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ABSTRACT

The role of arbuscular mycorrhizal fungi, and natural enemy communities on
seedling dynamics in a secondary tropical rain forest

Benedicte Bachelot

Identifying the mechanisms that prevent competitive exclusion in tropical forests is a key
goal of tropical ecology. Because trees are long-lived organisms, it is complicated to test theory
related to coexistence. However, the seedling stage, during which tree mortality is the highest,
offers an ideal proxy to evaluate mechanisms that promote or hinder tree species coexistence.
This dissertation utilizes both theory and empirical approaches to investigate two mechanisms
thought to influence seedling dynamics and tree species coexistence: negative feedbacks from
tree natural enemies and positive feedbacks from arbuscular mycorrhizal (AM) fungi.
Tree natural enemies might promote tropical tree species coexistence by acting as agents
of negative density-dependent mortality. Simultaneously, tropical seedlings associate with
arbuscular mycorrhizal (AM) fungi, which can increase seedling growth and survival through
enhanced nutrient and water uptake. However, little is known about the effects of AM fungi on
tropical tree community dynamics. In chapter 1, I developed a theoretical model that combines
competition between trees, predation by tree natural enemies, and mutualism with AM fungi, and
showed that a subtle balance between negative and positive feedbacks is required to reach tree
species coexistence. In chapters 2 and 3, I used empirical data collected from El Yunque (Puerto
Rico) to gain a better understanding of the distribution of soil fungi and tree natural enemies in a
!

secondary tropical forest and to test some of the assumptions of my theoretical model. In chapter
2, I found evidence that soil characteristics and the tree community were important to structure
soil fungal communities, and I demonstrated long-lasting effects of past human land use. If AM
fungi are important to promote tropical tree species coexistence as suggested by my theoretical
model, past land use could influence tree species coexistence by altering AM fungal
communities, emphasizing the need for additional studies about land use legacy effects on AM
fungal communities. In chapter 3, I showed that seedlings at intermediate conspecific density and
from intermediate abundance tree species, hosted the richest community of natural enemies,
suggesting that negative density-dependent processes might be non-linear, and partially
supporting my theoretical model. Finally in chapter 4, I investigated seedling mortality and
showed that natural enemies increase seedling mortality, whereas AM fungal diversity decreases
seedling mortality, counteracting the local effects of natural enemies. I also found evidence that
AM fungal diversity rescues rare tree species, and natural enemies reduce survivorship of more
abundant species, thereby preventing competitive exclusion. Therefore, at the community scale,
AM fungal diversity and natural enemies act in the same direction, promoting tropical tree
species coexistence, which is consistent with the findings of my theoretical model. In conclusion,
this dissertation jointly investigated the effects of negative and positive feedbacks on tropical
tree species coexistence, and demonstrated the importance of combining demographic processes
that are known to occur simultaneously.
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INTRODUCTION

Negative density-dependent feedbacks are integral components of most species
coexistence theories: as a species becomes dominant, its performance declines, which in turn
reduces its abundance (Lotka 1925, Volterra 1926, MacArthur and Levins 1964, Chesson 2000).
In highly diverse tropical forests, negative density-dependent factors (also known as JanzenConnell (JC) effects; Janzen 1970, Connell 1971) are the most frequently studied mechanisms
that might promote tropical tree species coexistence (reviewed in Wright 2002). JC effects
operate through the attraction of species-specific enemies such as seed predators, herbivores, or
pathogens. These enemies reduce conspecific survivorship near the adult tree and at high
conspecific density, leaving ecological space for heterospecifics to recruit. At the community
scale, this mechanism can promote coexistence if common tree species suffer from higher
density-dependent mortality than rare tree species, a pattern known as the community
compensatory trend (Connell et al. 1984, Harms et al. 2000, Bell et al. 2006, Mangan et al.
2010b, Comita et al. 2010, Johnson et al. 2012, Bachelot and Kobe 2013, Bagchi et al. 2014).
The community compensatory trend arises if common tree species experience a greater pressure
from natural enemies than rare tree species (Bachelot and Kobe 2013). This pressure could
emerge if common tree species host a higher richness of natural enemies and/or a greater amount
of damage. Indeed, a tree might not be able to defend itself against a wide range of damage types
arising from a rich natural enemy community, and greater amount of damage might lead to
greater carbon cost thereby affecting tree performance. These two measures of natural enemy
pressure, greater amount of damage and greater richness of natural enemies, are not exclusive
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and they are likely correlated as greater amount of damage might, in part, result from greater
richness of natural enemies (Bachelot and Kobe 2013).
In contrast to the large body of research on the importance of negative density-dependent
feedbacks for tropical tree species coexistence, the role of positive density dependence via
arbuscular mycorrhizal (AM) fungal feedbacks remains under-explored both theoretically (Bruno
et al. 2003) and empirically (Booth and Hoeksema 2010). AM fungi can have variable impacts
on their host tree along a continuum from mutualism to parasitism, depending on the benefits
gained from AM fungal association relative to the costs (Johnson and Graham 2013). Beneficial
effects of AM fungi are well documented for several tree species. Yet, AM fungal effects have
received scant attention in empirical studies of the factors that promote tropical tree species
coexistence. It is possible that less abundant tree species are unable to associate with AM fungal
species that confer them with survivorship and growth benefits (Bever 1999). Thus, AM fungi
might act against species coexistence by promoting already abundant tree species (Bever 2003,
Moora et al. 2004). Additionally, AM fungal associations can reduce the risk of infection by
pathogens (Newsham et al. 1995); so reduced AM fungal colonization may be correlated with
increased vulnerability to these enemies, potentially leading to stronger local JC effects (Liang et
al. 2015). Therefore, AM fungal effects on seedling dynamics could explain why some studies
found that rare tree species tended to experience stronger negative density-dependent mortality
relative to common tree species (Comita et al. 2010, Mangan et al. 2010b). Alternatively, AM
fungi might favor growth and survival of rare tree species if rare tree species are more responsive
to and/or dependent on AM fungi than common tree species (Stein et al. 2009, Wurst et al.
2011). In this scenario, AM fungi might rescue rare tree species from extinction, promoting
tropical tree species coexistence. The goal of my dissertation work was to investigate the joint
!
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effects of AM fungi and tree natural enemies on seedling dynamics in a tropical rain forest. In
particular, the seedling stage is an important life history step during which mortality peaks and
coexistence mechanisms are likely to interact (Nakashizuka 2001, Gilbert 2005). Therefore,
studying the mechanisms that underlie seedling dynamics is important to understand tree species
coexistence.
Agents of positive and negative feedbacks can also be altered by past human activities in
secondary tropical rain forests. Secondary growth forests predominate over primary growth
forests (FAO 2010), and secondary forests continue to expand due to human activities followed
by abandonment (Wright 2005, Asner et al. 2009). Human practices alter community processes
because these land use activities affect and degrade soil especially in humid tropical forests
where the soil is highly susceptible to erosion (Cotler et al. 2006). Human practices also affect
the tree species community composition (Zimmerman et al. 1995, Chazdon 2003). The
composition of tree communities reflects the new soil characteristics (Glatzel 1991, Compton
and Boone 2000) and tree species colonization (Brunet and Oheimb 1998) following land use
activities. These changes in soil characteristics and tree community composition might lead soil
fungal communities to mirror the lasting effects of human land use on soils and tree communities
(Bardgett and Wardle 2010, Currano et al. 2011). In particular, soil fungal richness and diversity
keep trace of stand age and past land use activities (Carpenter et al. 2001, Packer and Clay 2004,
Kardol et al. 2006). These changes in fungal communities may have positive and negative effects
on seedling dynamics, modifying the functioning of secondary forests and tree species
coexistence. Therefore, my research also examined how soil fungal communities are altered by
past land use activities.
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Overall, my dissertation consists of four chapters. I combined empirical observations
with theory to examine the joint effects of AM fungi and natural enemies on seedling dynamics
(mortality) in a forest of Puerto Rico, El Yunque (Fig. 1):

Figure 1. Dissertation map
In chapter 1, I theoretically assessed how tree species coexistence is maintained via the joint
action of predation, competition, and mutualism. Although empirical evaluation of the
coexistence model would require decades of data, empirical observations enabled me to examine
the role of natural enemies and AM fungi on seedling dynamics, a short-term proxy for
coexistence. In chapter 2, I relied on DNA sequencing and environmental data to characterize
AM fungal communities and identify the abiotic and biotic factors that structure these
communities in high and low history of land use. This chapter enabled me to evaluate the
relationships among AM fungal community composition and diversity and tree community
!
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diversity and abundance, helping to assess one aspect of my theoretical model. In chapter 3, I
focused on characterizing tree natural enemy communities and investigated the biotic and abiotic
factors that influence tree natural enemy richness. The key goal in this chapter was to test if
seedlings of intermediate abundance tree species host a greater richness of damage than those of
rare or common tree species, bringing support for a non-linear functional response of natural
enemies to trees as used in my theoretical model. Finally, in chapter 4, I examined how AM
fungal and tree natural enemy communities influence mortality of tropical seedlings. The main
goal of this last chapter was to assess how the effects of natural enemies and AM fungi on
seedling mortality change with tree species abundance. In other words, this last chapter enabled
me to test the idea that natural enemies and AM fungi might jointly promote tree species
coexistence, bringing support to the results of my theoretical model.
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CHAPTER ONE:
Interactions among mutualism, competition, and predation foster
species coexistence in diverse communities
Published as: Bachelot, B., Uriarte, M., & McGuire, K. (2015). Interactions among mutualism,
competition, and predation foster species coexistence in diverse communities. Theoretical
Ecology, 1-16.
ABSTRACT
In natural systems, organisms are simultaneously engaged in mutualistic, competitive, and
predatory interactions. Theory predicts that species persistence and community stability is
feasible when the beneficial effects of mutualisms are balanced by density-dependent negative
feedbacks. Enemy-mediated negative feedbacks can foster plant species coexistence in diverse
communities but empirical evidence remains mixed. Disparity between theoretical expectations
and empirical results may arise from the effects of mutualistic mycorrhizal fungi. Here we build
a multi-prey species / predator model combined with a bi-directional resource exchange system,
which simulates mutualistic interactions between plants and fungi.
To reach population persistence: (1) the per capita rate of increase of all plant population
must exceed the sum of the negative per capita effects of predation, interspecific competition,
and costs of mycorrhizal association; and (2) the per capita numerical response of enemies to
mycorrhizal plants must exceed the magnitude of the per capita enemy rate of mortality. These
conditions reflect the balance between regulation and facilitation in the system. Interactions
among plant natural enemies and mycorrhizal fungi lead to shifts in the strength and direction of
net mycorrhizal effects on plants over time, with common plant species deriving greater benefits
from mycorrhizal associations than rare plant species.
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INTRODUCTION
Interspecific interactions play a key role in driving population dynamics (Gause and Witt 1935).
A large number of theoretical and empirical studies have focused on understanding the effects of
competition and predation on population dynamics (Holling 1959, Rosenzweig and MacArthur
1963, Tilman 1982, Chesson 2000, Chesson and Kuang 2008). More recently, studies have also
investigated the role of mutualisms in isolation (Bronstein 2001a, Holland et al. 2002, Bever
2003, Bruno et al. 2003). Two generalizations can be drawn from mutualism studies (Holland et
al. 2002): mutualisms involve costs and benefits for both partners that are likely density
dependent (Roughgarden 1975, Addicott 1979, Morales 2000, Bronstein 2001b); and population
stability requires that the positive feedbacks derived from mutualism are balanced by negative
feedbacks (Gause and Witt 1935, Vandermeer and Boucher 1978, Chesson 2000, Bever 2003).
Stabilizing negative feedbacks can arise from multiple mechanisms such as resource
limitation, competition, predation, or change in the net effects of mutualism (i.e., the balance
between its costs and benefits) as population size increases (Holland et al. 2002, Schmitt and
Holbrook 2003, Holland and DeAngelis 2010, Holland et al. 2013). Recent theoretical studies
have enhanced our understanding of the joint role of mutualisms and negative feedbacks in
stabilizing species interactions, however, they often remain limited to one or two aspects of
interspecific interactions. In natural systems, organisms are simultaneously involved in
mutualism, competition, and predation. Each process interacts with each other, limiting our
ability to understand their joint effects from studies that investigate them in isolation (Fontaine et
al. 2011, Georgelin and Loueille 2014). Therefore, it is important to combine mutualism and
food web dynamics into our understanding of community dynamics and species coexistence (Rai
et al. 1983, Addicott et al. 1984, Freedman et al. 1987, Ringel et al. 1996, Jang 2002, Bronstein
!
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et al. 2003, Melían et al. 2009, Loueille 2010, Mougi and Kondoh 2012, Holland et al. 2013,
Georgelin and Loueille 2014, Mougi and Kondoh 2014). Recently, there has been a regained
interest in combining interaction types such as mutualism and antagonism motivated by the
recognition that indirect interactions can alter the effects of mutualism and antagonism (Holland
et al. 2013), affect resilience of dynamical systems to perturbations (Georgelin and Loueille
2014), and promote stability in complex systems (Mougi and Kondoh 2014), which tend to be
unstable when investigating interaction types in isolation (Allesina and Tang 2012).
In this study, we investigate the joint role of predation, competition, and mutualistic
associations with arbuscular mycorrhizal fungi for the dynamics of multiple plant species and for
species coexistence. In highly diverse plant communities, such as tropical forests, negative
density-dependent factors (also known as Janzen-Connell (J-C) effects, Janzen 1970, Connell
1971, Connell et al. 1984) are the most frequently studied mechanisms that could explain the tree
species coexistence (reviewed in Wright 2002). Janzen-Connell effects operate through the
attraction of species-specific enemies such as seed predators, herbivores, or pathogens to the
seedlings of canopy trees, which reduce conspecific seedling survivorship near the adult trees at
high conspecific seedling density, leaving ecological space for heterospecific seedlings to recruit.
The prediction from the J-C hypothesis is that the per capita predation rate of a plant species
increases with plant species abundance at local and community scales (Fig. 1A.1).
In contrast to the large body of research on the importance of negative feedbacks for
species coexistence in plant communities and of positive feedbacks for plant invasion (Eppstein
et al. 2006, Levine et al. 2006, Eppstein and Molofsky 2007), the role of fluctuating positive and
negative mycorrhizal feedbacks on plant community dynamics remains under-explored both
theoretically (Bruno et al. 2003) and empirically (Booth and Hoeksema 2010). Yet, theoretical
!
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studies have shown the importance of fluctuating mutualisms in stabilizing interspecific
interactions (Holland et al. 2013). Unlike soil pathogens, which only have negative effects on
their host trees, mycorrhizal fungi can have variable impacts on their host plant along a
continuum from mutualism to parasitism (Fig. 1A.2, Johnson et al. 1997, Johnson and Graham
2013). If recent theoretical studies have incorporated costs and benefits in analysis of mutualism
(Neuhauser and Fargione 2004, Holland and DeAngelis 2010, Holland et al. 2013), costs are
usually lacking and mutualism is generally uni-directional in theoretical studies that combine
mutualism and antagonism (Holland et al. 2013, Georgelin and Loueille 2014, Mouhi and
Kondoh 2014).
The relative effect of mycorrhization on a plant is typically gauged in terms of the
quantity of limiting resources extracted from soil versus the amount of carbon needed to
maintain the symbiosis. Evidence for positive mycorrhizal effects on host plants is extensive, and
has been attributed to a variety of mechanisms including greater plant nutrient uptake (Smith and
Read 2008), defense against enemies (Gange and West 1994), and drought resistance (Augé et
al. 1987). The nutrient benefits a plant species derives from mycorrhizae increase with
mycorrhizal fungal abundance as root colonization increases (Fitter 1991, Van der Heijden et al.
1998, Lekberg and Koide 2005, Hoeksema et al. 2010, Zhang et al. 2011) and saturates when all
available roots have been colonized (Smith and Read 2008, Vannette and Hunter 2011, Fig.
1B.1). Studies have also uncovered negative feedbacks to plants from mycorrhizal fungal
associations, which result from greater carbon costs with higher fungal abundance (Vannette and
Hunter 2011). However, the cost of mycorrhizal associations to the plant saturates with plant
abundance (Leon and Tumpson 1975, Kiers et al. 2011, Fig 1B.2).
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Additionally, mycorrhization has been repeatedly demonstrated to minimize the risk of
infection by root pathogens (Newsham et al. 1995) and to maximize response efficiency of plant
to natural enemies (Bi et al. 2007). Consequently, increased mycorrhizal colonization should be
correlated with decreased vulnerability to enemies, potentially leading to weaker negative
enemy-mediated density dependence and lower number of natural enemies (Fig. 1A.3). Bi et al.
(2007) provide an extensive review of the mechanisms underlying this effect, which include
increased production of allelochemicals such as phenols by the plants, induction of plant defense
genes, activation of the jasmonate pathway that is crucial to respond to attacks by plant enemies,
and attraction of predators of plant natural enemies (Hoffman et al. 2011a, Hoffman et al.
2011b).
Here, we present a mathematical model to explore the joint effects of negative enemy and
mycorrhizal fungal feedbacks on plant community dynamics and species coexistence. We then
interpret the results of our model in light of existing empirical work on several aspects of the
feedbacks we examine. Specifically, we address the following questions:
(1) How does the relative strength of negative feedbacks from natural enemies and the
magnitude and direction of mycorrhizal effects vary over time within a plant species and what
are the impacts of these fluctuations on the species’ abundance?
(2) How does the relative strength of negative feedbacks and mycorrhizal effects on rare
and common plant species vary over time and what are the impacts of these fluctuations on plant
species coexistence?
(3) How do mycorrhizae alter the interactions between plants and natural enemies?
Similarly, how do natural enemies affect the mutualistic interaction between plants and
mycorrhizal fungi?
!
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MODEL FORMULATION
Our model assumes that plant species abundance fluctuates under pressure from three forces: the
negative effects of inter-specific plant competition (Xi), the negative impacts of one natural
enemies population (Y) (i.e., pathogens and herbivores) and the effect of the mycorrhizal fungal
population (M). Mycorrhizal fungi and plants interact according to a bi-directional resource
exchange system; the fungi provide the plants with increasing nutrients whereas the plants
provide the fungi with carbon (Smith and Read 2008). Furthermore, mycorrhizal colonization
lowers predation from plant enemies by increasing plant defenses (Pozo and Azco-Aguilar 2007,
Bi et al. 2007). To understand the dynamics that would result from these complex enemy-plantfungal interactions, we couple a multi-species, continuous, non-linear prey-predator model
(enemies-plant) with a bi-directional resource exchange model to represent the interactions
between plants and fungi. The dynamics of plant species i (Xi) at time t are described by the
following equation:
!"! (!)
= !! !
!"

!! + !! !! !!→!! , ! − !! !! !!! →! , ! − !! !, ! − !! !(!) !(!)
!

−

!!,! !! !
!!!

[Eqn. 1a]
where Xi(t) and Y(t) represent population abundance of plant species i (prey) and enemies
respectively, bi represents the per capita exponential rate of increase of plant species i, ai,j
designates the per capita interspecific competition among plant species, ai,i represents
intraspecific competition (self-limitation), M(t) is the abundance of the mycorrhizal fungal
population, XiCi(X,t) is the functional response of natural enemies to plant species i, and
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therefore Ci(X,t) is the per capita rate of mortality from one enemy (Fig. 1A.1). We used a
classical Holling type III functional response (Holling 1959, Smout et al. 2010):
!! !! (!, !) = !! (!) !!

!! !! (!)
! !! !! !! (!)

!

, with all ci and wi > 0

[Eqn. 1b]

where wi is the handling time of plant species i and ci is the encounter rate of natural enemy with
plant species i. This enables us to evaluate natural enemy behavior that causes density-dependent
mortality (Janzen 1970, Connell 1971, Murdoch 1975, Pacala and Crawley 1992, Mordecai
2011), while acknowledging that natural enemies might satiate at high plant density (Silvertown
1980). Furthermore, it introduces the notion that natural enemy behavior might not be influenced
by very low plant density (Real 1977, Krebs 1974, Jeschke et al. 2002). In a diverse community,
very rare plant species might escape predation because natural enemies might not find them
(Jaenike 1990, Pacala and Crawley 1992, Hierro et al. 2005), or not target them due to change in
diet/host breadth with plant availability (Fox and Morrow 1981, Stephens and Krebs 1986).
Therefore, a Holling type III functional response is the best choice to investigate the joint effect
of natural enemies and mycorrhizal fungi on plant dynamics. Although we will present results
for a Type III response here, more general assumptions about functional responses yield similar
qualitative results (see Appendix I-A). The term mi *M(t) in Eqn. 1a modifies the functional
response of the enemy because mycorrhizal fungi provide plants with increased per capita
protection (mi) against enemies (Fig. 1A.3, Gange and West 1994, Pozo and Azcon-Aguilar
2007, Bi et al. 2007). In order to prevent that a net positive effect arises from the interactions
between natural enemies and fungi, we bounded the mycorrhizal fungal abundance so that
!! !, ! − !! !(!) ≥ 0.!Finally, the plant nutritionally benefits (Fig. 1A.2 and 1B.1,
!! !! !!→!! , ! ) and pays a carbon cost (Fig. 1A.2 and 1B.2, !! !! !!! →! , ! ) from the
!
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mycorrhizal associations (Smith and Read 2008, Johnson and Graham 2013). The functions
Gi(RM->Xi, t) represent the per capita increase in resources plants gain from the mycorrhizal
associations (Fig. 1B.1, Smith and Read 2008) whereas Li(RXi->M,t) represents the per capita
carbon losses to the associations (Fig. 1B.2, Olsson et al. 2010). The parameter αi represents the
conversion of the gain in a unit of resource per capita to a gain in abundance of the population of
the plant species i. In contrast, βi stands for the conversion of per capita loss in carbon to a loss in
abundance of the population of the plant species i. We use the term net mycorrhizal effect for
the plant species i to denote the difference between the benefits (nutrition and protection from
enemies) and the costs (carbon): αi Gi(RM->Xi, t)+miM(t)Y(t) and βi Li(RXi->M,t).
The dynamics of the mycorrhizal fungal population (M) directly depend on the balance between
the carbon gains and nutrients losses they derive from plant species 1 to n (Koide and Elliott
1989, Fitter 1991). In an effort to increase model tractability, we did not account for different
mycorrhizal fungal species. Growing evidence has shown that the specific community of
mycorrhizal fungi associated with a plant rather than the identity of individual mycorrhizal fungi
controls the outcomes of the associations (Johnson and Graham 2013, Toju et al. 2013).
Therefore, considering the mycorrhizal fungal community rather than individual mycorrhizal
fungal species does not dramatically hinder the realism of our model. The dynamics of the
mycorrhizal fungal population are described by a Consumer-Resource (C-R) model (Rosenzweig
and MacArthur 1963) similar to the bi-directional C-R model proposed by Holland and
DeAngelis (2010) as follows (Fig. 1A.2):
!" !
!"

!

=! !

!
!!!

!!,! !!,! !!! →! , ! − !!,! !!,! !!→!! , !
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[Eqn. 2]

where GM,i (RXi->M,t) and LM,i (RM->Xi,t) respectively represent the per capita resource gains and
losses of the fungal population to plant species i, αM,i represents the conversion of the gain in
resource from plant species i to fungal population abundance (Smith and Read 2008), and βM,i
modulates the per capita loss in resource to plant species i in loss in fungal abundance
(respectively Fig. 1B.3 and Fig. 1B.4), and rM is the per capita exponential rate of mortality of
the mycorrhizal fungi in the absence of plants.
Studies have shown that the effects of mycorrhizal associations are context-specific and the
same mycorrhizal fungal species could have positive, negative and neutral effects (Smith and
Read 2008, Johnson and Graham 2013, Toju et al. 2013). To account for this level of variation in
the effect of mycorrhizal fungi, we use plant species-specific resource gain and loss functions (G
and L in Eqn. 1a and 2), and plant species-specific numerical responses (α and β in Eqn. 1a and
2). The mycorrhizal fungi are strictly obligate and cannot survive without the plants (Smith and
Read 2008). Therefore, the dynamics of the fungi are solely controlled by the exchange of
resources with the plants.
Quantifying the costs and benefits plants derive from mycorrhizal associations and vice
versa remain challenging (Johnson et al. 1997, Johnson and Graham 2013). In our model, we
used classical resource exchange functions such as the one described by Holland and DeAngelis
(2010):
!! !

G! R !→!! , ! = ! !!!
!

!

!! !(!)

L! R !! →! , ! = ! !! (!)
!

!

(Fig. 1B.1)
[Eqns. 3a-b]
(Fig. 1B.2)

In parallel, GM,i and LM,i for the fungi in Eqn. 2 take the form:

!
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!

! !

G!,! !!! →! , ! = ! !,!!!!
!,!

!

!

!!,! !! (!)

L!,! !!→!! , ! = !

!,! !!(!)

