & Xu, X. (2016). Dispersal of Bacillus subtilis and its effect 
on strawberry phyllosphere microbiota under open field and pro-
tection conditions. Scientific Reports, 6, 22611.

Whipps, J. M., Hand, P., Pink, D., & Bending, G. D. (2008). Phyllosphere 
microbiology with special reference to diversity and plant geno-
type. Journal of Applied Microbiology, 105, 1744–1755.

Whitaker, B. K., Bauer, J. T., Bever, J. D., & Clay, K. (2017). Negative 
plant-phyllosphere feedbacks in native Asteraceae hosts—A novel 
extension of the plant-soil feedback framework. Ecology Letters, 20, 
1064–1073.

Wickham, H. (2016). ggplot2: Elegant Graphics for Data Analysis. 
Springer-Verlag.

Widmer, T. L., & Dodge, S. C. (2013). Can fungal epiphytes reduce disease 
symptoms caused by Phytophthora ramorum? Biological Control, 65, 
135–141.

Yao, H., Sun, X., He, C., Maitra, P., Li, X.-C., & Guo, L.-D. (2019). Phyllosphere 
epiphytic and endophytic fungal community and network structures 
differ in a tropical mangrove ecosystem. Microbiome, 7, 57.

Zhu, Y., Xiong, C., Wei, Z., Chen, Q., Ma, B., Zhou, S., Tan, J., Zhang, L. 
M., Cui, H. L., & Duan, G. L. (2022). Impacts of global change on the 
phyllosphere microbiome. The New Phytologist, 234, 1977–1986.

Zhu, Y.-G., Peng, J., Chen, C., Xiong, C., Li, S., Ge, A., Wang, E., & Liesack, 
W. (2023). Harnessing biological nitrogen fixation in plant leaves. 
Trends in Plant Science, 28, 1391–1405.

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Appendix S1. Data description tables and figures.
Appendix S2. Pairwise analyses tables.
Appendix S3. DNA extraction and sequencing analyses.
Appendix S4. Generalized linear mixed model formulas and figures.

How to cite this article: Pajares-Murgó, M., Garrido, J. L., 
Perea, A. J., López-García, Á., Bastida, J. M., & Alcántara,  
J. M. (2024). Mutualistic and antagonistic phyllosphere fungi 
contribute to plant recruitment in natural communities. 
Journal of Ecology, 00, 1–12. https://doi.org/10.1111/1365-
2745.14311

 13652745, 0, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.14311 by U

niversitat B
ern, W

iley O
nline L

ibrary on [11/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/1365-2745.14311
https://doi.org/10.1111/1365-2745.14311

	Mutualistic and antagonistic phyllosphere fungi contribute to plant recruitment in natural communities
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study area
	2.2|Data collection
	2.2.1|Sequencing data
	2.2.2|Recruitment data

	2.3|Data analyses
	2.3.1|Effect of phyllosphere fungi on recruitment at pairwise level
	2.3.2|Effect of phyllosphere fungi on recruitment at species level


	3|RESULTS
	3.1|Effect of phyllosphere fungi on recruitment at pairwise level
	3.2|Effect of phyllosphere fungi on recruitment at species level

	4|DISCUSSION
	5|CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	PEER REVIEW
	DATA AVAILABILITY STATEMENT

	REFERENCES