(Fig. 1B.3)
[Eqns. 3c-d]
(Fig. 1B.4)

where, gi and gM,i are the saturation levels of resource gains and hi and hM,i are the half saturation
constants for plant species i and for fungal population M respectively. Similarly, li and lM,i are the
saturation levels of the loss of resources and ki and kM,i are the half saturation constants.
Parameters g and l represent the per capita interaction strength of one species on the other. We
assumed per capita resource gain to plant species i (the Gi function in Eqn. 1a) a saturating
(Michaelis-Menten) function of the abundance of fungi associated with each plant species i =1 to
n (Fig. 1B.1). Similarly, benefits to the mycorrhizal fungi (the GM,i function in Eqn. 2) are
described by Michaelis-Menten functions of the plant abundance associated with the fungal
population (Fig. 1B.3). This functional form captures the assumption that the benefits extracted
by fungi and plants are limited by the extent of fine root surface area and that the two symbiotic
partners (i.e., plants and fungi) can control these benefits. Per capita resources lost by plant
species i (the Li function in Eqn. 1a, Fig. 1B.2) increase linearly with increasing fungal
populations (Eqn. 3b) while resources lost by the fungi (the LM,i functions in Eqn. 2) increase
linearly with greater abundance of plant species i population (Eqn. 3d, Fig. 1B.4). The per capita
loss of resources functions saturates with the supplier species abundance (denominators in Eqns.
3b and 3d, Fig. 1B.2 and 1B.4). In Eqn. 3b and Fig. 1B.2, the rationale for the denominator is
that plants have the potential to control fungal colonization to maximize the benefits of the
mycorrhizal associations while minimizing the costs (Koide 1991, Johnson et al. 1997, Smith
and Read 2008, Johnson and Graham 2013). Similarly, the rational for the denominator in Eqn.
3d and Fig. 1B.4 is that fungi are able to overcome plant controls of the colonization (Graham et
!
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al. 1996, Johnson et al. 1997, Smith and Read 2008, Johnson and Graham. 2013). In other
words, plants and fungi can control the costs of the mycorrhizal associations at the individual
level and thus at the population level due to evolutionary stable strategies of mutualism (Holland
and DeAngelis 2004). Another motivation behind the denominator of the cost function arises
from the fact that plants and mycorrhizal fungi are connected via common mycelial network,
allowing them to share the costs of the mycorrhizal association with each other (Simard and
Durall 2004). We acknowledge that the form we are using to represent the mycorrhizal effect is a
simplification because we do not know the exact forms of per capita resource gains (the Gi and
GM,i functions) and losses (the Li and LM,i functions). These simple forms of consumer-resource
interactions have been shown to be accurate in some biological systems (Holland 2002, Holland
et al. 2002, Holland and DeAngelis 2006, Holland and DeAngelis 2010, Holland et al. 2013).
Finally, enemy dynamics (Y) are described as one population of enemies exhibiting host
preferences rather than specialization. We assume that predation increases with plant abundance
(Fig. 1.A1). The assumption of host preferences can lead to the simulation of inappropriate
population dynamics for the few plants that have species-specific interactions with specialist
pathogens and herbivores. However, in these associations between plants and specialist enemies,
plant abundance dynamics are likely to be tightly dependent on the dynamics of their own
specialist enemies and less dependent on other plant species present in the community.
Therefore, ignoring the distinction between host-specific and generalist interactions in the system
should not affect the validity of our conclusions especially given the low rates of host
specialization of natural enemies in the tropics (Novotny et al. 2010). The dynamics of plant
natural enemies are a function of plant species and mycorrhizal fungal abundances as follows:
!"(!)
!"

!

= Y(t)

!
!!!

!! C! !, ! − m! M ! !! t − eY t − r
16!

[Eqn. 4]

where di Ci !, ! !! (!) represents the per capita numerical response of enemies to plant i, mi the
per capita protection against enemies provided by the mycorrhizal associations with plant species
i (Fig. 1A.3), M the abundance of the mycorrhizal fungal population, e is the per capita
competition coefficient for the enemy species (self-limitation), and r the per capita exponential
rate of mortality of the enemy species in the absence of plant (i.e., starvation rate). Therefore, the
mycorrhizal fungi have two effects on the plant natural enemy population (Wootton 1994,
Strauss and Irvin 2004, Koricheva et al. 2009, Bardgett and Wardle 2010, Barber et al. 2012):
An indirect effect that arises from modifying plant population growth (depicted in the resource
exchange functions, G and L), and a direct effect that emerges from change in natural enemy
functional response due to increased plant protection (-miM).
We chose to co-model community dynamics in continuous-time, which is more suitable to
model populations of organisms with short life spans (natural enemies and mycorrhizal fungi)
and very long-lived ones (trees, Wangersky 1978). The final system is a non-linear prey-predator
model that combines competition among plant species, predation, and potential facilitation by
mycorrhizal fungi if the overall net mycorrhizal effect is positive. This last effect is a fluctuationdependent mechanism (Chesson 2000). Over time, as plant abundance increases, the facilitation
effect increases until a flipping point after which this facilitation effect levels off, eventually
becoming a negative density-dependent effect driven by a growing enemy population and the
carbon and other costs associated with the mycorrhizal symbiosis (Fig. 1C). The formulation of
the net mycorrhizal effect via bi-directional resource/consumer system (Johnson et al. 1997,
Holland and DeAngelis 2010) enables this effect to become negative and introduces an
additional negative covariance between fitness and density similar to the one produced by the
effect of predation (Chesson 2000). Our model is one of the first attempts to combine mutualistic
!
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interactions and food web dynamics. Holland et al. (2013) used resource exchange functions to
investigate the stability of a system that included one plant species, one mutualistic pollinator,
and one nectar-parasite. In their system, the mutualistic pollinator gains benefits from the plant
without paying a cost, and the nectar-parasite does not alter the behavior of the mutualistic
pollinator (Uni-directional mutualism). Our study expands on Holland et al. system (2013) and
aims to explore community dynamics and coexistence of n plant species that are involved in bidirectional exchange with mycorrhizal fungi, where each plant and fungus experiences benefits
and costs. Furthermore, natural enemies whose functional response is affected by mycorrhizae
target the n plant species.
To evaluate the system, we assume that the mycorrhizal fungal population does not tend
towards infinity but rather exhibits an upper bound (v). We defined this upper bound to ensure
that the protection conveyed by mycorrhizal fungi does not result in a positive effect of natural
!!

!
enemies on plant population (for all plant species i, !! ≤ !"#!(!(!))
≝

!!!
!

). In other words, the

mycorrhizal fungi might enhance plant protection against natural enemies but this enhancement
will not result in a total protection. If the mycorrhizal fungal population goes to extinction then
our model becomes a classical multi-species prey-predator type system. Therefore, in our work
we investigate the conditions to maintain plant species coexistence when the mycorrhizal fungal
population remains between a strictly positive lower bound (v) and an upper bound (v). The
model was evaluated for n plant species (Appendix I-A). Specifically, we analyzed the model to
find conditions allowing the populations to remain between a positive lower abundance boundary
and a finite upper abundance boundary. In other words, we evaluate the conditions enabling the
coexistence of n plant species in the system. We also analyzed a simple version of the model
!
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involving one plant species and a fixed mycorrhizal fungal population in order to understand
how mycorrhizal fungi alter the prey-predator dynamics (Appendix I-B). Similarly, we
investigated the case of a fixed natural enemy population to understand its effect on the
mutualistic interactions (Appendix I-B). We illustrated the important results of the model using
simulation to represent fluctuations in abundance over time within one plant species and for two
coexisting plant species: one rare and one common. In this paper, the distinction between a rare
and a common plant species is a relative notion based upon the relative density of each plant
species. Finally, we investigated the dynamics of one equilibrium by using simulations and
changing the value of each parameter one by one (Table S2 and S3 in Appendix I-C).
Specifically, we wanted to assess how a small changes in each parameter of the model with 2
plant populations would change the dynamics of the equilibrium (stable, periodic, not periodic,
or unstable). All simulations were accomplished using Mathematica v. 7.0. (Wolfram Research,
Inc.).

RESULTS AND DISCUSSION
Variability of the relative strength of negative feedbacks & net mycorrhizal effect on plant
species.
Our model shows that when a plant species reaches high abundance, its decline can occur via
three mechanisms. First, at high density, it suffers greater per capita mortality from enemy
(!(!)!! !, ! in Eqn. 1a) than at low density. Second, intraspecific competition (!!,! !! ! !in Eqn.
1) is stronger at high relative to low conspecific abundance. Third, the positive effect from
mycorrhizal associations (!! ! ! !(!) + !! !! !!→!! , ! ) does not compensate for the negative
effect of natural enemies as the mycorrhizal associations become more costly in term of carbon.
!

19!

These three factors then lead to a decline in plant abundance. The opposite scenario applies when
a plant species reaches low abundance.
Temporal fluctuations in negative feedbacks and the strength and direction of the net
mycorrhizal effect correlate with fluctuations in the abundance of the plant and enemy
populations. The fluctuations in the abundance of the plant population can be stable and
stationary or periodic in the case of periodic or constant parameters (for example parameters that
fluctuate seasonally) (Step 3 in Appendix I-A). The simultaneous analysis of the dynamics of
plants, enemies, and mycorrhizal fungi provide insights into the mechanisms underlying plant
population dynamics. If the per capita benefits from mycorrhizal fungi to the plant is high
relative to the per capita costs (!! ! ! !(!) + !! !! !!→!! , ! > !! !! !!! →! , ! ), the dynamics
of the net mycorrhizal effect and plant populations will be positively correlated and the net
mycorrhizal effect and enemy population will be negatively correlated (Fig. 2A). In other words,
mycorrhizal fungi will have a large impact of the dynamics of plants and enemies by enhancing
plant population growth and impeding predation from enemies. Conversely, if the per capita
benefits from mycorrhizal associations is lower than its per capita costs for both fungi and plant
populations
(!! ! ! !(!) + !! !! !!→!! , ! < !! !! !!! →! , ! !and!!! ! ! !(!) + !!,! !!,! !!! →! , ! <
!!,! !!,! !!→!! , ! ), the net mycorrhizal effect to the plants and the plant population size will
remain positively correlated but the net mycorrhizal effect to the plants and the enemy
population might become positively correlated (Fig. 2B). In other words, the mycorrhizal fungi
will not be beneficial to the plants but rather they might indirectly enhance the enemy
population. In other words, this could occur if by enhancing plant growth, mycorrhizal fungi
indirectly benefit plant enemies. If the net mycorrhizal effect fluctuates between positive and
!
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negative (The sign of !! ! ! !(!) + !! !! !!→!! , ! − !! !! !!! →! , ! will change over time
due to fluctuating plant and fungal populations, similar to the parasitism/mutualism continuum
proposed by Johnson and Graham 2013), the dynamics will exhibit a variety of patterns ranging
from positive to negative correlations between the net mycorrhizal effect and the natural enemy
population size (Fig. 3).
Our model shows that the joint impacts of enemies and mycorrhizal fungi can lead to
temporal fluctuations in the abundance of a single plant species. The impacts of these combined
feedbacks on plant dynamics have received scant attention (Van der Putten et al. 2009, Bardgett
and Wardle 2010). While these interactions are complex and likely to be species-specific
(Wardle 2002), evidence from herbivory studies suggests that mycorrhizal fungi and plant
natural enemies are interacting (Bi et al. 2007). The various dynamic patterns obtained with our
model suggest that the interactions between plant natural enemies and mycorrhizal fungi are
often but not always negative. In support of our findings, a number of empirical studies have
uncovered negative correlations between herbivory and the abundance, phenology and
colonization of mycorrhizal fungi, lending support to the idea that top-down effects can modulate
the strength and direction of mycorrhizal effects on plants. For example, Gehring and Whitham
(1994) found a decrease in mycorrhizal colonization following defoliation for 23 of 37 studied
plants. Recent reviews, however, highlight how the complex interaction between plant enemies
and mycorrhizal fungi can vary with the frequency, timing, and type of herbivory (Kliromonos et
al. 2004, Saravesi et al. 2008).

!
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Impact of negative feedbacks relative strength & net mycorrhizal effect fluctuations on
species abundance & coexistence.
Our model predicts coexistence of n plant species under the joint effects of mycorrhizal
fungi, plant natural enemies, and plant competition, which together establish lower and upper
abundance constraints, offering an additional mechanism to explain the high diversity of plant
species in diverse communities such as tropical forests. This result is the first theoretical
evidence showing that the joint effects of plant natural enemies and mycorrhizal fungi can lead
to plant species coexistence. This result is consistent with theoretical work showing that
mutualism alone cannot lead to species coexistence (McGill 2005) unless mutualistic populations
are regulated by other mechanisms (e.g., plant natural enemies in our model, Simonsen and
Stinchcombe 2014).
Our model predicts that each plant species will fluctuate between low and high
abundance constraints that depend on the magnitude of negative feedbacks from natural enemies,
plant, and mycorrhizal fungi. In order to reach coexistence, the parameters of the model must
satisfy three conditions (Appendix I-A). First, the per capita exponential rate of growth of the
plant population i (bi) must be greater than the sum of (1) the negative per capita effects due to
predation (!!! !, where q is the upper bound of enemy population and !!! is the maximum value
of the per capita mortality of plant species i from enemy, see Appendix I-A), (2) the per capita
interspecific competition (

!
!!!,!!!

!!,! !! , where pj is the upper limit of plant species j

population size), and (3) the per capita costs of mycorrhizal associations (!!

!! !
!!

, where v is the

upper bound of mycorrhizal fungal population) (step 2). That is:
!! > !!! ! +
!

!
!!!,!!!

!!,! !! + !!
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!! !
!!

!

[Ineq. 1]

This first condition ensures that plant populations avoid extinction. Second, the persistence of
plant species requires that the enemy population does not become overdominant and that this
upper limit of natural enemy population is biologically reachable (in other words it is not an
infinite or a negative number). This condition requires that the per capita enemy exponential rate
of mortality (!) is strictly lower than the total of the maximum value of the per capita numerical
responses of enemies to plants (

!
!
!!! d! !! !! )

!<

(step 1 in Appendix I-A):

!
!
!!! d! !! !!

[Ineq. 2]

This condition ensures the existence of an upper bound (q) for the enemy population that
depends only on the per capita enemy numerical responses (

!
!
!!! d! !! !! ),

the per capita

competition among enemies (!), and the per capita enemy exponential rate of mortality (r), as
follows:
Y t ≤

!
!
!!! !! !! !! !!

!

≝q

[Ineq. 3]

A third condition required to prevent enemy population extinction is that the total of the
minimum value of the per capita numerical responses of enemies to plants (

!
!!!

d! !!! !! , where

!! is the lower limit of plant species i population size) protected by mycorrhizal fungi
(

!
!!!

−d! m! !!! ,!where v is the upper bound of mycorrhizal fungal population), must be greater

than the per capita enemy exponential rate of mortality (!) (step 2 in Appendix I-A):
!
!!!

d! !!! !! − d! m! !!! > !

[Ineq. 4]

If this condition is met (Ineq. 4), then the condition to prevent enemies from becoming
overdominant (Ineq. 2) is also met. Thus, we found that two necessary conditions must be met to
maintain species coexistence; (1) the per capita exponential rate of growth of the plant
population must be greater than the sum of the negative effects due to per capita predation, per
!
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capita interspecific competition, and the per capita costs of mycorrhizal associations; and (2) the
total of the minimum value of the per capita numerical responses of enemies to plants protected
by mycorrhizal fungi must be greater than the per capita enemy exponential rate of mortality. In
other words, the protection conveyed by the mycorrhizal association is not strong enough to
decrease dramatically the enemy population (food web cascade, Bruno et al. 2003, Cantrell and
Cosner 2001, McGill 2005). Overall, these two conditions reflect the balance between regulation
and facilitation in the system. More empirical and experimental work is required to evaluate the
realism of these two conditions.
If the two conditions described in inequalities 1 and 4 are met, the abundance of plant
species i (Xi) will fluctuate between the following upper (pi) and lower (p! ) limits (see Appendix
I-A for more details):

!! ≝

! !
!
!! !!! ! ! !
!!!,!!! !!,! !! !!! !
!!

!!,!

≤ !! ≤

!! !!! !!
!!,!

≝ !!

[Ineq. 5]

The parameters q and v represent the upper boundary of enemy and mycorrhizal fungal
abundance respectively (Appendix I-A). The upper limit of plant abundance depends on the per
capita benefits to the plant species i (αigi) associated with the mycorrhizal associations and the
per capita exponential rate of increase of plant species i (bi), whereas the lower boundary is a
function of the maximum per capita costs of mycorrhizal associations to the plant species i
(β!

!! !
!!

), the per capita competition among plants (aij), and the maximum per capita predation

effect (C!! ). Different parameters will lead to different model outputs: If the per capita benefits
gained via mycorrhizal fungi are lower in rare relative to common plant species (α! g ! < α! g ! ) as
expected in light of empirical work (Moora et al. 2004), given similar per capita intraspecific
!
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competition (ai,i) and per capita growth rate (bi), the maximum abundance of a rare plant species
(pr) will remain lower than that of a common plant species (pc):
!! =

!! !!! !!
!!,!

≤

!! !!! !!
!!,!

= !!

[Ineq. 6]

Therefore, inequality 6 predicts that lower frequency of association with beneficial fungi could
explain the relative rarity of a plant species. Alternatively, lower growth rate or higher
intraspecific competition in rare relative to common plant species could explain rarity.
The lower limit of plant abundance can take a lower value for common species than for
rare species when the effect of per capita predation (!!! !) plus the per capita costs of
mycorrhizal associations (!!
(!!

!! !
!!

+ !!! ! > !!

!! !
!!

!! !
!!

) are greater in a common relative to a rare plant species

+ !!! !), given similar per capita intraspecific and interspecific

competition (ai,j) and per capita growth rate (bi):
p! =

! !
!
!! !!! ! ! !
!!!,!!! !!,! !! !!! !
!!

!!,!

!≤

! !
!
!! !!! ! ! !
!!!,!!! !!,! !! !!! !
!!

!!,!

! = p!

[Ineq. 7]

Greater effect of natural enemies on common relative to rare plant species is predicted by the JC
hypothesis (Janzen 1970, Connell 1971, Connell et al. 1984). Furthermore, several empirical
studies supported this prediction (Bachelot and Kobe 2013, Bagchi et al. 2014). However, if
plant natural enemies equally target common and rare plant species (!!! ! = !!! !), then the costs
that arise from mycorrhizal associations could explain rarity (if rare species pay greater per
capita costs for the association than common species) or large fluctuations in common plant
species abundance (if common plant species experiences greater per capita costs than rare plant
species).
!
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Overall, variation in the strength and direction of enemy and mycorrhizal fungal
feedbacks confines the population of each plant species between an upper limit pi and a lower
limit p! , ensuring plant species coexistence because no species will go extinct or become overdominant. Furthermore, common plant species are likely to reach higher abundance and can
experience greater fluctuations in abundance over time than rare plant species.
Beside change in the strength of various interactions among species, the hierarchical
structure of the interactions can greatly impact species coexistence (Kondoh et al. 2010, Mougi
and Kondoh 2012, Suweis et al. 2014, Mougi and Kondoh 2014). In our model, however, we did
not incorporate hierarchical structure since each species interact with every other species. Future
work, should investigate how network structure would affect natural enemies-plants-mycorrhizal
fungi interactions.

Impacts of mycorrhizal associations on a plant-enemy dynamics
Consistent with recent work (Holland et al. 2013, Georgelin and Loueille 2014), the third
analysis of the system showed that adding mutualism to a prey-predator system could stabilize or
destabilize the interactions. Specifically, our analysis revealed complex changes in the dynamics
of the system with increasing mycorrhizal fungal abundance (Appendix I-B). If the protection
conveyed by the fungi to the plants is small enough, mutualism stabilizes the interactions
between plants and natural enemies, suggesting that mutualism can damper the interactions
between plants and natural enemies (Fig. 5, 6). However, as mycorrhizal fungal abundance
continues to increase, the natural enemy population can be pushed to extinction, resulting in the
collapse of the system (Fig. 6). When protection conveyed by mycorrhizal fungi to plants is
large, mutualism destabilizes the system, which can introduce cycle dynamics and collapse (Fig.
!
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6). Similar potential stabilization and destabilization effects of mutualism were also detected in
pollinator-herbivore-plant systems involving uni-directional mutualism (Mougi and Kondoh
2012, Georgelin and Loueille 2014).
Overall, stabilization was more likely at intermediate mycorrhizal fungal population,
which is somewhat consistent with a recent study of “hybrid” community (Mougi and Kondoh
2014). In this study, the authors asked which composition of interactions (mutualism,
antagonism, and competition) could lead to the stability of many interacting species. They found,
that a moderate mixing of the three types of interactions enhanced stability in diverse systems.
However, they assume functional type I interactions between each species simplifying
dramatically the system.
Interestingly, the costs and benefits of mycorrhizal fungal associations have a similar
effect on the Jacobian matrix, suggesting that both costs and benefits could stabilize preypredator interactions (Appendix I-B). However, the upper and lower boundaries of the
population abundance sets some limits to the costs and benefits. If benefits tend to infinity, the
system is destabilized because plant population obtains an infinite growth rate. In contrast, if
costs tend to infinity, the plant population dies off. Therefore, within the limit of coexistence
increasing costs and benefits tend to stabilize the systems, but outside of the domain of
coexistence, enhanced costs and benefits destabilize the system.

Impacts of plant natural enemies on a plant-fungi dynamics
Consistent with previous work, antagonist interactions (such as plant-enemy) can stabilize
mutualism, by introducing negative feedbacks (Holland et al. 2002). Analysis of the system with
a fixed natural enemy population showed that if the costs of mycorrhizal associations to the fungi
!
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are high enough, then an increase in natural enemy population could stabilize the system (Fig. 7,
Appendix I-B). However, the increase in natural enemy population needs to remain in the
domain of coexistence defined in the analysis of the full system (Appendix I-A). If natural
enemy population becomes too abundant, it will push plant population to extinction (Fig. 7).
It is interesting to note that in the absence of the natural enemy population, the model
represents a bi-directional consumer-resources interaction between a facultative host (plant) that
undergo intraspecific competition and an obligate mutualist (mycorrhizal fungi Holland and
DeAngelis (2010) studied a similar model was studied in depth by without competition and they
showed that mutualism described in such a way was generally stable. Furthermore, they
demonstrated that the range of dynamics predicted by this type of mutualistic interactions was
similar to prey-predator interactions. In particular, cycles and dampen oscillations towards the
equilibrium were two possible outcomes. Consistent with their findings, our simulations led to
similar dynamics (Fig. 7).

Effect of the environment on complex dynamics systems
An important consideration is that the effects of microbial feedbacks on plant community
dynamics could be endogenous (depend solely on the fungal-plant associations) or driven by
exogenous temporal variability in the physical environment (e.g., precipitation or soil fertility).
In particular, previous research suggests an increase in the costs of mycorrhizal associations with
increasing soil fertility and shade, with a potential shift from mutualistic to parasitic associations
(Nehauser and Fargione 2004). In our model, mycorrhizal fungal associations results in costs and
benefits for the plants similarly to Nehauser and Fargione (2004). However, Nehauser and
Fargione incorporated the benefits of mutualism as an increase in carrying capacity of the host
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(2004), rather than an increase in growth rate as we did. It would be interesting to expand upon
our model to test if an increase in soil fertility would enhance parasitism. Furthermore,
exogenous fluctuations in plant enemy and mycorrhizal fungal feedbacks might follow nonrandom patterns. For example, the accumulation of pathogens over time might result in an
increase in negative feedbacks from natural enemies (Klironomos 2002, Diez et al. 2010). In
contrast, host specificity in mycorrhizal fungal might lead to an increase in positive feedbacks
over time (Kardol et al. 2006). Although important for understanding natural variation in
community dynamics, such exogenous variation in enemy and mycorrhizal fungal effects would
not change the results concerning plant species coexistence of our model as we included this
level of variation in the mathematical analyses (Appendix I-A).

CONCLUSION
Our model considers the simultaneous effects of mycorrhizal fungi and negative feedbacks from
enemies as mechanisms driving fluctuations in plant species abundance and fostering species
coexistence. Previous work examining the role of plant-soil feedbacks in plant species
coexistence concluded that diversity could be maintained by negative but not positive feedbacks
(Bever et al. 1997). Other modeling efforts have demonstrated that the joint effects of
competition, mutualism, and predation could lead to species coexistence (Nehauser and Fargione
2004, Holland et al. 2013, Georgelin and Loueille 2014, Mougi and Kondoh 2014). Our model
synthesizes these efforts by considering the joint effects of mutualism, predation, and
competition. Furthermore, we added an explicit interaction between mutualism and predation. By
combining these three important dynamics and their interactions, our approach is more
ecologically realistic than previous models.
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Specifically, our analysis addresses the effects of these complex trophic dynamics on
plant species coexistence, further developing the integration of mutualisms in food web and
community dynamics (Rai et al. 1983, Addicott et al. 1984, Freedman et al. 1987, Ringel et al.
1996, Jang 2002, Bronstein et al. 2003, Melían et al. 2009, Loueille 2010, Mougi and Kondoh
2012, Holland et al. 2013, Georgelin and Loueille 2014, Mougi and Kondoh 2014). Early work
in this area typically includes only two species (May 1976, Christiansen and Fenchel 1977,
Vandermeer and Boucher 1978, Addicott 1981). Subsequently, the focus shifted towards threespecies interactions in which a mutualist would arise from a prey-predator or a competitor
system (Rai et al. 1983, Addicott et al. 1984, Freedman et al. 1987). These studies found that
different types of mutualisms stabilize or destabilize a community: mutualisms that deter
predators, compete with a predator, or decrease competitive interactions can stabilize
interspecific interactions, whereas mutualisms that increase prey availability or asymmetric
competition might destabilize interactions (Addicott et al. 1984, Thébault et al. 2010). Consistent
with these studies, Holland et al. (2013) concluded that a mutualistic pollinator could maintain
the stability of the system involving a plant, a mutualistic pollinator (uni-directional mutualism),
and a nectar-parasite. Similarly, our work shows that n plant species can coexist with enemy and
mycorrhizal fungal populations because the mycorrhizal fungi and natural enemy stabilize each
other interactions with plants. Our system expands on previous work by combining competition,
predation, and bi-directional mutualism with density-dependent costs and benefits involving n+2
species. However, our model lacks network structure, which can have dramatic effects on
community diversity (Mougi and Kondoh 2014, Suweis et al. 2014). Future work should aim at
combining network structure, trophic interactions, and community dynamics.
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Figure 1. Conceptual model showing the expected relationships between natural enemy,
mycorrhizal fungi, and plant population dynamics. (A) 1. Per capita predation from enemies
increases with plant abundance and saturates. We showed two possible forms in plain and dashed
lines; 2. The effects of the fungi on the plants are both positive (nutrients provisioning) and
negative (carbon costs). Similarly, the effects of the plants on the fungi are both positive (carbon
gain) and negative (nutrients sink). These costs and benefits are further developed in panel B; 3.
Per capita protection plants derive from mycorrhizal fungi linearly increases with the abundance
of mycorrhizal fungi. (B) 1. Per capita nutrient benefits provided to the plants by the fungi
increase (Fitter 1991, Van der Heijden et al. 1998, Lekberg and Koide 2005, Hoeksema et al.
2010, Zhang et al. 2011) and saturate with fungal abundance because mycorrhizal associations
are limited by root surface and fungi control the amount of nutrients delivered to the plant (Smith
and Read 2008, Vannette and Hunter 2011); 2. Per capita carbon costs of mycorrhizal
associations to the plant increase with the abundance of the fungi (Vannette and Hunter 2011)
but decrease with the abundance of the plant that can regulate the costs at the individual (Leon
and Tumpson 1975, Tilman 1982, Koide 1991, Johnson et al. 1997, Smith and Read 2008,
Johnson and Graham 2013, Koide 1991, Salzer et al. 1997) and population levels (Selosse et al.
2006, van der Heijden and Horton 2009, Kiers et al. 2011). 3. Per capita carbon benefits the
fungi gain from the plants increase and saturate with the plant abundance because mycorrhizal
associations are limited by root surface. 4. Per capita costs of the mycorrhizal associations to the
fungi increase with plant abundance but decrease with the abundance of the fungi. Fungi can
regulate this cost by controlling mycelial growth and the extent of the common mycelial network
(Selosse et al. 2006, van der Heijden and Horton 2009, Kiers et al. 2011). Recent evolutionary
stable strategies analysis showed that regulation of costs and benefits of mutualistic association
at the individual level leads to a cost and benefit control at the population level (Holland and
DeAngelis 2004). Therefore, fungal populations control the costs of being associated with plants.
(C) These interactions could result in the following patterns of population dynamics: at low
density, a plant population experiences a predation release that allows it to increase in density
despite low benefits from mycorrhizal fungi. At a specific flipping point (the black dot), the
predation and the costs of supporting the mycorrhizal associations are not off-set by the high
mycorrhizal benefits and the plant population density decreases. It is important to note that the
net mycorrhizal effect (difference between benefits and costs) will be species specific and in part
controlled by the ratio of fungi and plant abundance.
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Figure 2. Model simulations for one plant species (X) with constant parameters in the presence
of natural enemies (Y) and mycorrhizal fungi (M). M1 represents the net effect of mycorrhizal
associations for the plant species. Panel A represents a situation where the benefits of the
mycorrhizal symbiosis are greater than the costs
(!! ! ! !(!) + !! !! !!→!! , ! > !! !! !!! →! , ! ). In this case, there is a mismatch between
plant and mycorrhizal fungal dynamics. Panel B represents the opposite situation where the costs
of the mycorrhizae are greater than its benefits
(!! ! ! !(!) + !! !! !!→!! , ! < !! !! !!! →! , ! ). In this case, plant and mycorrhizal fungal
dynamics are synchronous. Parameter values used for the simulations are provided in Appendix
I-B.
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Figure 3. Model simulations for one plant species (X) in presence of natural enemies (Y) and
mycorrhizal fungi (M) with constant parameters. M1 represents the net effect of mycorrhizal
associations for the plant species. Panel A and B illustrate two situations where over time the net
effect of mycorrhizal associations is fluctuating between positive and negative. Parameter values
used for the simulations are provided in Appendix I-B.
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Figure 4. Model simulations for two plant species (X1 and X2) The dynamics of the dominant
plant species and associated net mycorrhizal effect are shown in orange and dark blue; rare
species in purple and light blue. Fluctuations in enemy (green) and mycorrhizal (black) effects
lead to sporadic changes in the abundance status of the two plant species, with periods when the
common plant species becomes less abundant than the rare plant species (area shaded in). M1 and
M2 represent the net effect of mycorrhizal associations for the plant species X1 and X2. Parameter
values used for the simulations are provided in Appendix I-B.
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Figure 5. Figures representing the effects of mycorrhizal fungi on the null isoclines of the preypredator model.
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Figure 6. Model simulations for one plant species (X) in presence of natural enemies (Y) and
with fixed mycorrhizal fungal population (M) and parameters. Panel A and B illustrate two
situations where mycorrhizal fungi, respectively, stabilize and destabilize the prey-predator
dynamics
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Figure 7. Model simulations for one plant species (X) in presence of mycorrhizal fungi (M) and
with fixed natural enemy population (Y) and parameters. Panel A, B, and C illustrate three
situations where natural enemy population stabilizes a mutualism system that exhibits cycles (A),
that is stable (B), or that is unstable (C).
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CHAPTER TWO:
Long-lasting effects of land use history on soil fungal communities in
secondary tropical rain forests
Benedicte Bachelot, María Uriarte, Jess Zimmerman, Jill Thompson, Jonathan W. Leff, Ava
Asiaii, Jenny Koshner, Krista McGuire (In review at The ISME journal)

ABSTRACT
Soil fungi play a critical role in the structure and function of forest ecosystems but knowledge of
the factors that shape soil fungal communities in tropical forests remains limited.
We coupled high throughput DNA sequencing with tree community and abiotic
environmental data to investigate the factors that underlie how different land use histories alter
the composition and diversity of soil fungal communities in a tropical wet forest.
We demonstrate long-lasting effects of land use history on soil fungal communities in
tropical rain forests, which might have important implications for the functioning of these
ecosystems. Our findings show that soil characteristics such as soil type and pH are the primary
drivers of fungal community composition. Plant community was also correlated with fungal
community composition but to a lesser extent than soil characteristics. We also found some
evidence that the relative importance of biotic and abiotic factors in structuring soil fungal
community changed in high and low intensity of land use; in low intensity of land use, abiotic
factors were more strongly correlated with soil fungal community composition whereas biotic
factors were more strongly associated with soil fungal diversity (and vice versa in high intensity
of land use).
Past land use influences soil fungal community composition and diversity, providing a
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potential mechanism for the persistent effects of land use during forest recovery from human
activities.
INTRODUCTION
Soil fungi are critical to the functioning of forests, playing an important role as carbon sinks
(Coleman and Crossley 1996), and in structuring plant communities (Van der Heijden et al.
2008). Despite the recognized importance of fungi for forest ecosystems, the factors that
structure soil fungal communities are poorly understood. This lack of knowledge results in part
from the difficulties associated with characterizing soil fungal community given their
inconspicuousness and high diversity (Wolfe et al. 2007) and the challenge of accounting for the
myriad factors that can influence variation in soil fungal communities.
Abiotic factors can shape soil fungal community composition directly by altering
biochemical and physical conditions, or indirectly by affecting the plant communities on which
fungi depend (Table 1). Soil physical, chemical, and nutritional properties have been recognized
as the main drivers of soil microbial community structure (Garbeva et al. 2004). Soil carbon
affects soil fungal decomposers (Chapin et al. 2011) and arbuscular mycorrhizal (AM) fungi by
enhancing their mineral nutrient uptake (Hodge et al. 2001, Atul-Nayyar et al. 2009, Leigh et al.
2009), and by influencing plant growth (Zink and Allen 1998). Other soil nutrients such as iron
shape soil fungal communities by influencing wood decomposition rates (Hall and Silver 2013)
and by potentially toxic effects on plants and fungi (Gadd 1994). Additionally, soil pH, soil
moisture, and canopy openness can influence community composition of fungal decomposers
(DeAngelis et al. 2013), pathogens (Prusky and Yakoby 2003), and mycorrhizal fungi (Zhang
and Zak 1995, Zheng et al. 2015).
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Soil fungal communities are also shaped by the local plant community, which provides
them with resources and act as hosts for some fungal groups (Wardle et al. 2011; Table 1). The
quantity and nutritional quality of litter produced by the nearby plant community may favor
specific soil fungal communities (Gholz et al. 2000), thereby affecting fungal diversity and
composition (Aneja et al. 2005, Prescott and Grayston 2013). Plant community characteristics
might also affect the soil fungal community because mycorrhizal fungi and pathogens exhibit
some degree of host-plant preferences (Öpik et al. 2009, Chagnon et al. 2012, Toju et al. 2013,
Peay et al. 2013, Tedersoo et al. 2014). The link between plant and fungal communities may be
particularly marked for AM fungi, which are obligate biotrophs. Therefore, separately
investigating soil fungal and AM fungal communities may help to shed light on the factors
shaping fungal communities.
Successional tropical forests represent an ideal system to study the biotic and abiotic
factors that underlie land use impacts on the composition and structure of soil fungal
communities. Land use legacies can reduce soil carbon (Marín-Spiotta et al. 2008), and soil pH
(Guariguata and Ostertag 2001). However, the effects of land use on abiotic factors might vary
across human disturbance types. For example, conversion of forest to crops can reduce soil
carbon whereas conversion of forest to pasture can increase soil carbon (Marín-Spiotta et al.
2008). In addition, land use might homogenize soil abiotic factors via mechanical soil mixing or
via altered vegetation-mediated soil feedbacks such as in logged areas (Fraterrigo and Turner
2005). Several studies in temperate forests have shown that intensive land use may reduce
within-stand spatial heterogeneity in abiotic factors such as soil water content, pH, and nutrients
(Fraterrigo and Turner 2005, Flinn and Marks 2007). The homogenizing effect of high intensity
land use may leave a legacy on abiotic factors that could result in lower variation in the abiotic
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environment experienced by soil fungal communities (Vellend et al. 2007). Therefore, abiotic
factors may play a more important role in shaping soil fungal community composition in areas
subject to low levels of human land use relative to those with intense land use.
Human land use has long-lasting effects on tree composition, forest structure, and
dynamics (Zimmerman et al. 1995, Mesquita et al. 2001, Thompson et al. 2002, Chazdon 2003,
Uriarte et al. 2009, Comita et al. 2009), which may further influence soil fungi. Forests in areas
subject to human activities generally contain a mixture of tree species of various successional
stages (Chazdon 2003), which typically span a greater range of leaf and wood traits (Swenson et
al. 2012). Plant species of distinct successional strategies and with different functional traits have
been found to favor distinct soil fungal communities (Kardol et al. 2006, Ohsowski et al. 2014).
Thus, greater plant trait functional diversity in areas of more intense human land use could result
in greater effects of biotic factors in shaping soil fungal communities.
Overall, land use might result in a decrease in soil fungal diversity (Öpik et al. 2006,
Straker et al. 2007, Tchabi et al. 2008, Mueller et al. 2014, Xiang et al. 2014). However, this
negative effect is not consistent across studies (e.g. Rosemeyer et al. 2000, Violi et al. 2008,
Lauber et al. 2008, Leal et al. 2009, Lekberg et al. 2012, Dai et al. 2013, Moora et al. 2014).
Discrepancies might arise because land use effects on soil fungal communities might be
ecosystem-specific (Öpik et al. 2006) and non-linear depending on the type of land use, its
intensity, and time since disturbance (Carpenter et al. 2001, Vályi et al. 2015, Dickie et al.
2015). Consistent with the idea that organismal diversity might peak at intermediate level of
disturbances (Connell 1978), Carpenter et al. (2001) found that AM fungal diversity in pastures
increases with decreasing intensity of cattle grazing before decreasing in secondary tropical
forest. Few studies have assessed long-lasting effects of land use on soil fungal communities and
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fewer still have been conducted in tropical forests, which have undergone drastic deforestation
followed by an expansion of secondary mature forests in recent decades (FAO 2010). Even less
is known about how past land use alters abiotic and biotic factors influence on soil fungal
communities in either temperate or tropical ecosystems.
Here, we investigated the relationship among land use history, biotic and abiotic factors, and
soil fungal community composition and diversity in the 16-ha Luquillo Forest Dynamics Plot
(LFDP) with a well-characterized and spatially heterogeneous history of land use in northeast
Puerto Rico (Thompson et al. 2002, 2004, Uriarte et al. 2009). The site offers an ideal
opportunity to ask the following questions:
1. Do the composition and diversity of soil fungal communities in a tropical forest differ
between two areas with different intensities of historical human land use? We
hypothesized that soil fungal community would vary with intensity of land use (ILU). We
also expected soil fungal diversity to be higher in low relative to high ILU.
2. Are the impacts of high and low ILU on soil fungal community composition and diversity
better explained by variation in biotic or abiotic factors? We hypothesized that land-use
driven differences in soil characteristics, canopy openness, and tree community
composition would be associated with variation in soil fungal community composition
and diversity. Given the obligate symbiotic nature of AM fungi, we expected differences
in soil AM fungal communities in areas of different ILU to be associated with biotic
factors.
3. Is the relative importance of abiotic and biotic factors in structuring soil fungal
communities different among areas with high and low ILU? We expected that higher
heterogeneity in abiotic factors in areas of low ILU would be more important in shaping
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soil fungal communities than in areas of high ILU. In contrast, we expect that greater
heterogeneity in successional and functional tree diversity in areas of high ILU would be
more important in shaping soil fungal communities than in areas of low ILU. For AM
fungi, the importance of biotic factors might be similar in both areas of high and low ILU
because of their symbiotic nature.

MATERIALS AND METHODS
Study Site and field sampling
The study site is the 16-ha LFDP (1820’N, 6549’W) in northeast Puerto Rico (Thompson et al.
2004). Mean annual rainfall is 3500 mm, classifying the forest as subtropical montane (Walsh
1996). All free-standing woody stems > 1 cm dbh (diameter at 1.3 m height) have been mapped,
identified to species, and measured every 5 years (Thompson et al. 2002). Human activities in
the Luquillo forest ceased in 1934, resulting in areas of primary forest that had experienced low
levels of selective tree felling (categorized as low ILU) and secondary forest that grew after more
intensive farming activities (high ILU). We divided the plot into two categories: high (canopy
cover < 80%) and low (canopy cover >= 80%) ILU (Fig S1) determined from aerial canopy
photos taken in 1936 after farming ceased in 1934 (See Thompson et al. 2002). The high ILU
encompasses the northern two thirds of the plots and has less rocky soils than the southern low
ILU area that has a more rugged topography.
From May to July 2012, we sampled soil (0-20 cm deep and 2.5 cm diameter) adjacent to
237 seedling recruitment plots distributed systematically throughout the LFDP to monitor natural
forest regeneration patterns (Fig. S1). Prior to soil sampling we removed loose-leaf litter and
!

45!

decaying logs. To prevent cross-sample contamination, the soil corer was cleaned with 70%
alcohol, and new gloves were used at each seedling plot. The soil cores were pooled from the
four corners of 120 1 x 1 m seedling recruitment plots and from two corners and 1 m along
opposite sides of 117 1 x 2 m seedling recruitment plots. Pooling soil samples per seedling plot
may have disguised potential small-scale heterogeneity (van der Gast et al. 2011). Samples were
located at least 20 m apart and distributed across the whole LFDP (Fig. S1). In total, there were
99 samples in low ILU and 138 samples in high ILU. Samples were stored at -20°C within 8
hours after collection then shipped overnight to the laboratory at Barnard College.
We quantified a number of abiotic factors that can affect the soil fungal communities,
canopy openness, soil iron and carbon, soil pH, a proxy for soil moisture as potential water flow,
and soil type (Table 1, Figure S3). These abiotic variables were selected because they are
recognized as the main factors affecting fungal communities (see introduction). Other abiotic
variables (e.g. soil nitrogen) were not included to avoid collinearity among covariates. Areas
with high intensity of land use have lower soil iron and carbon but higher pH than areas subject
to low intensity of land use (Table 1, Figure S2). Additionally, soil carbon and iron are more
homogenous in high relative to low ILU (Table S1). Canopy openness in fall 2010 and spring
2011, was obtained using a camera with a fisheye lens (Nikkor; Nikon Inc., Tokyo, Japan)
positioned at 1m height at the center of each seedling plot under uniform light conditions. The
pictures were analyzed following the Ridler and Calvard algorithm (Ridler and Calvard 1978).
To describe differences in soil water drainage, we estimated potential water flow using an
elevation grid of the LFDP plot (5 x 5 m) and the hydrology toolbox of ArcGIS. Soil pH was
determined after 30 minutes incubation in a 1:1 by volume soil:H20 solution. Total soil carbon
was measured by combustion analysis (Elementar Vario Macro). Soil iron concentration was
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measured using inductively coupled argon plasma (ICAP) spectroscopy (Montaser 1998). Soil
types were derived from the Soil Survey (1995 U.S. Department of Agriculture), which classified
the soil into five volcanisclastic types: Zarzal has low fertility, Cristal and Coloso low to
moderate, Prieto moderate, and Fluvaquents moderate to high fertility. The dominant soil types
are Zarzal (148 samples), a deep and well-drained oxisol, and Cristal (50 samples), a deep but
poorly-drained ultisol. Prieto soils are moderately deep and poorly drained. Coloso and
Fluvaquents soils are formed from alluvium in the stream channels. Here, we considered zarzal
and cristal soil types separately and created a third category by combining the three other soil
types (16 soil samples: comprising Coloso (2), Prieto (9) and Fluvaquents (5)). The three soil
categories had similar pH (Fig. S4).
We considered a number of biotic factors that could influence soil fungal community
structure including adult tree diversity, sum of basal tree area, and litterfall biomass (Table 1).
Using the 2011-tree census, we calculated species tree diversity (Shannon index), and the sum of
adult tree basal area in a circle of 15-meter radius around each soil sample. Previous analyses in
the LFDP (Uriarte et al. 2005) showed that a 15-meter radius captured neighborhood interactions
between individual trees and exploratory analyses of the fungal data also showed that the
strongest associations occur at this scale (data not shown). We also estimated total annual
litterfall biomass for each soil sample using models of leaf litter dispersal derived from tree plots
data and litter falling into baskets for the 12 dominant tree species of the LFDP (Uriarte et al. in
review, Table S2). High ILU has higher tree diversity and sum of basal area than low ILU (Table
1, Figure S2). Additionally, adult tree diversity is less homogenous in high relative to low ILU
(Table S1).
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Soil fungal community analyses
Soil samples were prepared for DNA sequencing, following Caporaso et al. (2012). Soil
samples were defrosted, sieved, and extracted using the PowerSoil® DNA isolation kit (MoBio,
Carlsbab, CA, USA). Three DNA extracts per soil sample were pooled to determine the fungal
community present in each sample. Fungi in the DNA extracts were sequenced using barcoded
high-throughput sequencing on the Illumina MiSeq platform at the University of Colorado,
Boulder, CO, USA following McGuire et al. (2013). The first internal transcribed spacer region
(ITS1) of the fungal rRNA gene was amplified using the modified primer pair ITS1-F
(CTTGGTCATTTAGAGGAAGTAA) and ITS2 (GCTGCGTTCTTCATCGATGC) (Bellemain
et al. 2010).
All DNA reads were de-multiplexed, quality-filtered, and processed using the QIIME v.
1.5.0-dev pipeline with default settings except as noted here Caporaso et al. 2010). We used a
97% similarity threshold to cluster sequences into operational taxonomic units (OTUs) using the
open reference-based procedure in QIIME. For this, we used UCLUST (Edgar 2010) to cluster
sequences with the UNITE November 2012 database (Abarenkov et al. 2010), and sequences
that did not cluster with the database were clustered de novo. We filtered sequences less than
75% similar to any sequences in UNITE prior to OTU clustering as an additional quality control
measure. Each sample was rarified to 500 sequences prior to downstream analyses. For
taxonomic assignments, we used Basic Local Alignment Search Tool with the nucleotide
database, excluding sequences not associated with known organisms, and the R package ‘taxize’
(Chamberlain and Szocs 2013) to extract the best taxonomy for each OTU from the GenBank
taxonomic database (see SI for details). We obtained fungal composition data for 214 soil
samples. For the analyses, we used the relative abundance of distinct OTUs. Fungal diversity
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was calculated with the Shannon diversity index (Shannon and Weaver 1948) as recommended
for analysis of phylotypes (Hill et al. 2003). All composition analyses were performed on
standardized Hellinger distance matrixes (Legendre and Gallagher 2001).
Statistical analysis
1. Do the composition and diversity of soil fungal communities in a tropical forest differ
between two areas with different intensities of historical human land use?
To investigate how soil fungal composition differs between ILU, we first used PERMDISP
analysis (Anderson 2006) to test for homogeneous dispersion between ILU areas. Our results
indicated high dispersion effect (overall soil fungi: F value = 12.1 and p value < 0.001, AM
fungi: F value = 10.6 and p value = 0.001). Analysis of similarity (ANOSIM) confounds location
(mean) and dispersion (variance) effects and is very sensitive to heterogeneous dispersion
(Warton et al. 2012, Anderson and Walsh 2013). For this reason, we used permutational
multivariate analysis of variance (PERMANOVA) that is less sensitive to dispersion effects
(Anderson and Walsh 2013). Significant results from PERMANOVA would suggest that soil
fungal composition is different in high and low ILU due to both location and dispersion effects.
We then used non-metric multidimensional scaling (MDS, Kruskal 1964) for visual diagnostic.
Wilcoxon rank-sum tests were used to compare how fungal phylum, class, order and family
diversity differed between ILU. To account for the greater number of samples in high (128)
relative to low (86) ILU, we bootstrapped the high ILU samples by randomly selecting 86
samples without replacement 100 times. The significance of the Wilcoxon test was corrected to
account for multiple tests using the False Discovery Rate (FDR, Benjamini and Hochberg 1995).
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We used an analysis of variance (ANOVA) combined with bootstrapping to assess the effect of
land-use history on the overall soil fungal and AM fungal diversity.

2. Are the impacts of high and low ILU on soil fungal community composition and
diversity better explained by variation in biotic or abiotic factors?
We used multivariate redundancy analyses (RDA) (Legendre and Gallagher 2001) to investigate
the importance of the measured abiotic and biotic factors on fungal composition (Table 1). We
first checked for collinearity among covariates using Pearson correlation tests and found that
only tree diversity and sum of tree basal area 15 m around seedling recruitment plots were
slightly correlated (r = 0.38). We used backward and forward approaches for variable selection
and variance inflation factors to investigate spurious correlation among explanatory variables
(Legendre and Gallagher 2001).
To assess how abiotic and biotic factors affected soil fungal diversity, we used linear
regression followed by backward and forward approaches for variable selection. Covariates of
the full model included the same nine variables used in the RDA. Differences in sampling effort
across ILU were addressed using bootstrapping followed by FDR as described above (Question
1).
To correct for differences in sampling effort across soil types, we used 100 permutations
of soil types across the 214 samples and the previously described RDA and linear regression to
create distributions of p values under random soil type associations. We compared the p value of
soil type obtained in the final RDA and linear models with these distributions. Soil type effect
was considered significant if the p value was lower than 0.05 and the 5% quantile of the random
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p value distributions (see Table S4 and S5).
3. Is the relative importance of abiotic and biotic factors in structuring soil fungal communities
different among areas with high and low ILU?
To assess how ILU alters the relative importance of abiotic and biotic factors in structuring the
soil fungal communities, we separated the 214 soil samples according to ILU. This resulted in
128 soil samples in the high ILU dataset and 86 soil samples in the low ILU dataset. Using the
variables retained in question 2, redundancy analyses were performed for each ILU dataset.
Significance of each variable was assessed using 1000 permutations. Then, we performed
variance partitioning to determine the proportion of variance in the soil fungal community
composition and diversity that is explained independently by abiotic factors (A), biotic factors
(B), jointly by A and B, and unexplained in either ILU (Legendre 1993). Similarly, we separated
soil fungal diversity according to ILU and used a linear regression of fungal diversity against the
variables previously retained in question 2, followed by variance partitioning. Finally, we used χ2
test with 1000 Monte Carlo simulations to assess the significance of variance partitioning
standardized by the total amount of explained variance between ILU for both fungal composition
and diversity.
Each covariate was z transformed in order to allow comparison between effect sizes
(Gelman and Hill 2007). Leaf litterfall biomass, soil carbon, and iron were first log transformed
to correct for skewness. All analyses were performed in R 3.1.1. (R Core Team 2013) using the
‘vegan’ package (Oksanen et al. 2013). In all analyses, variance inflation factors were lower than
1.3, indicating the lack of spurious correlations among selected variables (Gross 2003).
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RESULTS
We found 7,379 distinct OTUs, comprising seven phyla, 25 classes, 89 orders, and 231 families.
There were 4, 171 OTUs found in high ILU and 2, 812 detected in low ILU (Table S6). The most
common fungal phyla were Ascomycota (4878 OTUs), Basidiomycota (1477 OTUs), and
Glomeromycota (553 OTUs). The most abundant orders were Pezizales (1178 OTUs),
Sordariales (1191 OTUs), Agaricales (769 OTUs), Glomerales (454 OTUs), Capnodiales (441
OTUs), and Polyporales (164 OTUs) (Fig. 1). Average OTU richness was variable among soil
samples for both all fungi (108 ± 25 SD in high ILU, 97± 30 SD in low ILU) and for AM fungi
alone (14 ± 5 SD in high ILU, 9 ± 5 SD in low ILU) (Table S6).
1. Do the composition and diversity of soil fungal communities in a tropical forest differ
between two areas with different intensities of historical human land use?
Fungal community composition. Consistent with our expectation, ILU was a significant
predictor of soil fungal community composition. Past land use intensity explained small but
significant differences in the composition of overall soil fungal communities (PERMANOVA, F
stat = 4.46, p = 0.001, Fig. 2), and of AM fungal communities (PERMANOVA, F stat = 2.12, p
= 0.002, Fig. 2). In particular, fungi from the orders Pezizales and Glomerales (AM) were more
abundant in high relative to low ILU while the orders Agaricales, Capnodiales, and Sordariales
were more abundant in low relative to high ILU (Fig. 1).
Fungal diversity. ILU explained only 6% of the observed variation in the overall soil
fungal diversity. Yet, it explained 19% of the observed variation in AM fungal diversity.
Contrary to our expectation, soil fungal diversity was 10% lower in low relative to high ILU
(Wilcoxon test, p < 0.001). Ten fungal classes exhibited significantly different diversity between
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ILU (Table 2). Among the 14 fungal orders that exhibited significant differences in diversity
between ILU, all orders but the Rhizophydiales (decomposers and pathogens) and
Saccharomycetales (yeast) were more abundant in high ILU (Table 2). The trend of high fungal
diversity in high ILU was also apparent at the family level (Table 2). Similarly, the diversity of
AM fungi was 26% lower in low relative to high ILU (Wilcoxon test, p < 0.001). Specifically,
AM fungi of the phylum Glomeromycota were twice as diverse in high relative to low ILU
(Wilcoxon test, p < 0.001, Table 2).

2. Are the impacts of high and low ILU on soil fungal community composition and
diversity better explained by variation in biotic and abiotic factors?
Fungal community composition. As expected, soil fungal community composition was
influenced by biotic and abiotic factors. The model retained 7 variables (pH, > soil type, > soil
iron, > canopy openness, > total soil C, > adult tree diversity, > total leaf litterfall biomass).
These variables accounted for 19% of the variation in the soil fungal community (RDA, pseudoF = 6.08, p = 0.005, Table 3), with soil type and pH together explaining most of the variation
(12%).
In contrast, only 7% of the compositional variation of AM fungal communities was
explained by abiotic and biotic factors. (RDA, pseudo-F = 3.73, p = 0.005). Three variables (soil
type, > pH, > sum of adult tree basal area) showed significant associations with AM fungal
community composition (Table 3). Contrary to our expectation, AM fungal communities did not
show stronger associations with biotic factors than the overall soil fungal communities.
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Fungal diversity. As expected, soil fungal diversity was correlated with biotic and abiotic
factors. These variables captured 10% of the variance in the overall soil fungal diversity, which
is greater than the amount of variance explained by ILU. Overall soil fungal diversity was higher
in Cristal clay soils (intermediate fertility), and high tree diversity, canopy openness, and total
soil carbon (Table 4).
Abiotic and biotic factors captured 13% of the variance in AM fungal diversity, which is
less than the variance explained by ILU. Consistent with our prediction that AM fungal and tree
communities should be tightly linked, we found that AM fungal diversity increased with tree
diversity. However, this effect was not stronger than the effect of tree diversity on the overall soil
fungal diversity. AM fungal diversity also increased with canopy openness, and decreased with
soil iron, pH, and water flow potential (Table 4).

3. Is the relative importance of abiotic and biotic factors in structuring soil fungal
communities different among areas with high and low ILU?
Fungal community composition. As expected, abiotic factors were more strongly correlated
with soil fungal community composition in high ILU whereas biotic variables were more
important in low ILU. In high ILU, iron, soil type and pH, canopy openness, C, tree diversity,
and leaf litter explained 20 % of the observed variation in the overall soil fungal community
composition (RDA, pseudo-F = 3.73, p = 0.005, Table 5). Variance partitioning showed that the
majority (15%) of the variation of soil fungal composition in high ILU was explained by abiotic
factors with biotic factors accounting for only 3% of the variation (Fig. 3A). In low ILU, iron,
soil type and pH, C, and leaf litter accounted for 26% of the variation in the overall soil fungal
community composition (RDA, pseudo-F = 3.30, p = 0.005, Table 5). As with high ILU,
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variance partitioning showed that the majority of observed variation (22%) was captured by
abiotic factors and only 3% by biotic factors (Fig. 3A). Differences between variance
partitioning in high and low ILU were significant (χ2 test, p = 0.01).
For AM fungal community composition in high ILU, soil type and pH (RDA, pseudo-F =
1.94, p = 0.01, Table 5) captured 6% of the observed variation. The majority of the variation in
AM fungal composition was attributed to abiotic factors (5%) while sum of basal tree area
captured only 1% of the observed variation (Fig. 3A). In low ILU, 11% of the observed variation
in AM fungal community composition was explained by soil type and pH (RDA, pseudo-F =
2.41, p = 0.005, Table 5). The majority of the variation in AM fungal composition was attributed
to abiotic factors (9%) while sum of basal tree area captured only 1% of the observed variation
(Fig. 3A). Contrary to our expectations, there was no significant difference in the relative
importance of abiotic and biotic factors in structuring AM fungal composition between ILU (χ2
test, p = 0.16).
Fungal diversity. The patterns of diversity were opposite to our expectation because abiotic
factors were more strongly associated with soil fungal diversity in high ILU, whereas biotic
variables were more important in low ILU. In high ILU, 9% of the observed variation of overall
soil fungal diversity was explained by soil type and C (Table 6). Most of the explained variation
in overall soil fungal diversity was explained by abiotic factors (8 %, Fig. 3B). In low ILU, 11%
of the observed variation in the overall soil fungal diversity was explained by tree diversity
(Table 6). Variance partitioning showed that abiotic and biotic factors captured about the same
amount of observed variation in the overall soil fungal diversity (respectively 5% and 4%, and
2% for their intersection, Fig 3B). The difference in relative importance of abiotic and biotic
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factors was significant (χ2 test, p < 0.001).
In high ILU, all of the explained variance in AM fungal diversity was captured by soil pH
(5%, Fig. 3B, Table 6). In low ILU, only water flow was significantly correlated and one biotic
factor was marginally correlated with variation in AM fungal diversity (Table 6). Variance
partitioning showed that abiotic variables explained most of the variation in AM fungal diversity
(9%), and biotic factors explained a smaller fraction (3%, Fig. 3B). As for the overall soil fungal
diversity, there was a significant difference in the relative importance of abiotic and biotic factor
in structuring the AM fungal diversity (χ2 test, p < 0.001).
DISCUSSION
Land use is an important global driver of change in biotic communities (Sala et al. 2000),
including belowground organisms (Anderson 2005). Intense land use is often associated with
changes in soil fungal communities (Bardgett 2005), and these effects can persist long after land
use has ceased (Brussaard 1997). We investigated whether the effects of land use legacies on soil
fungi in tropical forest persist 80 years after cessation of human activities. Our results show a
strong effect of land use history on the composition and diversity of soil fungal communities that
is partially explained by some abiotic and biotic factors. Furthermore, we detected differences in
the relative importance of abiotic and biotic variables in structuring fungal diversity and
composition between ILU.

1. Land use effects on soil fungal community composition and diversity in primary and
secondary forests
As expected, overall and AM fungal community composition exhibited a significant land use
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signature 80 years after abandonment of farming and logging. This substantiates the hypothesis
that land use legacies may affect ecosystems for decades (Foster et al. 2003, Martiny et al.
2006). Specifically, this result supports other studies demonstrating effects of land use on
arbuscular mycorrhizal fungi (Öpik et al. 2006, Tachbi et al. 2008) and soil decomposers (Carlile
et al. 2001) in agroforestry and savannah tropical ecosystems.
Unlike previous studies, which found negative effects of land use on fungal diversity
(Carpenter et al. 2001, Kulmatiski and Beard 2008), we found that the diversity of the overall
soil fungal and AM fungal communities were highest in high ILU (i.e., historical farming and
logging). Previous studies typically compared forests and pastures or fields (Carpenter et al.
2001, Kulmatiski and Beard 2008), whereas our site contains primary and mature secondary
forests, where differences in vegetation are less marked. Furthermore, results from other studies
on the effects of ongoing land use on soil fungal diversity are mixed, including positive (Aziz et
al. 1995, Violi et al. 2008, Vályi et al. 2015), negative (Carpenter et al. 2001, Kulmatiski and
Beard 2008), or inconclusive (Guadarrama and Alvarez-Sanchez 1999, Rosemeyer et al. 2000).
This disparity could arise from non-linear effects of land use intensity. For instance, Carpenter et
al. (2001) found that AM fungal diversity in pastures peaked at intermediate intensity of erosion,
suggesting that different fungal species might be adapted to different levels of soil disturbance
(Ohsowski et al. 2014).
We found that 21 fungal families, representing a broad range of life histories (pathogens,
mycorrhizal fungi, lichens, decomposers, endophytes, and rhizosphere symbionts) vary
significantly between ILU (Table 2). In high ILU, pathogenic fungi were more diverse,
consistent with the idea that soil pathogen development and spread may be enhanced by land use
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(Burdon 1993, Agrios 2005, Foley et al. 2005, Santos and Benítez-Malvido 2012). Higher
diversity in pathogens could also result from higher plant diversity in ILU (Tedersoo et al. 2014).
We also found that Glomeraceae r-selected AM fungi (Chagnon et al. 2013), were more diverse
in high ILU, supporting the idea that ruderal AM fungi are more numerous in disturbed
environment (Ohsowski et al. 2014). Complex biotrophic families, such as Hygrophoraceae
(Griffith 2004, Lodge et al. 2014), which is the dominant fungal family in Luquillo (Lodge and
Pegler 1990), and Entolomataceae (Matheny et al. 2006), were also more diverse in high relative
to low ILU (Table 2).
2. Are the impacts of high and low ILU on soil fungal community composition and
diversity better explained by variation in biotic and abiotic factors?
As expected, several abiotic and biotic factors were associated with soil fungal community
composition and captured more variation than ILU. In contrast, AM fungal community
composition was poorly captured by the measured biotic and abiotic factors. Despite many
variables, we might have omitted aspects of the forest that were modified by past human
activities. Furthermore, there might be functional redundancy among AM fungi (Maherali and
Kliromonos 2007), leading to stochastic community composition.
Consistent with previous studies (Garbeva et al. 2004), we found that soil type was
correlated with soil fungal community composition and diversity. This pattern might arise
because soil type represents variation in soil characteristics at broad scales, encompassing a
range of soil fertility and structure where distinct fungal species might be selected. Soil fungal
community composition and diversity also responded to variation in pH. This is consistent with
the ideas that pH has species-specific effects on fungal metabolism (Fierer et al. 2009, Gessner et
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al. 2010, Tedersoo et al. 2014) and AM fungi occupy different pH niches (Clark 1997, Oehl et
al. 2010). Specifically, we found that AM fungal diversity decreases as pH increased from 3.2 to
6.7. This result was surprising as other studies tended to detect a decrease in AM colonization
and spore density with pH between 4.9 and 6 (Brundrett et al. 1996). However, our findings are
consistent with results showing that fungal importance increases as pH decreases from 8.3 to 4.5
(Rousk et al. 2009). The discrepancies among our results and other studies could arise because
our site is more acidic than these other study sites (Table 1), from methodological differences, or
from non-linear effects of pH on AM fungal diversity (Shi et al. 2013).
We found an association between soil fungal community composition and diversity and
soil iron, which might be explained by the biochemical uses of iron in fungi as well as iron
toxicity. Many saprotrophic fungi, which were more diverse in high relative to low ILU, require
iron to decompose wood because it stimulates decomposition via hydroxyl radical (Hall and
Silver 2013). Additionally, we found a negative correlation between irons and AM fungal
diversity that could arise from the toxicity of iron to this group (Szaniszlo et al. 1981, Li and
Christie 2001).
Soil fungal community composition and diversity were positively correlated with total
soil C and amount of leaf litterfall, which might occur when soil fungal decomposers are carbon
limited (Chapin et al. 2011). Therefore, as soil C and litter biomass increase in high ILU, fungal
decomposers might be favored, explaining the increase in fungal diversity, which we show to be
partially driven by an increase in fungal decomposer diversity. High ILU was characterized by
low soil carbon and high pH (Table 1, Figure S2). As pH increases, soil microbial communities
might shift towards bacterial dominated communities, resulting in higher carbon mineralization
and lower soil carbon (Rousk et al. 2009).
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Canopy openness and potential water flow were also correlated with soil fungal
community composition consistent with the fact that both canopy openness and potential water
flow alter litter decomposition rates (Gholz et al. 2000, DeAngelis et al. 2013), and enhance
fungal pathogens development and spread (Burdon 1993, Agrios 2005). The effects of canopy
openness and potential water flow (as a proxy for soil moisture) on AM fungi are more
complicated. Under low light, AM fungal associations might become too costly for the plants to
support (Gamage et al. 2004, Zheng et al. 2015, Bever 2015), resulting in a decrease in AM
fungal diversity. However, this negative effect of decreasing light on AM fungal community
might be confounded by plant shade tolerance because light-demanding plant species tend to be
more dependent on AM fungal associations (Myster et al. 2013). Similarly, water availability can
alter AM symbiosis because plants cannot afford AM fungal associations under water stress.
However, the significance and magnitude of the effect might depend on the drought tolerance of
the vegetation involved in the symbiosis.
Finally, our study supports the existence of tight linkages between plant and belowground
fungal communities (Bardgett and Wardle 2010, Peay et al. 2013, Martínez-García et al. 2015).
Although the correlation between soil fungal diversity and composition and biotic factors was
not as strong as the associations with abiotic factors, consistent with previous research (Wolfe et
al. 2007), soil fungal diversity increased as tree diversity increased, suggesting some degree of
host-preference between fungi and plants (Toju et al. 2013). Specifically, fungal decomposer
communities may be associated with particular tree species (Prescott and Grayston 2013), just as
pathogenic and mycorrhizal fungi exhibit host-preferences (Toju et al. 2013, Tedersoo et al.
2014).
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3. Shifts in the importance of abiotic and biotic factors in structuring soil fungal
community composition and diversity across areas with differing land use intensities
Despite the importance of abiotic relative to biotic factors, we found differences in their
relative importance in structuring the soil fungal community composition and diversity in areas
with different land use histories. In particular, biotic factors shaped the composition of soil
fungal communities more strongly in high relative to low ILU. However, the opposite was found
when evaluating fungal diversity.
The greater importance of biotic factors in shaping fungal composition in high ILU was
associated with higher tree diversity. This might arise because functional trait diversity has been
reported higher in high relative to low ILU (Swenson et al. 2012). Additionally, in high ILU,
fungal pathogens and decomposers are more diverse and they have been shown to exhibit hostpreferences (Gholz et al. 2000, Toju et al. 2013). Therefore, the increase in the importance of
biotic factors in high ILU could arise from host preference. In high ILU, less variation in soil
fungal community composition was explained by abiotic factors. These differences might result
from greater soil erosion and degradation and mixing of soil during past farming activities in
high ILU that resulted in a more homogeneous soil abiotic environment (Fraterrigo and Turner
2005, Cotler and Ortega-Larrocea 2006, Flinn and Marks 2007, Tables 1 and S1). Soil fungi are
sensitive to small-scale heterogeneity in abiotic factors (Green et al. 2004, Martiny et al. 2006,
Wolfe et al. 2007, van der Gast et al. 2011). Therefore, loss of environmental heterogeneity
might result in a decoupling between soil fungal communities and abiotic factors. Intense land
use history might reduce large-scale correlations between soil fungal communities and abiotic
factors while conserving small-scale correlations.
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In contrast, soil fungal diversity was more strongly correlated with biotic factors in low
relative to high ILU, and with abiotic factors in high relative to low ILU. This result is in line
with findings from plant communities that found strong associations between plant community
composition and biotic factors in less disturbed sites (Meier et al. 2010). Conceptually, the
differences between the processes structuring soil fungal community composition and fungal
diversity could mirror the measure sensitivities. Composition of each community of OTUs,
which gives the relative abundance of species found in a soil sample and is therefore affected by
individual species behavior, might respond to the variance in abiotic and biotic conditions. In
contrast, diversity, which reduces composition to one number describing the overall richness and
evenness (Patil and Taillie 1982), might respond to the average values of abiotic and biotic
factors. In high ILU, human activities affect soil characteristics (Foster et al. 2003), thereby
changing the average values of abiotic factors such as soil pH and nutrients (Table 1). Thus,
fungal diversity should be more correlated with soil characteristics in high relative to low ILU,
due to changes in abiotic characteristics. However, in low ILU where the average values of
abiotic factors have remained more constant over time, biotic interactions might exert strong
pressure on fungal diversity due to above and belowground linkage (Peay et al. 2013).
To conclude, the described long-lasting effects of historical land use on soil fungal
community structure and assembly processes might influence tropical forest functioning,
enhancing the need for additional studies in second growth tropical forests.
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TABLES AND FIGURES
Table 1. Summary of the hypothesized effects of abiotic/biotic variables on the fungal
community composition and the distribution of the selected variables across land use history
with the mean values and the minimum : maximum values and coefficient of variation between
parentheses. Metrics were calculated after bootstrapping to account for different sample size. *
indicates that the difference across land use intensity was significant after 1000 t test (see Figure
S2). N indicates the number of samples collected from a given soil type in high and low ILU.
Finally, analysis of the variance across soil types followed by bootstrapping to correct for sample
size showed that pH was marginally more acidic in Zarzal and Cristal (Fig. S4 in Appendix II).
Variable
Adult tree diversity in
15 m radius (unitless)*

Host specificity, litter
diversity

Sum of basal tree area
(BA) in 15m radius*

Root biomass and carbon
allocation belowground

Leaf litterfall biomass
(g/m2)

Aboveground nutrients
inputs

Canopy openness (%)*
Soil iron (ppm)*
Soil total carbon (%)*
Soil pH (log(mol/L))*
Water flow (m2)
Soil type
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Effect

Zarzal
Cristal
Others

Affects temperature,
moisture and plant tissue
quality
Mediates wood
decomposition and can be
toxic to plants and fungi

Intensity of land use
High
Low
2.57 (1.22:3.32,
2.46
0.11)
(1.78:3.12, 0.13)
1,809.53
1,708.00
(1050.00:2351.00 (827.60:2287.00,
, 0.14)
0.15)
519.30
548.7
(95.44:1637.00,
(184.10:1689.00,
0.59)
0.44)
3.1
(0.01:0.06, 0.30)

2.6
(0.01:0.04, 0.29)

53.02
(6.00:300.00,
0.95)

121.62
(0.00:610.00,
0.99)
4.89
(2.65:13.89,
0.38)
4.58
(3.24:5.77, 0.10)
0.67
(0.00:2.64, 0.87)
N = 57
N = 21
N=8

Source of nutrient

4.23
(2.13:8.47, 0.23)

Alters fungal metabolism
and functioning
Affect soil quality and
fungal metabolism
Structure and fertility
affect soil fungal nutrients,
habitats, and plant hosts

4.77
(3.92:6.70, 0.10)
0.62
(0.00:2.91, 1.08)
N = 91
N = 29
N=8
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Table 2. Summary of the taxonomic groups that demonstrated significant differences across land
use areas. Significance was assessed using Wilcoxon-test to compare the diversity of a group in
high and low LU. The numbers in parentheses represent diversity of OTUs belonging to a given
group in high and low land use. Ecology of the family represents the predominant ecological role
of that group.
Phylum
Ascomycota (2.77, 2.25)
Basidiomycota (1.99, 1.78)
Chytridiomycota (34, 16)
Glomeromycota (1, 1.25)
Class
Agaricomycetes (1.91, 1.68)
Archaeorhizomycetes (0.56, 0.08)
Chytridiomycetes (0.02, 0.16)
Dothideomycetes (1.36, 1.02)
Geoglossomycetes (0.09,14)
Glomeromycetes (1.24, 0.96)
Leotiomycetes (0.55, 0.28)
Pezizomycetes (2.02, 1.49)
Saccharomycetes (0.06, 0.20)
Sordariomycetes (1.89, 1.45)
Order
Agaricales (1.46, 1.20)
Archaeorhizomycetales (0.56, 0.08)
Auriculariales (1.16, 0)
Calosphaeriales (0.10, 0)
Chaetothyriales (0.65, 0.49)
Corticiales (0.13, 0.01)
Dothideales (0.09, 0.01)
Geoglossales (0.09, 0.01)
Glomerales (1.15, 0.84)
Magnaporthales (0.17, 0.01)
Pezizales (2.03, 1.49)
Rhizophydiales (0.01, 0.16)
Saccharomycetales (0.06, 0.20)
Sordariales(1.94, 1.20)
Family
Archaeorhizomycetaceae
(0.56, 0.08)
Calosphaeriaceae (0.10, 0)
Chaetomiaceae (0.27, 0.09)
Corticiaceae (0.08, 0.01)
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Ecology of the Family
Root associated fungi with unclear role, neither pathogenic
nor mycorrhizal (Rosling et al. 2011)
Saprotrophs of dead bark (Cannon and Kirk 2007)
Saprotrophs (Ames 1963)
Yeast found in decaying litter (Birkhofer et al. 2012)
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Davidiellaceae (0, 0.03)
Entolomataceae (0.39, 0.02)
Erysiphaceae (0.05, 0)
Geoglossaceae (0.09, 0.01)
Glomeraceae (1.16, 0.84)

Saprotrophs and plant pathogens (Crous et al. 2009)
Complex biotrophic family (Matheny et al. 2006)
Diverse family but mostly saprotrophs (Cai et al. 2006)
Biotrophs, "Earth tongue" (Griffith et al. 2002)
Arbuscular mycorrhizal fungi, obligate biotrophs, with low
plant specificity, involved in plant nutrition (Maherali and
Klironomos 2007)

Herpotrichiellaceae (0.64,
0.42)

Anamorph of black yeast and parasites (Muller et al. 1987)

Hygrophoraceae (0.54, 0.23)

Dominant fungi in Luquillo (Lodge and Pegler 1990)
recently shown to be root symbionts (Lodge et al. 2014),
and root endophytes (Hawlwachs et al. 2013, and Tello et
al. 2014).

Lasiosphaeriaceae (1.62,
1.18)
Magnaporthaceae (0.16, 0.01)
Nectriaceae (0.07 0.01)
Pleosporaceae (0.26, 0.06)
Pyronemataceae (2.00, 1.47)
Rhizophydiaceae (0, 0.15)
Saccharomycetaceae (0.02,
0.10)
Sordariaceae (0.30, 0.04)
Thelephoraceae (0.06, 0)
Tricholomataceae (0.09, 0.21)
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Saprotrophs (Atkinkson 2007)
Plant pathogens (Freeman and Ward 2004)
Include pathogens such as the Fusarium an important corn
pathogens (Rossman et al. 2013)
Plant parasites or Saprotrophs (Sivanesan 1984, Kodsued,
et al. 2006)
Largest family of Pezizales, ectomycorrhizal, plant
parasites, saprotrophs, bryosymbionts (Hansen et al. 2013)
Parasites of algae and saprotrophs of pollen (Letcher et al.
2006)
Yeast (Cannon and Kirk 2007)
Saprotrophs growing on dead wood and dung, ubiquitous
of tropical wet forests (Carroll and Munk 1964, Cai et al.
2006)
Include lichens and ectomycorrhizal (Agerer 1995, Haug et
al. 2005)
Wood and Litter saprotrophs, parasites, mycorrhizal fungi
(Singer 1976, Sánchez-Garciá et al. 2014)
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Table 3. Results of redundancy analyses of the overall soil fungal and AM fungal community
compositions. p value indicates the significance of individual variable. R2 represents the
proportion of variance in fungal community composition captured by each individual variable.

Community

All fungi

AM fungi
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Variable
Soil pH
Soil type
Iron
Canopy openness
Soil C
Tree diversity
Leaf litterfall
Soil type
Soil pH
Basal area

p
value
0.01
0.01
0.01
0.01
0.01
0.01
0.10
0.01
0.02
0.11
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R2
(%)
7.0
5.0
2.9
1.5
1.1
0.9
0.8
3.6
2.1
1.0

Table 4. Mean and standard deviation for standardized parameters of the final regression
models. Time included indicates the number of times out of 100 permutations in which the
variable was retained (see method section for details).
All fungi
Factor
Tree
diversity
Basal
area
Leaf
litterfall
Water
flow

Effect size

p value

R2
(%)

AM fungi
Effect
p value
size
0.19
96
0.04
(0.07)

Time
included

R2
(%)

100

0.19 (0.08)

0.02

3.6

3

n.s

n.s

n.s

31

n.s

n.s

n.s

15

n.s

n.s

n.s

0

n.s

n.s

n.s

36

n.s

n.s

n.s

62

0.08

1.8

2

n.s

n.s

n.s

74

0.07

1.9

95

0.15 (0.08)

0.06

2.4

100

0.01

4.0

68

0.13 (0.07)

0.9

1.6

0

n.s

n.s

Soil iron

1

n.s

n.s

n.s

92

0.05

2.1

Soil type

50

0.35-0.42
(0.30-0.18)

0.200.05

3.0

2

n.s

n.s

Soil pH
Canopy
openness
Soil C
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Time
included
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-0.14
(0.08)
-0.15
(0.08)
0.21
(0.08)
n.s
-0.15
(0.07)
n.s

3.2

Table 5. Results of the redundancy analysis for the overall soil fungal and AM fungal
community compositions across intensity of LU. p value indicates the significance of individual
variable. R2 represents the proportion of variance in fungal community composition captured by
each individual variable.
Community

LU

High

All fungi

Low

High
AM fungi
Low
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Factor
Soil iron
Soil type
Soil pH
Leaf
litterfall
Canopy
openness
Tree
diversity
Soil C
Soil type
Soil pH
Soil iron
Soil C
Leaf
litterfall
Canopy
openness
Tree
diversity
Soil type
pH
Basal area
Soil type
pH
Basal area

0.01
0.01
0.01

R2
(%)
5.6
4.5
4

0.01

2.2

0.03

1.5

0.07

1.2

0.03
0.01
0.01
0.01
0.02

1
7.5
6.5
5.4
2.1

0.03

1.9

0.25

1.2

0.44

1

0.05
0.05
0.15
0.02
0.01
0.23

2.3
1.9
1.3
4.7
4.5
1.4

p value
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Table 6. Mean and standard deviation for standardized parameters of the regression models of
soil fungal diversity in high and low ILU. Intercepts for Cristal and other soil type represent the
average differences in soil fungal diversity in Cristal and other soils relative to Zarzal soils.
Community

LU

High

All fungi

Low

High

AM fungi

Low

!

Factor
Cristal
Other soil

Estimate
0.49
0.43

Std.
error
0.21
0.37

Soil C
Tree
diversity
Canopy
openness
Tree
diversity
Canopy
openness
Soil C
Cristal
Other soil
Soil pH
Canopy
openness

0.23

0.11

0.03

3.6

0.06

0.09

0.50

0.3

0.05

0.08

0.54

0.3

0.20

0.11

0.07

3.6

0.16

0.13

0.21

1.7

0.12
0.26
0.23
-0.23

0.10
0.25
0.38
0.09

0.22
0.29
0.55
0.02

0.11

0.09

0.19

1.3

Soil iron
Tree
diversity
Flow
Water
flow
Tree
diversity

-0.10
0.04

0.12
0.09

0.43
0.69

0.5
0

0.00

0.08

0.99

0

-0.26

0.11

0.03

5.3

0.16

0.10

0.12

2.6

Soil pH

-0.18

0.12

0.12

2.6

Canopy
openness
Soil iron

0.16

0.13

0.21

1.7

0.00

0.09

0.99

0
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p value
0.02
0.24

R2 (%)
4.6

1.7
1.5
4.6

Figure 1. Taxonomic composition of the low and high LU areas of the 16-ha LTER plot. Size of
the bars represent the relative abundance of each of the dominant 16 orders recovered through
Illumina sequencing using ITS-1F and ITS2 primers expressed as the relative number of OTUs.
Together, these 16 orders capture about 90% of the total fungal OTU abundance.
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Figure 2. Two-dimensional Non-metric multidimensional scaling showing the difference in plot
overall fungal composition (A, ANOSIM, global R = 0.17, p = 0.001) and AM fungal
composition (B, ANOSIM, global R = 0.14, p = 0.001) between low (circles) and high (triangles)
intensity land use history.
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Figure 3. Variance partitioning among abiotic (solid colors) and biotic (lighter colors) factors
that structure the community composition (A) and diversity (B) of the AM fungi (green) and
overall soil fungi (blue) in low and high LU. Dashed bars represent the proportion of explained
variance that is jointly captured by abiotic and biotic factors. Stars indicate significant
differences between low and high LU.
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CHAPTER THREE:
Advantages of living at the extremes: tree seedlings at intermediate
abundance suffer greater aboveground damage from enemies in a tropical
forest
Benedicte Bachelot, María Uriarte, Jill Thompson, Jess Zimmerman (In review at journal of
Ecology)
ABSTRACT
Negative density- and distance-dependent factors (Janzen-Connell (JC) effects) are hypothesized
to foster persistence of rare tree species in diverse communities such as tropical forests. JC
effects operate through the attraction of species-specific enemies to areas with high density of
conspecific seedlings and near conspecific adult trees. At the community level, this mechanism
can promote diversity if common tree species suffer from higher density-dependent mortality
than rare species. Despite the hypothesized importance of enemies for tree species coexistence,
our understanding of the mechanisms that underlie JC effects is limited. One such mechanism
might be variation in the type and richness of enemies targeting seedling of different abundances.
We examine the abiotic and biotic factors associated with the richness of aboveground enemies
found in seedlings of tree species in a tropical forest in Puerto Rico. Rather than identify specific
enemies targeting tropical tree seedlings, we used damage morphotypes, a paleo-ecological
method, to derive a proxy for enemy species richness.
We found that the relationship between abundance at both the local abundance (conspecific
seedling density) and community scale (conspecific basal area) and the richness of aboveground
enemies was hump-shaped. Seedlings of tree species existing at intermediate levels of abundance
at local and community scales suffered more damage and experience pressure from a greater
diversity of enemies than those existing at high or low densities.
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We hypothesized that this hump-shaped relationship results from specialist enemies targeting
more abundant species and generalist enemies less abundant species, leading to a rich mixture of
generalist and specialist enemies targeting seedlings of species at intermediate abundance levels.
Consistent with this hypothesis, we found that generalist enemies were more diverse on rare or
intermediate abundance species relative to common tree species. However, specialist enemies
showed no significant trend across tree species abundance at either the local or community
scales.
Our results suggest that interspecific variation in tree species abundance leads to
differences in the magnitude and type of damage tropical tree seedlings suffer. This variation
leads to a non-linear, hump-shaped relationship between species abundance and enemy
damage, highlighting fruitful directions for further development of species coexistence theory.

INTRODUCTION
Negative density feedbacks are key components of most species coexistence theories: as a
species becomes more abundant, its performance declines, which in turn reduces its abundance.
The opposite occurs for species that drift to low abundance (Lotka 1925, Volterra 1926,
MacArthur and Levins 1964, Chesson 2000). In highly diverse tropical forests, negative densityand distance-dependent factors (also known as Janzen-Connell (JC) effects, Janzen 1970,
Connell 1971) are the most frequently studied mechanisms that could explain the persistence of
rare tree species (reviewed in Wright 2002, Comita et al. 2014). JC effects operate through the
attraction of species-specific enemies such as seed predators, herbivores, or pathogens to areas
with high density of conspecific seedlings and near conspecific adult trees. This reduces
conspecific survivorship near the adult tree, leaving ecological space for heterospecifics to
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recruit. At the community level, this mechanism can promote diversity if common tree species
suffer from higher density-dependent mortality than rare tree species, a pattern known as the
community compensatory trend (Connell et al. 1984).
Empirical evaluations of JC effects in forests have generally focused on the predictions
that seedling survival should linearly increase with greater distance from conspecific parent tree
and lower conspecific seedling density (e.g., Augspurger 1983a, 1983b, Clark and Clark 1984,
Carson et al. 2008, Comita et al. 2014). However, the mechanisms that underlie these patterns
remain unclear, although Augspurger (1983a, 1983b) was able to relate seedling mortality
patterns to fungal attack. Experimental manipulative studies have combined insecticide,
fungicide, and exclosure treatments to evaluate directly the role of enemies as agents of negative
density-dependent mortality (e.g. Bell et al. 2006, Bagchi et al. 2010a, 2010b, 2014, Gripenberg
et al. 2014, Fricke et al. 2014). Although these experiments support the JC hypothesis and have
disentangled some of the factors that underlie JC effects, they are unlikely to have captured the
myriad of interacting factors and agents that generate the observed patterns of seedling mortality
under natural conditions.
Another way to test for the existence of JC effects in natural communities is to focus
more directly on the nature and patterns of damage caused by enemies. The theoretical premise
of JC effects is that the high host-specificity of tree enemies in the tropics leads to greater
damage to conspecific relative to heterospecific seedlings in local areas. Recent studies,
however, have suggested that host-specificity of enemies in tropical forests may not be as high as
previously thought (Novotny et al. 2010, Morris et al. 2014, but see Forister et al. 2015).
Nevertheless, JC effects at the local and community scales could still occur if a greater richness
of enemies preferentially target common relative to rare tree species (Dyer et al. 2010, Terborgh
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2012, Bachelot and Kobe 2013, Sedio and Ostling 2013). Enemy richness might be greater near
conspecific adult trees that have had time to accumulate enemies, and at high seedling
conspecific density if more enemies are attracted by the presence and abundance of target tree
species (Janzen 1970, Connell 1971, Huntly 1991, Ricciardi and Ward 2006, Strauss et al. 2006,
Dawson et al. 2009, Gossner et al. 2009, Hill and Kotamen 2009, 2010). Studies in natural
conditions that quantify intra and interspecific variation in the pressure from enemies (Garibaldi
et al. 2011a, 2011b, Hill and Kotanen 2011, Ness et al. 2011, Bachelot and Kobe 2013, Cárdenas
et al. 2014) can help us understand the relationship between enemy richness, tree species
abundance, and JC effects.
At the local and community scales, greater conspecific tree density is expected to
increase linearly with enemy richness (Moran et al. 1994, Ness et al. 2011, Schuldt et al. 2012,
Bachelot and Kobe 2013, Cárdenas et al. 2014). However, some ecological and evolutionary
processes may result in a non-linear relationship between conspecific density and enemy richness
(Ness et al. 2011), resulting in non-linear JC effects For example, from an ecological
perspective, rare tree species might escape enemies due to low detectability and also might
experience interspecific herd protection (Wills and Green 1995, Peter 2003, Lan et al. 2012),
resulting in a low richness of enemies (Chew and Courtney 1991, Castagneyrol et al. 2014). In
contrast, high apparency of common tree species means that enemies can easily found these tree
species (Root 1973, Feeny 1976, Castagneyrol et al. 2013), and this could lead to high richness
of enemies, but on the other hand, enemy satiation could result in a non-linear relationship
between abundance and enemy richness (Silvertown 1980, Otway et al. 2005). Intraspecific herd
protection resulting from intraspecific variation in resistance or attractiveness to enemies,
whereby conspecific neighbors at high density act as a shield against enemies for other
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conspecific individuals, can also decrease the richness of enemies targeting common tree species
(Barbosa et al. 2009). Finally, the predators of tree enemies may experience a positive densitydependent response due to the high density of enemies at high conspecific seedling density (this
mechanism is referred to as “predator attraction”, Bernays and Graham 1988, Denno et al. 2002,
Visser et al. 2011), ultimately leading to a low richness of enemies. Together, ecological escape,
satiation, intra- and interspecific herd protection, and predator attraction might result in a humpshaped relationship between tree species abundance and enemy richness (Fig. 1A).
From an evolutionary perspective, intraspecific variation in enemy specialization and
host defenses might also lead to a hump-shaped relationship between tree species abundance and
enemy richness at the local and community scales (Fig. 1B). Patterns and causes of specialization
remain an active field of research (Rueffler et al. 2006, Singer 2008, Barrett and Heil 2012,
Forister et al. 2012), and hypotheses for specialization are currently grouped into four classes:
the physiological efficiency hypothesis predicts that specialization arises as an adaptation of the
enemies to the nutritional and secondary compounds of the tree host (Dethier 1954), the optimal
foraging hypothesis claims that specialization takes place to maximize enemy adult fitness
(Scheirs and de Bruyn 2002), the neural-constraints hypothesis expects specialization to occur
because enemies recognition of target species and host-tree acceptance abilities are limited
(Bernays and Wcislo 1994), and the enemy-free space hypothesis advocates that enemies
specialize on a tree host to escape from or defend themselves against their own predators
(Jeffries and Lawton 1984). Together, these theories predict that specialist enemies at the species
level are more likely to target common tree species, rather than rare tree species (Jaenike 1990)
because high host abundance reduces the costs and risks associated with specialization (Feeny
1976, Fox and Morrow 1981, Coley and Barone 1996, Silvertown and Dodd 1996, Bustamante et
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al. 2006, Agrawal 2007, Schuldt et al. 2012). Research on interaction networks has demonstrated
that rare tree or plant species are typically involved in fewer interactions with enemies than
common hosts and that these interactions tend to be generalists (Vázquez et al. 2005, Montoya et
al. 2006, Bascompte and Jordano 2007). For these evolutionary reasons we might expect that
common tree species should host a higher richness of specialist enemies while rare tree species
should be targeted by generalists enemies (Fig. 1B). As a result species at intermediate
abundance at local and community scales might have a high richness and a mixture of both
generalist and specialist enemies (Kunin 1999, Ives et al. 2004), resulting in a hump-shaped
relationship between enemy richness and tree species abundance (Fig. 1B).
Besides host abundance at the local and community scales, a number of abiotic and biotic
factors might determine whether or not an enemy targets a plant host (Agrios 2005). Abiotic
factors such as soil moisture, and light conditions are likely to affect the enemy communities
directly (Hairston et al. 1960, Augspurger and Kelly 1984, Price et al. 2011) and indirectly via
effects on seedling performance (Aerts and Chapin 2000, Nystrand and Granstrom 2000,
Whitfeld et al. 2012). For example, the amount of damage by fungal pathogens responsible for
damping-off disease decreases in gaps where the irradiance is high (Augspurger and Kelly 1984).
Furthermore, light availability is likely to affect the potential of individual trees to invest in
defenses due to tradeoffs with light requirements (Coley 1993, Shure and Wilson 1993, Kitajima
and Poorter 2010). Host-tree characteristics such as tree size and functional traits might also
affect the enemy communities. Species exhibit ontogenetic variation in leaf characteristics with
potential effects on herbivory rates (Boege and Marquis 2005, Kitajima and Poorter 2010, Boege
et al. 2011). Seedling size might therefore be an important predictor of the enemy communities
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by capturing the impact of ontogenetic shift in defense traits (Herms and Mattson 1992, Barton
and Koricheva 2010, Castagneyrol et al. 2013).
In this study, we investigated the relationship between the richness of aboveground
enemies hosted by individual tree seedling and species abundance at the local and community
scales in a tropical forest of Puerto Rico. Specifically we asked three questions:
(1) At the level of individual tree seedlings, which abiotic and biotic factors explain
variation in the richness of aboveground enemies hosted by the seedling? We hypothesized that
the richness of aboveground enemies hosted by individual seedlings would peak at intermediate
conspecific seedling density (Fig. 1A) to create a hump-shaped relationship. We also expected
that the richness of aboveground enemies should increase with seedling size, conspecific adult
crowding, soil moisture, and irradiance (Table 1).
(2) At the community level, is there a hump-shaped compensatory trend in the richness of
aboveground enemies hosted by tree species? We hypothesized that tree species existing at
intermediate abundance in the community would host, on average, a higher richness of
aboveground enemies than rare or common tree species (Table 1).
(3) Which type of enemies target seedlings at different local and community abundance?
We hypothesized that the richness of generalist enemies such as grazing and skeletonizing
insects and epiphyllous fungi will be greater on seedlings of rare tree species and at low
conspecific seedling density, when compared to seedlings of common tree species and at high
conspecific seedling density (Fig. 1B). In contrast, we expected the richness of specialist enemies
such as pathogens, gall makers, and leaf miners to be greater on seedlings of common tree
species and at high conspecific seedling density, when compared to seedlings of rare tree species
and at low conspecific seedling density (Fig. 1B). The rationale behind this hypothesis is that
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endophages (enemies that penetrate in the host) tend to be more specialized than ectophages
(enemies that remain outside the host) (Gaston et al. 1992) and high host abundance has often
been shown to promote enemy specialization (Jaenike 1990, Barrett and Heil 2012, Forister et al.
2012, Wardhaugh 2014).

MATERIALS AND METHODS
Study Site
The study took place in the 16-ha Luquillo Forest Dynamics Plot (LFDP; 1820’N, 6549’W) in
northeast Puerto Rico with elevation ranging from 333 to 428 m above sea level (Thompson et
al. 2002, Zimmerman et al. 2010). Since the establishment of the plot in 1990, all freestanding
woody stems > 1 cm dbh (diameter at 1.3 m) have been mapped, identified to species, and
measured approximately every 5 years (Thompson et al. 2002). Mean annual rainfall is 3,500
mm (Thompson et al. 2004), which classifies the forest as tropical montane (Walsh 1996).
In 1998, 213 x 2 m2 seedling plots were established throughout the plot (Uriarte et al.
2005, Comita et al. 2009). These plots were positioned every 20 m along six north-south running
transects spaced 60m apart to systematically cover the 16-ha plot with an additional 21 seedling
plots between each pair of transects 2 and 3, 3 and 4, and 5 and 6. Seedlings in these plots were
mapped, identified to species, and measured in 2000, 2002, and 2004, and the annually after
2007. An additional 360 x 1 m2 seedling plots were established in 2007 and have also been
censused annually since 2007. The 1 m2 seedling plots were clustered in sets of three around
each of 120 seed collection baskets (i.e., 120 sets of 3 seedling plots). The criteria to include
seedlings in the censuses differ between the two sets of seedling plots (1 m2 and 2 m2 plots), so
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we restricted our analyses here for both sets of plots to seedlings that were at least 10cm tall in
the 2012 census.

Seedling Leaf Aboveground Enemy Community
Between May and July 2012, we collected data on aboveground enemies on seedlings in one plot
of the three 1 m2 seedling plots around each of the 120 seed collection baskets, and in 117 of the
213 x 2 m2 seedling plots. To make data comparable across plots, the 2 m2 seedling plots were
divided in half, and we collected data from only 1 m2. We excluded liana seedlings, and we only
sampled 10 individuals per plot of the most abundant species, the palm Prestoea acuminate var
montana, due to its extremely high abundance. In total, we obtained data for 237 seedling plots
and 1,986 individual seedlings representing 48 tree species. To quantify the richness of enemies,
we used a digital camera (Nikon D3100) with a microlense (18-55 mm VR lens) to photograph
1–5 leaves of every seedling present in the 237 plots. From these photos, we visually identified
leaf damage morphotypes, using the following criteria: (i) position of the damage (e.g. edge or
middle of leaf, proximity to principal vein), (ii) shape of the damage (rounded, linear cut,
irregular), (iii) size of the damage (< 1 mm, < 1 cm, > 1 cm), (iv) color (especially relevant to
disease and pathogens), and (v) other defining characteristics (cut through veins, penetration
through leaf or superficial grazing) (Bachelot and Kobe 2013). We used richness of damage
morphotypes as a proxy for aboveground enemy richness because studies have shown that these
two metrics are strongly correlated (Carvalho et al. 2014). We also organized damage
morphotypes into six feeding categories, which represent increasing levels of host specialization:
epiphyllous fungi, grazing insects, skeletonizing insects, pathogens, leaf miners, and gall makers.
For each seedling, we were able to quantify the richness of enemies in each category. Finally, we
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estimated the amount of foliar damage for each seedling in order to assess its relationship to the
richness of aboveground enemies, using percentage of damaged leaf (from 0 to 100 binned by 5).

Biotic Factors
Using the 2012 annual seedling census data (January-May) and the 2011 adult tree census (June
2011-March 2012), we extracted data on seedling height and calculated the density of
conspecific seedlings present in each seedling plot (214 x 1 m2). Conspecific seedling density
represents the local tree species abundance. From the tree census data, for each seedling i, we
calculated the distance-weighted sum of conspecific adult tree basal areas within a 20m radius
(NCIi) around the seedling plots as follows:
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[Eqn. 1]

where dbhj is the diameter of a conspecific tree j and Distanceij corresponds to the distance of
that conspecific tree j to seedling i. For each of the 48 seedling species, we also extracted the
sum of total basal tree area at the community level as a measure of tree species abundance in the
entire 16ha plot (BA).

Abiotic Factors
Canopy closure, a proxy for shade, was assessed for each of the seedling plots using the mean of
three densiometer readings taken above each seeding plot. To estimate potential soil drainage at
each plot (inversely correlated with soil moisture), we assessed water flow potential using an
elevation map of the LFDP (5 x 5 m) and the hydrology toolset of ArcGIS (ESRI 2011).
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Statistical Analysis
To investigate the effect of abiotic and biotic factors on aboveground enemy richness, we used a
generalized linear model in a hierarchical Bayesian framework. Since leaf area is likely to
influence the amount of damage and the richness of aboveground damage morphotypes
(Garibaldi et al. 2011a, 2011b), we standardized the observed richness of leaf damage
morphotypes (Richnessobserved) by dividing this metric by the number of leaves sampled (Nleaves) for
each individual seedling i multiplied by the adult tree species-specific leaf area (LA) as follows:
!"#ℎ!"##!"#$%#&%'()% =
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[Eqn. 2]

This allows us to compare the richness of damage morphotypes per cm2 of leaf area across
individual seedlings and species. The richness of aboveground enemies and the total amount of
foliar damage are highly correlated (Fig. 2). Therefore, we used only the richness of aboveground
enemies in our study. Finally, we also calculated the richness of damage morphotypes per cm2 of
damaged leaf and ran the analyses described below using this response variable and obtained
similar results as the ones found when using the richness of damage morphotypes per cm2 of leaf.
Our response variable, standardized richness of aboveground damage morphotypes was
modeled as a function of abiotic characteristics of the plot, namely shade (Shadep) and water flow
(Flowp), and conspecific density (Conspi), adult neighborhood crowding (NCIi), and focal
seedling height (Sizei). We also included the quadratic term of the conspecific seedling density to
allow for non-linear effects. The model takes the form:

Richnessijp~dnorm(Ψijp, π2richness)
Ψijp= β1*Sizei+ β2*Flowp+ β3*Shadep + β 4* Conspi +β5*Conspi2 + β 6*NCIi + μj+γp
[Eqn. 3]
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where Richnessijp and Ψijp represent the observed and predicted standardized richness of
aboveground enemies hosted by seedling i from species j in plot p. πrichness is the standard
deviation of richness of aboveground enemy species and μj and γp represent species and plot
effects respectively. The species effect μj represents the average richness of aboveground enemy
species hosted by a tree seedling species. It was modeled in a second level regression as a
function of abundance of the tree species at the community scale (calculated as the total sum of
basal tree area at the community level, BAj) and its quadratic form (BA2j) to account for potential
non-linear effects. For species j, the intercept is modeled as:
!! ~!"#$%(!! + !! !"! + !! !"!! , !)

[Eqn. 4]

where a0 represents the mean richness of aboveground enemies hosted across tree species, a1 and
a2 are the linear and quadratic effects of tree species abundance calculated at the community scale
(BA), and ε is the standard deviation associated with the second level of the model. This second
hierarchical level allows us to incorporate the idea of a community compensatory trend and assess
whether or not intermediate abundance tree species host a greater richness of enemies than both
rare or common tree species.
To answer the first question about the hump-shaped relationship between tree species
commonness at the local scale and enemy richness, and about the effects of abiotic and biotic
factors on the richness of enemies, we examined the posterior distribution of all the β1-6. To
address the second question about the effect of species commonness at the community scale on
the richness of enemies, we focused our attention on the posterior distribution of a1 and a2.
Specifically, we asked whether the credible intervals of these parameters (a1-2 and β1-6) did not
overlap zero, indicating significant effects. The model was fitted using JAGS (Plummer 2005)
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statistical software. Convergence was assessed using R-hat (Brooks and Gelman 1997). The
significance of the parameters was evaluated using the 95% credible intervals. Model goodness of
fit was evaluated with predictive checks (Gelman et al. 2013). The spatial structure of the
residuals was assessed visually by fitting a semi-variogram and statistically by using a Mantel test
between the residuals and the locations with 9999 permutations.
To answer the third question, we compared the richness of enemies belonging to each of
the six enemy types (epiphyllous fungi, grazing insects, skeletonizing insects, pathogens, leaf
miners, and gall makers) at low, intermediate, and high conspecific seedling density, using t-tests.
Similarly, we compared the richness of enemies in each category at low, intermediate, and high
conspecific tree abundance (as the total sum of basal tree area) using t-tests. Low, intermediate,
and high abundances (at the local and community scales) were defined respectively as
abundances below the 15%, between 42.5% and 67.5%, and above the 85% quantiles. In order to
correct for varying sampling size across the abundance categories, we bootstrapped the richness
of enemies 500 times using the lowest sample size across the three categories. We then corrected
for multiple comparisons using the false discovery rate (Benjamini and Hochberg 1995).
All covariates except shade from densiometer measures of canopy cover were first logtransformed to correct for skewness and then z-transformed prior to analyses. We checked for
collinearity among covariates using Pearson correlation tests and we found that slight
correlations between seedling conspecific density and total sum of basal tree area (r = 0.36), and
seedling height and sum total of tree basal area (r=0.32). To assess whether these correlations
might be problematic, we measured collinearity between posterior chains of the parameters
associated with seedling height, sum total of tree basal area, and conspecific seedling density,
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using Pearson correlation tests. All analyses were performed in R 3.1.1. (R Core Team 2013)
using JAGS (Plummer 2005).

RESULTS
Overall, we quantified enemy richness for 1886 seedlings representing 48 species. Individual
seedlings exhibited great variation in the richness of aboveground enemies per cm2 of leaf area
among and within species (Fig. S1, Table S1 in Appendix III). On average, seedlings host
0.09±0.09SD enemies.cm-2 (range 0-1.22 enemies.cm-2) of leaf area. Various types of enemies
were identified: Pathogens and grazing insects were the most common enemies across tree
species (Fig. S1). Leaf miners and gall makers were rare and appeared on a few host species
(Fig. S1). The distribution of the richness of aboveground enemies per cm2 exhibited a rightskewed shape typical of parasite/host interactions (Vázquez and Poulin 2005), suggesting that
most seedlings host a small number of enemy species (Fig. S1).

1) At the level of individual tree seedlings, which abiotic and biotic factors explain variation in
the richness of aboveground enemies hosted by the seedling?
The model captured 45% the observed variation in aboveground enemy richness at the individual
seedling level (Table S2, Fig. 3, and Fig. S2, Bayesian p value of the mean = 0.50). No spurious
correlations were found between posterior chains suggesting that the slight correlations between
covariates are not problematic. Spatial analyses of the residuals revealed no spatial structure,
suggesting our model captured most of the spatial structure in the aboveground enemy
community (Mantel test, p = 0.74).
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Consistent with our prediction, the relationship between conspecific seedling density and
enemy richness of aboveground enemies was hump-shaped (Table S2, parameters β4 and β5 in
eqn. 3, Fig. 3, Fig. 4). The richness of aboveground enemies peaked at intermediate seedling
conspecific abundance at the local scale. For example, Schefflera morototoni had a low local
abundance of 0. 19 seedlings.m-2 and hosts on average 0.07 aboveground enemy species per cm2
of leaf. Inga laurina has a high local abundance of 4.62 seedlings.m-2 and hosts only 0.01
aboveground enemy species per cm2 of leaf. In contrast to these species that represent low and
high local seedling abundances respectively, Casearia arborea has an intermediate local
abundance of 1.18 seedlings.m-2 and hosts richness of 0.34 aboveground enemies per cm2 of leaf.
Consistent with our hypotheses, the richness of aboveground enemies significantly
increased with seedling size (β1 in eqn. 3), and decreased with soil drainage (β2 in eqn. 3)
although the latter effect was only marginally significant (Table S2, Fig. 3). Surprisingly, adult
tree neighborhood crowding (β6 in eqn. 3) and shade (β3 in eqn. 3 ) had no effect on the richness
of aboveground enemies hosted by individual seedlings (i.e., credible interval overlapped 0,
Table S2).

2) At the community level, is there a hump-shaped compensatory trend in the richness of
aboveground enemies hosted by tree species?
The average richness of aboveground enemies did not change linearly with the commonness of
tree species (i.e., parameter a1 in eqn. 4 overlapped 0), calculated as the sum of conspecific adult
tree basal area throughout the whole LFDP (Table S3). Yet, there was a significant negative
quadratic effect of tree commonness on the richness of aboveground enemies hosted by seedlings
(parameter a2 in eqn. 4, Fig. 3 and Fig. 4, Table S3). Thus, richness of aboveground enemies
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peaked at intermediate tree abundance at the community scale, which is consistent with our
findings at the local scale. For example, Matayba dominguensis is a tree species of intermediate
abundance within the LFDP, yet it hosts the highest richness of aboveground enemies per cm2 of
leaf (0.61). However, Casearia decandra, a rare tree species, and Prestoea acuminata, the
dominant palm species, host a low load of aboveground enemy species per cm2 of leaf (both
species 0.05).

3) Which type of enemies target seedlings at different local and community abundance?
Among the six categories of enemies, grazing and skeletonizing insects and epiphyllous fungi,
which are expected to exhibit low levels of host specialization, show significant variation across
abundance classes. Specifically, the richness of grazing and skeletonizing insects and
epiphyllous fungi was greater at low and intermediate tree abundance and conspecific seedling
density (Fig. 5, Table S3). This is consistent with the ecological expectation of enemy satiation,
intraspecific herd protection, and enemy predator attraction occurring at high abundance (Fig.
1A), and with the evolutionary expectation that rare and intermediate abundance tree species
should host a higher richness of generalist enemies relative to common tree species (Fig. 1B).
At the local scale, the richness of generalist enemies peaks at intermediate conspecific
density consistent with escape from enemies at low density. Seedlings from rare tree species and
at low conspecific seedling density appeared (but was not significant) to host the highest richness
of specialist enemies (i.e. pathogens, leaf miners, and gall makers) (Fig. 5, Table S3). If
significant it would contradict our expectation that common and intermediate tree species should
host more specialist enemy species than rare tree species (Fig. 1B). However, this pattern
remains consistent with the ecological theory that predicts that seedlings of common tree species
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host a low richness of enemies due to enemy satiation, intraspecific herd protection, and predator
attraction (Fig. 1A, Fig. 5, Table S3). Finally, at the community scale, pathogens exhibited a
significant increase in richness at intermediate abundance of tree species (Fig. 5, Table S3).

DISCUSSION
In this study, we investigated the ecological factors associated with the richness of aboveground
enemies, which exhibits great intra and interspecific variations in the LFDP plot (Fig. S1).
Specifically, we tested the hypothesis that seedlings at intermediate conspecific seedling density
and from tree species that exist at intermediate level of abundance at the community host a high
richness of aboveground enemies. Our results highlight fruitful directions for further
development of species coexistence theory.

At the level of individual tree seedlings, which abiotic and biotic factors explain variation in the
richness of aboveground enemies hosted by the seedling?
Previous studies (Strong et al. 1984, Moran et al. 1994) and a new interpretation of the Janzen
and Connell (JC) hypothesis (Bachelot and Kobe 2013) suggest that the richness of enemies
should increase with conspecific seedling density. Our results are partially consistent with these
theories as we found that the relationship between species abundance and richness of
aboveground enemies hosted by an individual seedling exhibited a hump-shaped pattern with
richness, peaking at intermediate densities of conspecific seedlings. This hump-shaped
relationship between enemy richness and seedling conspecific density is also consistent with the
idea of overcompensating JC effects, according to which JC effects might be the strongest at
intermediate seedling conspecific density (Bagchi et al. 2010b). Overcompensating JC effects,
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which can result in a mortality peak at intermediate seedling conspecific density (Bagchi et al.
2010b), are in line with our ecological prediction, which suggests that seedlings at high
conspecific density might experience intraspecific herd protection (Peters 2005, Barbosa et al.
2009), satiate enemies (Silvertown 1980, Otway et al. 2005), and attract predators of enemies
(Denno et al. 2002, Visser et al. 2011), whereas seedlings at low conspecific density manage to
escape these enemies (Chew and Courtney 1991, Castagneyrol et al. 2014) and experience
interspecific herd protection (Wills and Green 1995). Studies on damage to seedlings of the most
common tree in a New Guinea forest (Parashorea malaanonan) has also demonstrated that
damage significantly decreased at high conspecific density (Bagchi et al. 2010a). An alternative
theory would suggest that species occurring at high seedling densities may be better defended
because past or concurrent favorable environmental conditions lead to greater availability of
plant resources for allocation to defense. One can therefore argue that in high density conspecific
patches, seedlings have enough resources to defend themselves against pathogens, which results
in a low richness of enemies successfully attacking them (Coley et al. 1985, Coley1983a, Coley
1983b, Coley and Barone 1996). Thus, the effect of favorable environmental conditions might
also result in higher richness of aboveground enemies at intermediate, relative to high density of
conspecific seedlings.
Abiotic factors also influenced the richness of aboveground enemies. Although we
detected a positive association between light availability and aboveground enemy richness, the
effect was not significant. The lack of a significant relationship between light and enemy
richness is not totally surprising since these effects are known to be complex and specific to
individual enemy-tree interactions. For example, Augspurger et al. (1984) found a negative
effect of light on the success of the pathogenic fungus responsible for damping off, whereas
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Alvarez-Loayza et al. (2008) found that light activates the pathogeny of an endosymbiotic
fungus. Therefore, the lack of a clear significant effect of light on the richness of aboveground
enemies hosted by seedlings might arise from enemy species-specific response to light. Our
index of potential soil moisture (soil drainage) was positively correlated with the richness of
aboveground enemies although the effect was only marginally significant (90% credible intervals
did not overlap with 0). Specifically, seedlings in plots with high soil drainage (low soil
moisture) had lower richness of aboveground enemies. This trend was consistent with our
expectation and results from other studies (e.g. Münzbergová and Skuhrovec 2013, Spear et al.
2014), but inconsistent with other work that found decreasing attack by enemies with increasing
soil moisture (e.g. Stona and Bacon 1994, Nystrand and Ganström 2000). It is important to note
that 2012 was a wet year, which might have resulted in lack of variation in moisture across
seedling plots, masking a potential relationship between soil moisture and enemy richness.
Overall, the effects of light and soil moisture on aboveground enemy community richness remain
unclear and are likely to be context-dependent.
Seedling characteristics were also important predictors of the richness of aboveground
enemies. In particular, we found that the richness of aboveground enemies increases with
seedling size. The most parsimonious explanation for this pattern is that larger seedlings were
likely older and exposed to pathogens and herbivores for a greater length of time. Seedling size
can also be correlated with aboveground enemy community richness because changes in
nutritional status and defense traits occur along ontogeny (Boege and Marquis 2005). The
nutritional quality of tree leaves has been shown to increase initially with seedling size, before
decreasing once seedlings start allocating more resources to defense rather than growth (Herms
and Mattson 1992, Coley et al. 1985, Coley 1987, Boege and Marquis 2005).
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Contrary to our hypothesis that the richness of the aboveground enemies would increase
with conspecific adult crowding, we did not find a significant effect at the local scale. The
absence of an adult neighborhood effect might indicate that adult trees and seedlings have
different communities of aboveground enemies, which may be due to differences in tree
functional traits through ontogeny (Boege and Marquis 2005, Kitajima et al. 2013). The lack of
an adult neighborhood effect was consistent with other recent studies that found no effect of
distance from conspecific adult trees or adult neighborhood density on the amount of herbivory
in other tropical forests (Bachelot and Kobe 2013, Cárdenas et al. 2014).

At the community level, is there a hump-shaped compensatory trend in the richness of
aboveground enemies hosted by tree species?
A recent study from a primary forest in Costa Rica showed that seedlings from common tree
species hosted a high richness of enemy species (Bachelot and Kobe 2013). Our results do not
support this study as we found that the abundance of tree species at the plot scale was not
linearly related to the richness of aboveground enemies hosted by tree species, but followed a
hump-shaped pattern. In particular, we found that tree species of intermediate abundance hosted
a greater richness of aboveground enemy richness, consistent with our hypothesized ecological
and evolutionary processes. The parallel hump-shaped patterns at both the local and plot scale
suggest that similar mechanisms may be at play at these two scales.
The community compensatory trend predicts that common tree species should suffer
greater JC effects than rare tree species because common tree species are more clumped and at
higher conspecific density (Connell et al. 1984). Many studies have attempted to test this idea by
comparing mortality of seedlings belonging to rare and common tree species (Webb and Peart
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1999, Chen et al. 2010, Comita et al. 2010, Metz et al. 2010, Bachelot and Kobe 2013,
Muscarella et al. 2013, Bagchi et al. 2014, Bachelot and Kobe unpublished). Results from Barro
Colorado Island (Panama) found stronger JC effects on seedlings of rare relative to common tree
species (Comita et al. 2010). In Belize, pathogens and insects were shown to disadvantage
seedlings of common tree species (Bagchi et al. 2014). In Borneo, pathogens were hypothesized
to be at the origin of the community compensatory trend detected (Webb and Peart 1999). In
Ecuador however, no community compensatory trend was detected (Metz et al. 2010). Together
these studies demonstrate a high degree of variability across different tropical forests, which
might be partly explained by methodology (Zhu et al. 2015), or by variation in climate
(Swinfield et al. 2012, Comita et al. 2014, Spear et al. 2014, Bachelot and Kobe unpublished).
Another possibility for inconsistencies across studies is that the community trend is not linear
and with further analysis of these other studies a hump-shaped relationship might become
apparent. Our results suggest some fruitful directions for empirical and theoretical research.

Which type of enemies target seedlings at different local and community abundance?
The result that seedlings at intermediate conspecific seedling density and from tree species that
exist at intermediate abundance levels in the community host a high richness of enemies can be
in part explained by differential attraction of generalist and specialist enemies. We predicted that
rare species attract a few generalist enemies, common species attract a few specialist enemies,
and intermediate abundance species might host a rich mixture of generalist and specialist
enemies. To assess this hypothesis, we distinguished six enemy categories, which are thought to
exhibit various level of host specialization. Generally, endophages (leaf miners, gall makers, and
pathogens) show the tightest host specificity, whereas ectophages (grazing and skeletonizing
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insects and epiphyllous fungi) are more likely generalists (Jaenike 1990, Gaston et al. 1992,
Ward and Spalding 1993, Novotny and Basset 2005, Novotny et al. 2010, Forister et al. 2015).
We expected that the richness of generalist enemies would be lower at high tree species and
seedling abundances due to satiation (Otway et al. 2005), high levels of physiological and
chemical defenses (Feeny 1996), intraspecific herd protection (Barbosa et al. 2009), and predator
attraction (Denno et al. 2002, Visser et al. 2011). Consistent with our expectation, rare and
intermediate tree species hosted a greater number of grazing and skeletonizing insects and
epiphyllous fungi, which were all expected to exhibit low levels of host specificity (Novotny and
Basset 2005, Novotny et al. 2010). This result is also consistent with network theory, which
predicts that rare tree species should interact with generalist enemies rather than specialist
enemies because host relative abundance predicts the number and type of interspecific
interactions (Vazquez et al. 2005).
Contrary to our expectation that the richness of specialist enemies such as pathogens
should increase with tree species and seedling abundances, we found that seedlings of
intermediate abundance species hosted a greater richness of pathogens. This is consistent with
patterns of escape from enemies and interspecific herd protection at low tree species abundance,
and satiation, intraspecific herd protection, and predator attraction at high tree species
abundance. The similar richness of pathogens in rare and common tree species was however
surprising given the anticipated higher resource and evolutionary costs required to specialize on
rare hosts (Jaenike 1990, Barrett and Heil 2012, Forister et al. 2012, Wardhaugh 2014). Enemies
might have evolved specialized attributes to enable them to detect and overcome the defenses
developed by rare hosts, as it is the case in some Lepidoptera species (Courtney and Courtney
1982), particularly in highly diverse ecosystems that exhibit high levels of enemy specialization
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(Novotny et al. 2004, Forister et al. 2015 but see Morris et al. 2014). The specialization of
enemies on rare hosts, therefore, could explain why seedlings at low conspecific densities and
from rare tree species hosted a similarly rich community of aboveground specialist enemies as
seedlings at high conspecific densities and from common tree species. One potential hypothesis
of enemy specialization on rare plants is that such strategy would allow enemies to escape their
predators (Enemy-free space hypothesis, Jeffries and Lawton 1984). The ecological and
evolutionary causes of host specialization are a very active field of theoretical and empirical
research and this remains an open question (Bolnick et al. 2003, Ruefller et al. 2006, Gilbert and
Webb 2007, Singer 2008, Barrett and Heil 2012, Forister et al. 2012, Morris et al. 2014, Forister
et al. 2015).
Both ecological and evolutionary processes can lead to a hump-shaped relationship
between enemy richness and tree abundance at the local and community scales. Our results
suggest that this pattern might arise from ecological and possibly, evolutionary processes. Future
studies could tackle the task of understanding the ecological processes that underlie JC effects
while accounting for evolutionary mechanisms. Such studies could for example involve field
experiments to characterize the aboveground and belowground enemy communities targeting
seedlings grown at various conspecific and heterospecific densities. Combining these
experiments with knowledge about the phylogeny of the host plants and enemies could provide a
way to disentangle herd protection from evolutionary processes. Similarly, combining tri-trophic
studies with a good understanding of enemy/host phylogenies could shed light on the effects of
predator attraction and evolutionary processes on the richness of enemy communities.
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Do common tree species
host greater richness of
enemies than rare tree
species
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richness of enemies hosted
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TABLES'AND'FIGURES'

Table 1. Hypothesized effects of abiotic and biotic variables on the richness of natural enemis hosted by
individual seedlings.

Figure 1: Diagram representing the proposed hump-shaped relationship between enemy richness
and tree species abundance due to (A) ecological processes and (B) evolutionary mechanisms.
From an ecological perspective, seedlings at low conspecific abundance might escape enemies
and experience interspecific herd protection. In contrast, at high abundance, enemies might
satiate or be deterred by their density-responsive predators and seedlings might experience
intraspecific herd protection (denoted with an *) against enemies, leading to lower enemy
richness. These ecological processes would lead to a highest richness of enemies at intermediate
abundance. From an evolutionary prospective, rare tree species might only be targeted by
generalist enemies (blue) whereas common tree species might be targeted by specialist enemies
(red). These patterns might result from trade-offs between the costs of searching for common or
rare tree species versus the fitness benefits gained via specialization. These evolutionary
processes would also result in a hump-shaped pattern between host abundance and enemy
richness because host species at intermediate abundance species host both generalist and
specialist enemies.
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Figure 2: Relationship between foliar damage and richness of aboveground enemies. Regression
was significant at p < 0.001.
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Figure 3: Posterior distributions (median and credible intervals) of each parameter of the model.
Filled symbols mean that the posterior distribution was significantly different from zero.
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Figure 4: Richness of enemies (per cm2) as a function of seedling conspecific density and tree
abundance (sum of conspecific basal tree area in the whole plot).
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Figure 5: Enemy richness across low (L), medium (M) and high (H) abundance of conspecific

seedling density and tree abundance (sum of conspecific basal tree area in the whole plot). These
abundance classes were determined using the 15th, 42.5th, 57.5th, and the 85th quantiles of the
abundance distributions. Low correspond to species with abundances below the 15th quantile,
medium comprises species falling between the 42.5rd and the 57.5th quantiles, and high species
above the 85th quantile. Letters indicate statistically significant differences between abundance
groups within each enemy type category.
!

103!

CHAPTER FOUR:
Opposing effects of arbuscular mycorrhizal fungi and tree natural
enemies on seedling dynamics promote tropical tree species coexistence
In preparation for Ecology Letters

ABTRACT
Negative population feedbacks mediated by natural enemies can promote species coexistence
through disproportionate mortality of common tree species. Associations with arbuscular
mycorrhizal (AM) fungi can result in positive population feedbacks, which might rescue rare tree
species or promote the dominance of common tree species. Yet, no in situ study has investigated
the combined effects of AM fungi and natural enemies on plant dynamics. Using DNA
sequencing of soil AM fungi and seedling foliar damage data, we assessed their combined effect
on tropical tree seedling mortality in a tropical forest at local and community scales. Locally,
AM fungal diversity counteracted negative effects from enemy damage on seedling mortality. At
the community scale, seedling mortality of common tree species increased with foliar damage
and only rare tree species benefited from AM fungal diversity. These counteracting effects of
enemy damage and AM fungi might foster tree species coexistence in highly diverse tropical
forests.
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INTRODUCTION
Coexistence theory predicts that high species diversity is maintained by mechanisms that
preclude competitive exclusion (Chesson & Ellner 1989). Among these mechanisms, negativedensity dependence can prevent a species from becoming overdominant if they act more strongly
on common species, while positive-density dependence can promote diversity if they rescue
species that drift to low abundance (Bever 2003). On the other hand, positive- and negativedensity feedbacks can also disrupt species coexistence if they lead to competitive exclusion or
push rare species to extinction. When acting simultaneously, positive- and negative-density
feedbacks can have stabilizing effects on each other resulting in the maintenance of high species
diversity if positive effects balance the negative forces acting upon individuals (Bachelot et al.
2015).
In highly diverse communities such as tropical forests, the Janzen and Connell (JC)
hypothesis predicts that negative feedbacks arise from the action of seedling natural enemies that
are distance and density responsive (Janzen 1970; Connell 1971). Locally, the JC hypothesis
predicts that seedling survival and recruitment should be low at high conspecific seedling density
and near adult trees, leaving ecological space for heterospecific species to recruit. At the
community scale (e.g. forest stand or plot), tropical tree species coexistence might be maintained
if common tree species experience stronger per capita mortality due to conspecific neighbors
than rare tree species. This process is known as a community compensatory trend and could arise
from differences in sensitivity to conspecific density or in average fitness across tree species
(Connell et al. 1984, Chen et al. 2010, Fig. 1). Consistent with this community scale effect,
studies have repeatedly detected stronger sensitivity to negative-density dependent mortality or
recruitment in common relative to rare tree species (e.g. Harms et al. 2000; Bachelot & Kobe
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2013; Bagchi et al. 2014; Zhu et al. 2015). Yet, evidence in support of the JC hypothesis at the
local and community scales remains mixed with some studies findings stronger sensitivity to
conspecific neighbors for rare species and others for common tree species, which could result in
opposite community trend (Fig. 1), (Comita et al. 2010; Mangan et al. 2010).
Mixed evidence regarding the role of natural enemies in promoting tropical tree species
diversity might arise from interactions between natural enemies and AM fungi, which could
counteract local JC effects (Hood et al. 2004; Liang et al. 2015). AM fungi provide trees with
benefits such as increased nutrient and water uptake, protecting them against nutrient limitation
and drought (Smith & Read 2008) and could have strong effects in shaping tree community
structure (Bever 2003). AM fungal associations can also enhance protection against natural
enemies by modifying the jasmonate- hormone pathway that activates anti-herbivore defenses
(Chagnon & Bradley 2015).
In forests, the local effects of AM fungal associations on tree seedling growth vary
strongly from positive to negative across AM fungi and tree species and with AM fungal
community composition due to different carbon costs to the trees (Kiers et al. 2000). Therefore,
the diversity rather than the presence of AM fungi might be an important factor influencing
seedling mortality (Table 1). High AM fungal diversity may increase the probability of
symbiosis with a beneficial AM species (i.e., positive selection effect, Wardle 1999 but see Van
der Heijden 2002a). Alternatively, positive effects of high AM fungal diversity could result from
functional complementarity among beneficial AM fungal species (Naeem & Li 1997). However,
high AM fungal diversity could also lead to a strong negative effect on seedling mortality due to
selection of a parasitic AM fungal species. Several studies in grasslands have linked
aboveground plant community productivity with AM fungal diversity and found evidence for
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both positive complementarity and selection effects (Van der Heijden et al. 1998; Lovelock &
Ewel 2005; Vogelsang et al. 2006; Maherali & Klironomos 2007; Wagg et al. 2011). In tropical
forests, only two studies have investigated the role of AM fungal diversity on ecosystem
functioning in natural conditions or seedling growth in greenhouse and they both found positive
correlations (Siqueira & Saggin-Júnio 1998; Lovelock & Ewel 2005). However, the effects of
AM fungal diversity on tropical seedling mortality have not been explored under either natural or
experimental conditions.
At the community scale, positive feedbacks of AM fungal diversity on trees may help
maintain tree species coexistence if AM fungal diversity favors rare tree species (Fig. 1A). We
posit three ways this may occur. First, common tree species are involved in more species-specific
mycorrhizal associations than rare tree species, which may associate with more generalist AM
fungi. As a result, common tree species might not be as sensitive to AM fungal diversity as rare
tree species (Table 1). Second, AM fungal diversity can enhance intraspecific competition,
thereby disadvantaging seedlings of common tree species, which already occur at high
intraspecific density (Zhang et al. 2011, Table 1). Third, AM fungal diversity might promote
tropical tree species coexistence if rare tree species are more AM fungal dependent and therefore
more sensitive to AM fungi than common tree species (Van der Heijden 2002, Urcelay & Díaz
2003, Table 1).
Alternatively, positive feedbacks of AM fungal diversity on trees may negatively
influence tree species coexistence if AM fungal diversity favors common tree species (Fig. 1B).
This may occur via four mechanisms. First, rare tree species might not be able to afford the costs
of AM fungal associations (Table 1, Bever 2003; Bever et al. 2009). Second, common tree
species might support larger mycorrhizal networks than rare tree species thereby extracting more
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benefits from AM fungal diversity than rare tree species (Verbruggen et al. 2012). Third, AM
fungi might also be distance and density responsive due to their obligate nature (Liang et al.
2015), which could lead to greater associations with common tree species, if these trees are more
clumped than rare tree species (Connell et al. 1984, Table 1). Finally, AM fungal diversity might
favor common tree species if they are more AM fungal dependent and therefore more sensitive
to AM fungi than rare tree species (Van der Heijden 2002, Urcelay & Díaz 2003, Table 1).
Overall, the link between AM fungal effects and the abundance of tree species remain uncertain
and grassland experimental studies have found divergent results (Hartnett & Wilson 2002;
Urcelay & Díaz 2003).
A handful of experimental studies in tropical forests examined the combined effects of
enemies and AM fungi on seedling mortality (Hood et al. 2004; Pizano et al. 2011; Liang et al.
2015). These studies showed that the presence of AM fungi could counteract negative local JC
effects in experimental settings but they did not investigate the consequences at the community
level. Understanding the combined effects tree natural enemy and AM fungal diversity on
seedling dynamics requires observational studies conducted at the community scale.
Here, we examine the combined effect of aboveground pressure from natural enemies
(defined as amount of foliar damage) and belowground AM fungal diversity on seedling
mortality and quantify the degree to which these effects could foster species coexistence.
Specifically, we ask two questions:
1) What are the local effects of foliar damage from natural enemies and AM fungal
diversity on tropical seedling mortality? We hypothesized that seedling mortality would increase
with increasing foliar damage and decrease with arbuscular mycorrhizal fungal community
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diversity (Table 1). In other words, we hypothesized that at the local scale, soil AM fungal
diversity will counteract the effects of aboveground natural enemies.
2) How do the effects of natural enemy pressure and AM fungal diversity on seedling
mortality vary with tree abundance at the community scale? We hypothesized that the effects of
natural enemy pressure on seedling mortality would increase with tree species abundance, in
accordance with a community compensatory trend However, we expected that the effects of
arbuscular mycorrhizal fungal diversity on seedling mortality would decrease in magnitude with
tree species abundance if rare tree species disproportionately benefit from AM fungal diversity
(Table 1, Fig. 1A).

MATERIAL AND METHODS
Study site
This study took place at the 16-ha Luquillo Forest Dynamics Plot (LFDP; 1820’N, 6549’W) in
northeast Puerto Rico with elevation ranging from 333 to 428 m above sea level (Zimmerman et
al. 2010). Mean annual rainfall is 3500 mm, classifying the forest as subtropical montane. Since
1990, all free-standing woody stems > 1 cm dbh (diameter at 1.3 m height) have been mapped,
identified to species and measured every 5 years (Zimmerman et al. 2010).

Tree community data
In 1998, 213 2-m2 seedling plots were established throughout the Luquillo plot in order to study
post-hurricane dynamics (Uriarte et al. 2005). These plots are positioned every 20 meters along 6
north-south running transects spaced 60m apart. An additional 3x120 1-m2 seedling plots were
established in 2007 on each side of a north-south running trail. Seedlings in these plots have
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been mapped, identified to species, and measured annually since 2007. In each census all
seedlings are measured for size (root collar diameter), and mortality is assessed. In this study, we
used only one of each of the 120 clusters of three 1 m2 seedling plots as well as 117 of the 213 2m2 seedling plots (n = 237 plots total). For the 2-m2 plots, we used seedlings and soil in half of
the plots (1 m2) to make them comparable to the 1m2 plots. We utilized the seedling census data
from 2012 and 2013, restricting our analysis to individuals taller than 10cm. We used the 2011
adult tree census to calculate community abundance of each tree species i as the total sum of
basal conspecific tree area (BAi) within the 16-ha plot.

Characterization of seedling natural enemy communities
In May-July 2012, we used a digital camera (Nikon D3100) with a microlense (18-55mm VR
lens), to photograph all leaves (1–5 for most seedlings) of every seedling present in each 237seedling plot. We excluded liana, fern, and palm seedlings. In total, we obtained data for 823
individual seedlings representing 42 tree species. From these photos, we estimated the proportion
of leaf area with damage for each leaf. Proportion of leaf damage was created an ordinal variable
ranging from 0-100 by binning damage for each seedling into 20 categories: 0-5, 5-10, 10-15,
…, 95-100% leaf damage. We corrected the amount of foliar damage experienced by individual
seedlings (Damageobserved) by dividing the observed proportion of leaf damage by the sampled
leaf area in order to express damage in % per cm2 as follows:
!"#"$%!"#$%#&%'()% =

!"#"$%!"#$%&$'
!!"#$"% ∗!"

[Eqn. 1]

where Nleaves is the number of sampled leaves and LA is the species leaf area, measured using the
modified standard method (Swenson et al. 2012).
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Arbuscular mycorrhizal fungal communities
In May-July 2012, we sampled soils in the same 237 seedling plots to characterize the AM
fungal community. We used a soil core (2.5cm diameter) to collect the 20 first centimeters of soil
from each of the four corners of the plots. To prevent cross sample contamination, supplies (soil
cores, spoon) were cleaned with 70% ethanol. Samples were brought back to the field station and
immediately stored in a freezer (-20°C) before being shipped overnight to the laboratory. Soil
samples were prepared for DNA sequencing, following Caporaso et al. (2012). Soil samples
were defrosted, sieved, and extracted using the PowerSoil® DNA isolation kit (MoBio,
Carlsbab, CA, USA). Three DNA extracts per soil sample were pooled to determine the fungal
community present in each sample. Fungi in the DNA extracts were sequenced using barcoded
high-throughput sequencing on the Illumina MiSeq platform at the University of Colorado,
Boulder, CO, USA following Caporaso et al. (2012). The first internal transcribed spacer region
(ITS1) of the fungal rRNA gene was amplified using the modified primer pair ITS1-F and ITS2
(Bellemain et al., 2010). DNA data was successfully obtained for 214 seedling plots of the 237
originally sampled. All reads were de-multiplexed, quality-filtered, and processed using the
QIIME v. 1.5.0-dev pipeline (Caporaso et al. 2010). We used a 97% similarity threshold to
cluster sequences into similar operational taxonomic units (OTUs) using the UCLUST referencebased algorithm (Edgar 2010) with an ITS database composed of 97% clustered sequences from
GenBank (http://www.ncbi.nlm.nih.gov/ genbank/). For taxonomic identification, we used local
BLAST with the nucleotide database, excluding all environmental sequences. We created a script
so that for each OTU, the BLAST search returned the best possible taxonomic identification.
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Following identification, we calculated AM fungal diversity in each of the 214 seedling plots,
using the Shannon index that has been shown to be a more appropriate description of microbial
communities than other diversity or richness measurements (Hill et al. 2003).

Canopy closure
Light availability influences tropical seedling dynamics (Uriarte et al. 2005). We assessed
canopy closure, a proxy for shade, using the mean of three densiometer readings taken above
each seeding plot in 2012.

Statistical analyses
1. What are the local effects of foliar damage and arbuscular mycorrhizal fungal
diversity on tropical seedling mortality?
To address this question, we used a Bayesian regression model to predict seedling mortality
(Ψijp) of seedling i from species j in plot p in the 2013 census, using seedling root collar diameter
(Sizei), canopy closure (Shadei), foliar damage per cm2 (Damagei), conspecific abundance to
account for effects of belowground natural enemies (Conspi), and soil arbuscular mycorrhizal
fungal diversity (AMFp). Finally, the mortality model incorporated time (Timei) as a modifier of
the probability of mortality to account for different time interval between censuses for individual
seedlings:
Mortalityijp~dbern(Ψijp)
Ψijp = invlogistic (β1*Sizei+β2*Shadei+β3* Damagei +β4*Conspi +β5*AMFp+μj+γp) Time
[Eqn. 2]
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where μj represents the species random effect, and γp is a plot random effect. To answer the first
question, we assessed whether the 95% credible intervals of damage (β3 ), conspecifics ( β4 ), and
AM fungal diversity (β5 ) did not overlap 0, indicating a significant effect. Similar model was
fitted adding heterospecific density as a covariate, but heterospecific density had no significant
effect on seedling mortality.

2. How do the effects of foliar damage and AM fungal diversity on seedling mortality
change with tree abundance?
To address this question, we fitted the mortality model described above to three groups of tree
species separated according to their abundance at the community level. Specifically, we used the
absolute sum of conspecific basal tree area (BAj) to separate the dataset into three categories of
abundance: rare (0-785 cm/16ha), intermediate (868-5,834 cm), and common (10,587-36,656
cm). (Fig. S1, Table S1 in supporting information). We selected this breakdown because it
maximizes evenness in the number of seedlings and species across abundance categories.
To detect significant change in the magnitude of he foliar damage effects (β3),
conspecific effects (β4), and AM fungal diversity effects (β5) across the three abundance
categories, we tested for overlap between the posterior distributions of these parameters across
the three abundance categories. Pairwise overlap across abundance categories was calculated by
directly computing the difference in the posterior distributions of the parameters (e.g., posterior
distributions of the difference of β4 ). Differences across abundance categories were considered
significant if less 5% of the difference between their posterior distributions in the two abundance
categories overlapped zero.
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Size was z-transformed within species to correct for different life strategies and improve
convergence (Gelman et al. 2013). The remaining variables were z-transformed across species in
each abundance category prior to analyses to allow for comparison of their effect size (Gelman et
al. 2013). Highly skewed variables were also log-transformed (conspecific density, sum of basal
tree area, seedling size, and foliar damage). Analyses were performed using R (http://www.rproject.org) and STAN (http://mc-stan.org/rstan.htlm). We used non-informative priors for each
variable, and we ran three MCMC chains with 10,000 iterations. Significance of each parameter
was assessed by non-overlap of the 95% credible intervals with 0. We assessed convergence,
using ! (Brook & Gelman 1997). Goodness of fit was evaluated using Bayesian p value of the
average mortality rate (Gelman et al. 2013) and posterior predictive checks. Finally, The spatial
structure of the residuals was assessed visually by fitting a semi-variogram and statistically by
using a Mantel test between the residuals and the locations with 9999 permutations.

RESULTS
All mortality models converged as indicated by the ! (!= 1.00 for each model), fitted the data
well (Bayesian p value of mean mortality = 0.49, 0.48, 0.48, and 0.49 for the complete, low,
medium, and high abundance model respectively), and captured any spatial structure present in
the residuals variance in seedling mortality across plots (Mantel test, p = 0.34, 0.34, 0.39, and
0.45 respectively).

1. What are the local effects of foliar damage and arbuscular mycorrhizal fungal
diversity on tropical seedling mortality?
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23.3% seedlings died between 2012 and 2013. Foliar damage was highly variable across
individuals ranging from 0.4 to 9.2% of leaf damage per cm2 (median of 0.22% per cm2).
Similarly, conspecific seedling density, our proxy for the potential effects of belowground
pathogens, ranged broadly across seedlings from 0 to 23 individuals per m2 (median of 2
individual per m2). In contrast, soil AMF diversity exhibited lower variation across seedling plots
(from 0 to 3.1 with a median of 2.22).
Consistent with JC effects arising from both aboveground and belowground natural
enemies, seedling mortality increased with natural enemy pressure measured as the amount of
foliar damage (parameter β3 in eqn. 3), and with conspecific seedling density (i.e. parameters β4
in eqn. 3, Fig. 2 and Table 2).
However, seedling mortality decreased with AM fungal diversity (parameter β5 in eqn. 3,
Fig. 2 and Table 2), suggesting that high AM fungal diversity is beneficial for seedlings.
Interestingly, the magnitude of the conspecific seedling density and foliar damage effects were
together greater than the magnitude of the AM fungal diversity effect, demonstrating that AM
fungal diversity may not fully counteract local negative JC effects.
As expected, seedling mortality decreased with seedling size (parameter β1 in eqn. 3, Fig.
2 and Table 2). Surprisingly, canopy closure, a proxy for shade, did not significantly alter
seedling mortality (i.e. parameters β2 in eqn. 3 overlapped 0, Fig. 2 and Table 2).

2. How do the effects of foliar damage and AM fungal diversity on seedling mortality
change with tree abundance at the community scale?
Seedling mortality for rare tree species was low (9.7%) relative to intermediate (14.4%) or
common (27.2%) tree species. However, these differences in mortality rate were not significant
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across abundance categories (ANOVA, F value = 1.45, p = 0.25). Densities of conspecific
seedlings were similar for seedlings of rare and common tree species (Figure S2 and Table S2, t
value = -1.02, p = 0.31). However, intermediate tree species experience significantly lower
conspecific seedling density than rare tree species (Figure S2 and Table S2, t value = -3.39, p <
0.001) or common tree species (Figure S2 and Table S2, t value = -7.23, p < 0.001). Foliar
damage was significantly different across the three abundance categories with intermediate tree
species experiencing lower amount of foliar damage than common tree species (Figure S2 and
Table S2, t value = -2.65, p = 0.01). However, rare tree species experienced similar foliar
damage as common (Figure S2 and Table S2, t value = -1.93, p = 0.06) and intermediate
abundance tree species (Figure S2 and Table S2, t value = 0.21, p = 0.83). Finally, average soil
AM fungal diversity did not differ among rare, intermediate, and common tree species (Figure
S2 and Table S2, ANOVA, F value = 0.8, p = 0.5).
Consistent with our expectation of a community compensatory trend disadvantaging
more abundant tree species greater foliar damage led to high seedling mortality for intermediate
abundance and common tree species (parameter β3 in eqn. 3, Fig. 1C, Fig. 3, Fig. 4, and Table 2).
This was not the case for rare tree species at the community level. The difference between the
effects of foliar damage in common and intermediate species was significant in magnitude
(Table 3). However, seedling mortality of rare tree species increased with foliar damage
(parameter β3 in eqn. 3, Fig. 1C, Fig. 3 and Table 2). However, the magnitude of the effect of
foliar damage was not significantly difference across abundance categories (Table 3).
Consistent with a community compensatory trend, the effect of conspecific seedling
density on seedling mortality also increased with tree species abundance (Fig. 4). Conspecific
density effect was only significant for abundant species (parameter β4 in eqn. 3, Fig. 3, Fig. 4,
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and Table 2). Additionally, the magnitude of the effect of conspecific seedling density was
significantly greater for common relative to rare tree species (difference in their posteriors
overlapped with 0, Table 3).
Consistent with our hypothesis that rare species should extract the greatest net benefit
from AM fungal diversity, we found that high AM fungal diversity only decreased seedling
mortality of rare tree species (parameter β5 in eqn. 3, Fig. 1C, Fig. 3 and Table 2). However, the
differences in the magnitude of the effects of AM fungal diversity across abundance categories
were not significant (Table 3).

DISCUSSION
The mechanisms that underlie tropical seedling dynamics (e.g. negative and positive feedbacks)
are of utmost importance for the maintenance of tropical tree species diversity because the
seedling stage is a bottleneck of tree life history and as such, it has long-term effects on forest
community dynamics and composition (Comita et al. 2010; Bagchi et al. 2014). Yet, empirical
understanding of how negative and positive feedbacks influence tropical seedling dynamics and
tree species coexistence in tropical forests is lacking. Here, we investigated the joint effects of
natural enemies and AM fungi on seedling mortality in tropical forests and their consequences
for tropical tree species coexistence.
We found that foliar damage increased seedling mortality whereas AM fungal diversity
reduced it, consistent with recent experimental findings in tropical forests that AM fungi
counteract local JC effects of soil pathogens (Hood et al. 2004; Liang et al. 2015). Across the
whole study plot, we found that common species suffer disproportionately from foliar damage,
potentially promoting coexistence. High conspecific seedling density, a proxy for belowground
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enemies, also disadvantages common species. These impacts were further magnified by the
positive effects of AM fungal on seedling survival of rare tree species. Therefore, at the
community scale natural enemy and AM fungi act together to promote tree species diversity.

Foliar damage increases seedling mortality, especially in intermediate and common tree
species
Consistent with our hypothesis, seedling mortality at the local scale increased with foliar
damage. This result supports previous studies showing that aboveground damage increases
tropical seedling mortality (Bachelot & Kobe 2013; Bagchi et al. 2014). Interestingly, we found
that the effect of foliar damage changed across tree abundance categories. The magnitude of the
effect was especially strong in common and intermediate abundance tree species, consistent with
a compensatory community trend (Connell et al. 1984, Fig. 1). However, the effects of foliar
damage on rare and intermediate abundance tree species were of similar magnitude, and only
common tree species show significantly stronger effects of foliar damage. Therefore, the effect
of foliar damage does not linearly increase with tree species abundance; rather its effect sharply
peaks for seedlings of common tree species. The lack of an effect of foliar damage on seedling
mortality of rare tree species despite amounts of damage similar to the ones experienced by
seedlings common tree species could suggest that these seedlings are more tolerant to damage
than seedlings of common or intermediate-abundance tree species. It might be useful in future
investigations of the JC hypothesis, to incorporate tolerance trait data (e.g. functional traits
associated with regrowth) into seedling mortality models in order to take into account tolerance
differences across tree species.
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Conspecific seedling density reduces seedling mortality, especially in common tree
species
Consistent with the JC hypothesis, we detected a significant effect of conspecific seedling
density on seedling mortality. Seedling mortality increased with high conspecific seedling
density. This result lends support to a recent meta-analysis that concluded that JC effects are
widespread in tropical ecosystems (Comita et al. 2014). However, JC studies in situ usually
focus on patterns of mortality across conspecific seedling density without incorporating
measures of natural enemy pressure. In our study, we simultaneously investigated the effects on
conspecific seedling density and amounts of foliar damage. The presence of a significant effect
for both conspecific seedling density and foliar damage suggests that foliar damage, alone, does
not fully capture JC effects. Previous experimental studies have shown that both aboveground
and belowground natural enemies are agents of the JC effects (Hood et al. 2004; Fitzsimons and
Miller 2010; Pizano et al. 2011; Liang et al. 2015).
Tree species abundance alters the magnitude of conspecific seedling density effects on
seedling mortality. In particular, we found that seedling mortality of rare and intermediateabundance tree species did not change with conspecific seedling density. However, high
conspecific seedling density increased seedling mortality of common species, consistent with a
compensatory trend (Fig. 4, Harms et al. 2000; Bachelot and Kobe 2013; Bagchi et al. 2014).
However, a number of studies either failed to detect a community compensatory trend (Metz et
al. 2010) or found that rare tree species were more negatively affected by conspecific neighbors
than common tree species, which could lead to an opposite compensatory trend (Comita et al.
2010). A possible explanation behind these discrepancies is that seedling mortality reflects the
joint effects of several biotic interactions (Fitzsimons and Miller 2010). In our study, we aimed
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to incorporate potential positive and negative feedbacks by simultaneously investigating the
effects of conspecific seedling density, foliar damage, and AM fungal diversity.

AM fungal diversity decreases seedling mortality, especially in rare tree species
As expected, AM fungal diversity reduced seedling mortality, which suggests that seedlings
benefit from growing in the presence of diverse AM fungal communities. At the local scale, AM
fungal diversity counteracts the local JC effects, supporting results from greenhouse experiments
using AM fungal inoculation of tree seedlings (Hood et al. 2004; Liang et al. 2015). Our results
are also consistent with previous studies that linked AM fungal diversity (or richness) with
grassland ecosystem productivity (Vogelsang et al. 2006; Maherali & Klironomos 2007; Wagg
et al. 2011). In general, these studies found a positive correlation between AM fungal diversity
and aboveground plant productivity and they attributed this effect to complementarity of
beneficial effects between AM fungal taxa (Maherali & Klironomos 2007) or selection
mechanisms by which one highly beneficial AM fungus occurred in diverse AM fungal
community (Vogelsang et al. 2006; Wagg et al. 2011). Our study does not allow us to
disentangle these two effects. However our work highlights the importance of AM fungal
diversity for seedling dynamics in tropical forests despite the potential deleterious effect that can
arise from AM fungal associations due to the carbon cost it inflicts to the hosts (Johnson &
Graham 2013).
Additionally, we found that the effect of AM fungal diversity on seedling mortality
changed with tree abundance at the community scale. Only rare tree species benefitted from AM
fungal diversity, which is consistent with our hypothesis that AM fungal diversity would
promote tropical tree coexistence at the community scale by fostering the persistence of rare tree
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species (Bever 2003, Urcelay and Díaz 2003). Despite the recognized importance of AM fungi
for tree community dynamics (Hart et al. 2003), we are aware of only one experimental study
that linked the effect of AM fungi to plant abundance and found opposite pattern as ours (Moora
et al. 2004). Specifically, Moora et al. (2004) grew two congeneric Pulsatilla perennial forb
species, one common and one, in the presence of natural AM fungal communities collected in
grassland and forests. They found that common species tended to benefit more from AM fungal
inoculation than the rare species. In temperate ecosystems, studies have shown that in most cases
AM fungal diversity tends to enhance the dominance of dominant species in grasslands (Hartnett
& Wilson 2002). Discrepancies among studies might underlie important natural processes that
differ between natural systems and microcosms. In particular, AM fungal communities have
been shown to be extremely heterogeneous spatially (Wolfe et al. 2007; Bachelot et al., in
review), a feature not often considered in experimental studies. More observational studies are
needed to assess the generality of our results that rare tropical tree species benefit from high AM
fungal diversity more than common tropical tree species.
The lack of a significant effect of AM fungal diversity on intermediate and common tree
species could arise because the output of AM fungal associations are complex due to the carbon
costs to the trees (Johnson & Graham 2013). If the carbon costs outweigh the benefits gained
from AM fungal associations, the trees might suffer from hosting AM fungi (Pfeffer et al. 1999).
As AM fungal diversity increases, the likelihood of costly fungi to form associations with any
given tree increases via selection effects. Therefore, the effect of AM fungal diversity on tropical
seedling mortality might be neutral due to positive and negative feedbacks.
Finally, it is important to recognize that tree species abundance at the community scale
might be correlated with other characteristics of the species such as successional status or shade
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tolerance, which in turns might change the sensitivity of tree species to enemies and AM fungi.
For example, in our plot, all human land use activities at our site ceased in 1934 (Thompson et
al. 2002), making the LFDP Luquillo plot a secondary old growth tropical forest where late
successional species are dominating. Interestingly, previous studies have shown that late in
succession, seedlings appear to gain no growth benefits from mycorrhizal associations
(Matsumoto et al. 2005). Therefore, the lack of AM fungal diversity effects in intermediate and
common tree species might reflect their AM fungal dependency and successional status (Van der
Heijden 2002, Urcelay & Díaz 2003), which tend to be mid or late successional species in our
study area (Table S3).

Conclusion
Ours is the first in situ study to investigate the joint effects of natural enemies and AM fungal
diversity on tropical seedling mortality. Our results suggest that locally, AM fungi and natural
enemies counteract each other. Furthermore, at the community level, AM fungi and natural
enemy might act together to promote tree species coexistence by rescuing rare tree species and
disadvantaging common tree species.
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TABLES AND FIGURES

Table 1. Summary of the mechanisms hypothesized to explain effects of AM fungal diversity on seedling
survival at the local and community scales.
Scale

Effect of AM
fungal diversity on
seedling survival
Increases

Local scale
Decreases

Stronger effects on
rare tree species

Community
scale

Stronger effects on
common tree species

!

Mechanism
Positive selection effect
Complementarity among
beneficial AM fungi
Negative selection effect
Complementarity among parasitic
AM fungi
Rare tree species associate with
less specific AM fungi than
common tree species
AM fungi enhanced intraspecific
competition disadvantaging tree
species at high density
Rare tree species are more AM
fungal dependent than common
tree species
Positive plant-soil feedbacks
Nested arbuscular mycorrhizal
network
Distance and density AM fungal
response
Common tree species are more
AM fungal dependent than rare
tree species
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Reference

Vogelsang et al.
2006; Wagg et al.
2011

Bever 2003;
Urcelay and Díaz
2003; Bever et al.
2009; Zhang et al.
2011,
Verbruggen et al.
2012; Liang et al.
2015
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Size
Shade
Damage
Conspecific
AM fungal diversity
Average species effect
sd species effect
sd plot effect

β1
β2
β3
β4
β5

γp

μj

Parameter
Full
-0.43 (-0.73:-0.16)
0.1 (-0.14:0.33)
0.65 (0.42:0.9)
0.32 (0.08:0.56)
-0.22 (-0.43:-0.00)
-3.16 (-4.11:-2.29)
1.04 (0.89:1.2)
0.91 (0.78:1.07)

Rare species
-0.43 (-0.91:0.05)
-0.04 (-0.83:0.72)
0.51 (-0.24:1.27)
-0.68 (-1.61:0.2)
-0.7 (-1.42:-0.04)
-4.63 (-6.47:-2.92)
1.01 (0.85:1.18)
1.01 (0.85:1.18)

Model
Intermediate species
-0.36 (-0.82:0.09)
0.03 (-0.37:0.42)
0.46 (-0.00:0.97)
0.35 (-0.35:1.06)
-0.16 (-0.62:0.32)
-3.06 (-4.53:-1.66)
0.99 (0.84:1.17)
0.99 (0.83:1.15)

Common species
-0.99 (-1.86:-0.14)
0.12 (-0.18:0.4)
0.92 (0.6:1.25)
0.39 (0.11:0.69)
-0.14 (-0.41:0.12)
-3.97 (-6.62:-1.37)
1.04 (0.88:1.21)
0.93 (0.79:1.08)
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Table 2. Posterior distributions associated with each parameter of each model (median followed
by credible intervals). The full model corresponds to the complete dataset. Rare, medium, and
common species models were ran after separating the full dataset into three abundance categories
(using distribution of weighed sum of basal tree area). Bold numbers represent significant effects.

!
Table 3. Results of the posterior overlap analysis to test for differences in the effects of foliar damage,
conspecific seedling density, and AM fungal diversity on seedling mortality across community abundance
categories. The numbers indicate the median of the difference between posterior distributions comparing
the category indicated in the column versus the line followed (followed by credible interval) Bold font
indicates significant differences.

Rare
Intermediate

Rare
Intermediate

Rare
Intermediate
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Foliar damage effect
Rare
Intermediate
Common
-0.01 (-0.91,0.87)
-0.43 (-1.24,0.39)
-0.41(-1.02,0.19)
Conspecific seedling density effect
Rare
Intermediate
Common
-1.04 (-2.22,0.12)
-1.09 (-2.07,-0.13)
-0.06 (-0.79,0.71)
AM fungal diversity effect
Rare
Intermediate
Common
-0.53(-1.37,0.27)
-0.54 (-1.29,0.18)
-0.02 (-0.55,0.51)
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Figure 1: (A) Hypothesized community trends of the effect of foliar damage and AM fungal diversity on
seedling mortality. At the community scale, AM fungal diversity and natural enemies act together to
promote coexistence because AM fungal diversity rescue rare species whereas foliar damage increases
common species mortality (blue). (B) Alternative hypothesized community trends of the effect of foliar
damage and AM fungal diversity on seedling mortality. Common tree species are thought to suffer from
greater foliar damage than rare tree species, a mechanism thought to promote coexistence (blue).
However, common species might gain greater benefits from AM fungal diversity than rare tree species if
they are better able to take advantage of mycorrhizal networks than rare tree species. If AM fungal
diversity benefits common species, it will act against natural enemies and hinder species coexistence
(red). (C) Null hypothesis according which foliar damage disadvantages common tree species, thereby
promoting coexistence (blue). However, AM fungal diversity has no effect on seedling mortality across
tree species abundance due to variable outcomes of AM fungal associations across taxa. Therefore, AM
fungal diversity has no effect on tree species coexistence (Black).

!

126!

!
Figure 2: Posterior distribution associated with each parameter of the full model. Plain circles
indicate a significant effect of the factor, whereas empty circles stand for non-significant
variables.
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Figure 3: Posterior distribution associated with each parameter for each abundance category.
Abundance categories (rare-medium-common from the left to the right) were defined using
breaks in the distribution of weighed sum of conspecific basal tree area across the full dataset
(Fig. S1 in Appendix IV). Plain circles indicate a significant effect of the factor, whereas empty
circles stand for non-significant variables.
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Figure 4: Fitted effects of conspecific density, foliar damage, and AM fungal diversity on
seedling mortality. Rare tree species are indicated in blue, intermediate abundance tree species
are in orange, and common tree species are in red. Dash lines indicate that the effects are not
significant. Real mortality data (0: alive, 1: dead) are represented by dots.
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CONCLUSION

Tropical rainforests host an incredible diversity of tree species, defying the concept of
competitive exclusion (Gause and Witt 1935). More than a hundred hypotheses have been
proposed to explain why so many tree species can coexist (Wright 2002). Ecologists are aware
that the solution to this puzzle will arise from a combination of several mechanisms. Yet,
scholars tend to test one idea at a time. Among these ideas, negative feedbacks can promote
coexistence if they disadvantage common tree species. Positive feedbacks, such as the ones
arising from mutualism, can also enhance tropical tree species coexistence if they rescue rare tree
species. By simultaneously investigating the effects of positive and negative feedbacks, I hope
that my dissertation has improved our understanding of the mechanisms promoting tropical tree
species coexistence.
Specifically, the main goal of my dissertation was to combine the effects of tree natural
enemies (responsible for negative feedbacks known as the Janzen-Connell (JC) effects) and
arbuscular mycorrhizal (AM) fungi (agents of positive feedbacks) on tropical seedling dynamics
to evaluate their joint impacts on tropical tree species coexistence. In chapter 1, I tackled this
task by first theorizing about how interactions among plant competition, predation by natural
enemies, and mutualism with AM fungi could promote tropical tree species coexistence. This
theoretical approach revealed that many tropical tree species could coexist if: (1) the per capita
rate of increase of all plant populations exceeds the sum of the negative per capita effects of
predation, interspecific competition, and costs of mycorrhizal association; and (2) the per capita
numerical response of enemies to mycorrhizal plants exceeds the magnitude of the per capita
enemy rate of mortality. Furthermore, I showed that the effect of AM fungi on tropical tree
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species coexistence was stabilizing or destabilizing depending on the strength of the protection
AM fungi convey to trees against natural enemies. This study is one of the first that combines
predation, competition, and mutualism into community dynamics. This type of work is important
as it has been shown that a mixture of types and strength of interspecific interactions results in
complex dynamics that cannot be found by summing individual interspecific interaction effects
on population dynamics (Allesina and Tang 2012). Therefore, I concluded by recommending
additional theoretical and empirical studies combining demographic processes with food web
dynamics.
This theoretical chapter was an important step to assess the importance of the joint effects
of natural enemies and AM fungi on tropical tree dynamics, and to stimulate the empirical works
conducted in chapters two through four. Gathering information about AM fungal (chapter 3) and
enemy (chapter 2) communities helped me evaluating the strength of some of the assumptions
used in my theoretical model. In chapter 4, I tested the theoretical ideas that AM fungi and
natural enemies influence seedling dynamics and promote tree species coexistence.
In chapter 2, I first assessed the spatial variation of AM fungi in a Puerto Rican tropical
rainforest. This enabled me to test if AM fungal composition and diversity were correlated with
tree abundance and diversity, supporting the interactions between trees and AM fungi used in my
theoretical model. Specifically, I asked which abiotic and biotic factors are correlated with AM
fungal communities and how past land use history influences soil fungal community assemblage
processes. The motivation behind this chapter arose from the recognition that past land use
history is associated with long-term soil disturbance, which could dramatically alter AM fungal
communities and, in turn, tropical forest functioning. I found long-lasting effects of past land
use, 80 years after all human land-use activities have ceased. However, this effect was not well
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explained by the measured abiotic and biotic factors. Interestingly, I found some emerging
evidence that land use history might alter the community processes that structure soil fungal
communities highlighting the need for more studies across a gradient of land use histories. This
will enable scholars to understand and predict better the roles played by AM fungi in promoting
tree species coexistence in secondary tropical forests.
In chapter 3, I investigated which abiotic and biotic factors are correlated with the
aboveground natural enemy communities in a Puerto Rican tropical rainforest. The results of this
chapter revealed that seedlings of tree species that have an intermediate abundance at the local
and community scales attract more natural enemy species than seedlings of rare or common tree
species. This result is important as it suggests non-linear JC effects, especially if natural enemy
richness is positively correlated with lower probability of mortality (Bachelot and Kobe 2013). I
proposed a suite of ecological and evolutionary processes that might result in such a humpshaped pattern, and I hope that future studies will aim to disentangle these mechanisms. Finally,
this chapter provides some support to the non-linear numerical response of natural enemies to
trees used in chapter 1. Indeed, a numerical response of type III predicts a peak in the proportion
of seedlings attacked by natural enemies at intermediate seedling abundance, which is consistent
to some extent with the uncovered hump-shaped pattern and the ideas of natural enemy escape
and satiation at low and high host density respectively. Yet, a functional response of type IV
would be more accurate as it predicts that group defense occurs at high host density thereby
deterring enemies (Tener 1965) and explaining the low richness of natural enemies hosted by
common tree species.
Finally, in chapter 4, I tested how AM fungal and natural enemy communities alter
seedling survival and potentially promote or hinder tropical tree species coexistence. I found that
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seedlings are more likely to die when experiencing high amounts of foliar damage, when
surrounded by many conspecific seedlings, and when growing in a plot with a low diversity of
AM fungi. At the local scale, these results suggest that AM fungal diversity counteracts the JC
effects, consistent with previous work. When scaling up to the community, these effects were
consistent with the idea that common tree species suffer from natural enemies more than rare tree
species, and that rare tree species gain more benefits from AM fungal diversity than common
tree species. Therefore, natural enemies and AM fungi appear to promote tropical tree species
coexistence. Thus, this chapter was important to link observational data with theory as it enabled
me to draw conclusions regarding the joint effects of AM fungi and natural enemies on tropical
tree species coexistence. Interestingly, the chapter 4 highlighted a potential limitation of my
theoretical model, which assumes that common tree species extracted greater AM fungal benefits
than rare tree species. However, it is important to keep in mind that in chapter 1, I have not
investigated the effects of AM fungal diversity but rather the effects of AM fungal abundance on
tropical tree species coexistence. Thus, future work should refine the assumptions of my
theoretical model and incorporate the idea that AM fungal diversity might be more important
than AM fungal biomass.
Overall, my dissertation highlighted the importance of combining different dynamical
processes when investigating tropical tree species coexistence. Specifically, tree natural enemies
and AM fungi are important and interacting actors that influence tropical seedling dynamics.
Historically, researchers have been exclusively studying belowground or aboveground processes.
Yet, the 21st century has seen an incredible increase in the amount of ecological studies linking
belowground and aboveground ecology (Morris et al. 2007, Bardgett and Wardle 2008). The
motivation behind my dissertation work arose during my Master’s thesis and the goal was to
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follow the author recommendations claiming the need for 1) stronger theories combining
belowground and aboveground processes and 2) studies of the joint effects of AM fungi and
natural enemy on tree communities. I hope that I have started to achieve these two goals by
developing a theoretical model combining trees, natural enemies, and fungi, and by attempting to
collect empirical evidence to support or falsify this model. I also hope I have successfully
utilized both theoretical and empirical techniques in a circular and complementary way as theory
can infer empirical work which in turn can help refining theory.
To conclude, I would like to echo Bardgett and Wardle by encouraging future research to
continue the endeavor of understanding the joint effects of AM fungi and natural enemies on
tropical tree dynamics over longer time scales and in the context of global warming. In
particular, several lines of investigation arise from my results. First, I found long-lasting effects
of land use history on AM fungal communities. This effect is likely to result in variation in the
role that AM fungi play in tropical tree community dynamics. Therefore, future research should
investigate how AM fungal function changes across land use history and specifically through
secondary succession. Second, climate change alters many ecological processes such as nutrient
cycling and might profoundly alter the effects of natural enemies and AM fungi on tropical
seedling dynamics. It is important to understand these potential effects of climate change in order
to protect better tropical forest ecosystems, such as the Puerto Rican tropical forests.
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APPENDICES
APPENDIX I, CHAPTER ONE
APPENDIX I-A: A multi-species predator-prey model incorporating mycorrhizal fungi
We assume that the dynamics of a community composed of n plant species X=(X1, ..., Xn),
enemy population (Y), and mycorrhizal fungal population (M) are described by the following
system of differential equations:

!!! (!)
= !! (!) !! (!) + !! (!)!! !!→!! , ! − !! (!)!! !!! →! , ! −
!"

!

!!,! (!)!! (!)
!!!

− !! !, ! − !! (!)!(!) !(!)
!" !
=! !
!"
!"(!)
= !(!)
!"

!

!!,! ! !!,! !!! →! , ! − !!,! ! !!,! !!→!! , ! − !! (!)
!!!
!

!! !! !, ! − !! (!)!(!) !! (!) − ! ! ! ! − !(!)
!!!

[Eqns. A 1-3]

where Xi(t), Y(t), M(t) represent population size of plant (prey) species i, enemies, and
mycorrhizal fungi (we do not differentiate enemy or fungal species) respectively at time t. In
Equation A 1, the term bi represents the per capita exponential rate of increase of Xi , ai,i is the
per capita intraspecific competition coefficient for plant species Xi , a i,j designates the per capita
interspecific competition among plant species, !! is the conversion rate of the per capita gain in
resource from fungi (!! !!→!! , !) to plant species i abundance,!!! is the conversion rate of the
!
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per capita loss in resource towards fungi (!! !!! →! , ! ) to plant species i abundance, Ci(X,t) is
the per capita rate of mortality from one enemy (and XiCi(X,t) is the functional response of
natural enemy to plant species i), and mi corresponds to the per capita decrease in predation due
to mycorrhizal fungi.
In equation A 2, αM represents the conversion rate of the per capita gain in resource from
plant species i (!!,! !!! →! , ! ) to fungal abundance, βM accounts for the conversion rate of the
per capita loss in resource towards plant species i (!!,! !!→!" , ! ) to fungal abundance, and rM
represents the per capita fungal mortality rate. We assumed the per capita gain in resource (the G
functions) to be a Michaelis-Menten function of the fungi, and we assume the per capita loss in
resource (the L functions) to increase with increasing fungal population but to decrease with its
own population size. For the fungi, we assume G and L functions to exhibit a similar saturating
pattern as plant population increases.
! ! ! !

G! R !→!! , ! = ! ! ! !!
!

!

!

≤ !!!

! ! !

G!,! !!! →! , ! = ! !,! ! !!!
!,!

!
≤ !!,!

! !

[Eqns. A4a-d]
!! ! !(!)

L! R !! →! , ! = !

!

L!,! !!→!! , ! =

! !!! (!)

!!,! ! !! (!)
!!,! ! !!(!)

Finally, in equation A 3, di represents the conversion of functional (XiCi) to per capita
numerical response of enemies to plant Xi , mi the per capita protection against enemies provided
by the mycorrhizal associations of plant species i, e is the per capita competition coefficient for
the enemy population, and r the per capita exponential rate of mortality of enemies in the
absence of plant (i.e., starvation rate).
We assume that all coefficients of A 1-4 are positive, Lipchitz (meaning that each
coefficient is uniform continuous and does not change infinitely fast over time) and bounded
!
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with respect to time, with coefficient w having upper bound wu and lower bound wl. We also
assume a saturating positive relationship between the per capita predation effect Ci and plant
species i abundance, that Ci follows uniform continuous properties such that Ci does not change
infinitely fast with time (Lipchitz properties). Similarly, Gi and GM,i respectively follow uniform
continuous properties such that Gi and GM,i do not change infinitely fast with time and M or Xi
(respectively).
We investigate the system under the main assumption that the mycorrhizal fungal population
does not go to extinction nor tend towards infinity such as:
!!

For!every!time!t, v ≤ !(!) ≤ min! (!!! ) ≝ !
!

Here, we demonstrate that under the main assumption and reasonable conditions on the
parameters and initial conditions, which we outline below, the following three statements, are
true:
(1) Plant and enemy populations do not tend towards infinity, therefore the solution is
global in time;
(2) Plant and enemy populations do not go to extinction;
(3) When the coefficients are periodic, the system has periodic solutions.
Step 1: Plant and enemy populations do not tend towards infinity; rather, plant population
sizes are bounded above at pi , enemy population size at q. We assume a first condition (C1)
that the maximum sum of the per capita numerical response of the enemies in absence of
mycorrhizal protection (

!
! !
!!! !! !! !! )

is greater than the minimum per capita exponential

rate of mortality of enemies (!! ), that is

!
! !
!!! !! !!

> !! . Plant population sizes are

bounded above at pi, and enemy population size at q as follows:
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!!! + !!! ! !!
!!! + !!! ! !!
!! ! ≤
⇒ !!"#!!"!#$!!"#$!!, ! ! (!) ≤ !! ≝
!!!,!
!!!,!
!!!!!!!!!!!!!!!!!!! ! ≤

!
! !
!!! d! C! !!
!!

− !!

⇒ !"#!!"!!"!!"#$!!, !(!) ≤ ! ≝

!
! !
!!! d! C! !!
!!

− !!

Proof
If we bound the negative effects of the plant per capita interspecific competition
(

!
!!!,!!! !!,!

! !! ! ), the per capita predation (!! !, ! !(!)) and the per capita costs of

mycorrhizae !! (!)!! !!! →! , ! at 0, equation A 1 becomes
!"! (!)
!"

≤ !! (!) !! ! − !!,! ! !! ! + !! (!)!! !!→!! , !

[Ineq. A 1]

We can use the upper bounds of the parameters that have a positive effect on plant population
size (bi , αi, !! !!→!! , ! ) and the lower bounds of the per capita intraspecific competition
coefficient (aii), which has a negative effect of population size to further bound inequality A 1 as
follows:
!"! (!)
!"

!
≤ !! (!) !!! + !!! !!! − !!,!
!! !

[Ineq. A 2]

Let us assume there exists a time !! such that !! !! >

!!! !!!! !!!
!
!!,!

, then if we write inequality A 2

at time !! :
!"! (!! )
!"

<0

[Ineq. A 3]

In other words, !! is decreasing after !! until it reaches a time !! where !! !! =

!!! !!!! !!!
!
!!,!

! , after

which !! becomes stationary or decreases. Thus,
For!every!time!!!greater!than!!! , !! ! ≤
!

!!! !!!! !!!
!
!!,!
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!

[Ineq. A 4]

Let us assume that the initial condition is such that 0 ≤ !! (0) ≤

!!! !!!! !!!
!
!!,!

, then we are in the case

of !! after which !! becomes stationary or decreases, as soon as t=0, and:
!For!every!time, !! (!) ≤

!!! !!!! !!!
!
!!,!

! ≝ !!

[Ineq. A 5]

In other words, the upper bound for the population of plant species i depends solely on its
maximum per capita growth rate bi, the maximum per capita increase in density of the plant
species i population can extract from mycorrhizal associations, and the minimum plant per capita
intraspecific competition (a i,i). The presence of upper bounds for plant populations that do not
depend on the presence of an upper bound for mycorrhizal fungal population implies that v, the
upper limit of mycorrhizal fungi, does exist because the fungi are limited by the amount of
plants.
By substituting the appropriate upper and lower parameter bounds into equation A 3, we can
bound

!"(!)
!"

!"(!)
!"

as follows:

≤ Y(t)

!
!!!

!!! !!! − !!! ! t

X! (t) − ! ! Y t − ! !

[Ineq. A 6]

Thus, the results presented here will hold for all saturating per capita mortality from one enemy
(Ci). We can further bound inequality 6 by bounding the negative effect of the per capita
mycorrhizal protection (!!! ! t ) to 0:
!"(!)
!"

≤ Y(t)

!
!!!

!!! !!! X! (t) − ! ! Y t − ! ! !!!!!

[Ineq. A 7]

Following the same demonstration as for !! , if there exists a time !! such that ! !! <
!
! !
!
!!! !! !! !! !!
!
!

!

, then enemy population size is increasing after !! until it reaches a time !!
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where!! !! =

!
! !
!
!!! !! !! !! !!
!!

, after which enemy population size becomes stationary or

decreases. Thus:
!
! !
!
!!! !! !! !! !!
!
!

For!every!time!!!greater!than!!! , ! ! ≤

Assuming the initial condition is such that Y 0 ≤

!
! !
!
!!! !! !! !! !!
!
!

[Ineq. A 8]
, then we are in the case of !!

after which enemy population size becomes stationary or decreases!as soon as t=0, and:
For!every!time!!, Y t ≤

!
! !
!
!!! !! !! !! !!
!!

≝q

[Ineq. A 9]

In other words, the upper bound for enemy population size depends on the lower bounds of the
enemy per capita exponential rate of mortality (rl), the enemy per capita competition coefficient
(el), and the maximum per capita numerical response of enemies to plants in absence of
mycorrhizal protection (

!
! !
!!! d! C! !! ).

A first condition (C1) guarantees the existence of a

strictly positive upper bound q for enemy population, which is reached when the minimum per
capita enemy exponential rate of mortality is lower than the maximum per capita numerical
response of enemies to plants. Biologically, this condition means that the balance between the
difference between numerical response in absence of protection by mycorrhizae and mortality
and competition among enemies controls the enemy population.
Therefore, the proof of step 1 is complete and we have demonstrated that plant (Xi) and
enemy (Y), population sizes are bounded above at pi , and q respectively. In particular, by the
principle of unique continuation (which states that two analytical functions whose difference at
some time becomes 0 are the same at that time), we have obtained the global existence in time of
the solution of the system defines by equation A 1- 4.
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Step 2: Plant, and enemy populations do not go extinct; rather they remain above positive
abundance values !! , !"#!! respectively. We assume a second condition (C2) that is the per
capita exponential rate of growth of the plant population must be greater than the sum of
the negative effects due to the per capita predation, the per capita interspecific competition,
and the per capita costs of mycorrhizal associations (!!! > !!!

!!
!!
!!!

−

!
!!!,!!!

!!!,! !! − !!! !!) .

We also assume a third condition (C3) so that the per capita numerical response of enemies
to plants protected by mycorrhizal fungi is greater than the per capita enemy exponential
rate of mortality

!
!!!

!!! !!! !! −!!! !!! !!! > !! . Plant population sizes are bounded above

at !! , and enemy population size at ! as follows:
!!! − !!!
!!!!!!!!!!!!!! ! ≥

!!! !
−
!!!

!!! − !!!
≝

!!!!!! ! ≥

!
!!!

!!! !
−
!!!

!
!!!,!!!

!!!,! !! − !!! !
⇒ !"#!!"!#$!!"#$!!, !(!) ≥ !!

!!!,!
!
!!!,!!!

!!!,! !! − !!! !

!!!,!

!!! !!! !! −!!! !!! !!! −!!!
⇒ !"#!!"!#$!!"#$!!, !(!) ! ≥ !
!!

≝

!
!!!

!!! !!! !! −!!! !!! !!! −!!!
!!

where pi and q are upper bounds for plant and enemy populations size respectively as
shown in Step 1.
Proof
If we take the lower bound of the equation A 1, we get:
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!! (!) !!! + !!! !!! − !!!

!!! ! !

!!! !!!!

!
!
!!!,!!! !!,! !!

−

!
− !!,!
!! ! − (!!! − !!! !! )!(!) ! ≤

!!! (!)
!"

!!!

[Ineq. A 10]
We can further bound the inequality A 10 by setting the lower bound of Xi, M, and !!! !to 0 and
the upper bound of Y and M to q and v:
!! (!) !!! − !!!

!!! !
!!!

−

!
!!!,!!!

!
!
!!,!
!! − !!,!
!! ! − !!! ! ! ≤

!!! (!)
!"

[Ineq. A 11]

!

If we there exists a time !! such that

! !
!
!
!!! !!!! ! ! ! !
!!!,!!! !!,! !! !!! !
!
!

!
!!,!

> !! !! , then plant population

!

size increases until it reaches a time !! !where !! !! =

! !
!
!
!!! !!!! ! ! ! !
!!!,!!! !!,! !! !!! !
!!

!
!!,!

after which

plant population size is stationary or increases. Thus,
!

! !
!
!
!!! !!!! ! ! ! !
!!!,!!! !!,! !! !!! !
!

!For!every!time!!!greater!than!!! ,

!

!
!!,!

≤ !! ! !

[Ineq. A 12]

!

So if we assume that at time t=0,

! !
!
!
!!! !!!! ! ! ! !
!!!,!!! !!,! !! !!! !
!
!

!
!!,!

≤ !! 0 , then we are in the case of

!! after which plant population size is stationary or increases as soon as t=0, and
!

For!every!time!!, !! (!) ≥

! !
!
!
!!! !!!! ! ! ! !
!!!,!!! !!,! !! !!! !
!
!

!
!!,!

≝ !!

[Ineq.A 13]

In other words, the lower bound for the plant population size depends on the ratio of the per
capita exponential growth rate when accounting for all negative effects except the per capita
intraspecific competition (!!! − !!!

!!! !
!!!

−

!
!!!,!!!

!
!!,!
!! − !!! !) and the maximum per capita

!
intraspecific competition (!!,!
). In order to ensure that plant population size remains above 0, we

need to make a second condition (C2) that is the per capita exponential growth rate must be
!
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greater than the sum of the negative per capita effects due to predation, mycorrhizal associations
costs, and interspecific plant competition (!!! > !!!

!!! !
!!!

−

!
!!!,!!!

!
!!,!
!! − !!! !!). Biologically,

this condition means that plant growth rate must be high enough to compensate all negative
effects except intraspecific competition.

By substituting this upper bound (!) of mycorrhizal fungal population size (M) and the
appropriate upper and lower parameter bounds into equation A 3, we can bound
Y(t)

!
!!!

!!! !!! −!!! !!! ! X! (t) − ! ! Y t − ! ! ≤
!
!!!

If there exists a time !! such that ! !! <

!"(!)

!!
!
!!!

!"

as follows:
[Ineq. A!14]

!"

!!! !!! !! !!!! !!! !!! !! !

increases until it reaches a time !! !where ! !! =

!"(!)

, then enemy population size

!!! !!! !! !!!! !!! !!! !! !
!!

, after which enemy

population size is stationary or increases. Thus,
For!every!time!!!greater!than!!! ,

!
!!!

!!! !!! !! !!!! !!! !!! !! !
!!

If we assume that the initial condition that!
case of !! ! !! =

!
!!!

!!! !!! !! !!!! !!! !!! !! !
!!

For!every!time!t, !(!) ≥

!
!!!

!
!!!

≤ ! ! !!

!!! !!! !! !!!! !!! !!! !! !
!!

[Ineq. A!15]

≤ !(0), then we are in the

!as soon as t=0, and:

!!! !!! !! !!!! !!! !!! !! !
!!

≝!

[Ineq. A 16]

In other words, the lower bound for enemy population size depends on the ratio of the maximum
per capita enemy exponential rate of mortality (! ! ) and the difference between the lower value of
the per capita numerical response of enemies to plants in the presence of mycorrhizal protection
(
!

!
!!!

!!! !!! !! − !!! !!! !!! ) and the maximum per capita competition effect among enemies
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(! ! ). In order to ensure that the lower bound of enemy population is greater than 0, we need to
create a third condition (C3) so that the per capita numerical response of enemies to plants
protected by mycorrhizal fungi is greater than the per capita exponential rate of mortality of
enemies

!
!!!

!!! !!! !! − !!! !!! !!! > ! ! . Biologically, this condition means that the per capita

numerical response of enemies to plants protected by mycorrhizal associations needs to remain
greater than the per capita exponential rate of mortality of enemies. If this condition were not
met, the enemy population would go to extinction. If this condition is met, then the first
condition, that is the maximum per capita numerical response of enemies to plants must be
greater than the minimum per capita enemy exponential rate of mortality, is also met.
Furthermore, when this condition is met, the upper bound of the abundance of the mycorrhizal
!!

fungal population is also met (!(!) ≤ min! (!!! )) in the case of one species but not in the case of
!

n plant species. In other words, the domain of coexistence will be additionally constrained by the
condition on the mycorrhizal fungal population.
Therefore, assuming the mycorrhizal fungal population has an upper bound, only two conditions
are required to achieve plant species coexistence: (1) the per capita exponential rate of growth
of the plant population must be greater than the sum of the negative per capita effects due
to predation, interspecific competition, and the costs of mycorrhizal associations; and (2)
the per capita numerical response of enemies to plants protected by mycorrhizal fungi is
greater than the per capita enemy exponential rate of mortality
!
!!!

!

!!! !!! !! − !!! !!! !!! > !! .
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Step 3. If the coefficients of A 1-4 are periodic and mycorrhizal fungal population remains
between an upper and a lower bound, plant, enemy, and mycorrhizal fungal populations
exhibit periodic dynamics. In other words, there exists a periodic solution to the system
described by A 1-4.We assume that the coefficients are periodic with the same period T>0.
We consider the application φ that maps an initial state of the system to the solution of
system at generation T, that is:
φ [(X1(0),··· ,Xn(0),Y (0))] = (X1(T),··· ,Xn(T),Y (T))
From steps 1 and 2, we know that there exists a compact set Dn+1 that is an invariant set
under the flow of the differential system. So φ maps the compact set Dn+1 to itself.
Therefore, according to the Brouwer fixed-point theorem, we know that the continuous
application φ has a fixed point. This fixed point is an initial data for which the solution is Tperiodic.
Conjecture. The study of the stability of the general periodic system is beyond the scope of this
study but preliminary analysis of the discrete model and simulations (Table 3 in Appendix I-C)
suggested stability. The challenge will consist in finding a suitable Liapounov-type function.
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APPENDIX I-B: Analyses of the effects of bi-directional mutualism on a prey-predator
system with a type III functional response, and of the effects of predation on a bidirectional mutualism system.

1. What is the effect of bi-directional mutualism on a prey-predator system with a type III
functional response?
We assume that the dynamics of a plant species (X), interacting with an enemy population (Y),
and a fixed mycorrhizal fungal population (M) are described by the following system of
differential equations:
!"(!)
!"
!"(!)
!!

= ! ! ! + !" !!→! , ! − !" !!→! , ! − ! !, ! − !" !(!) − !" !

[Eqn. B 1-2]

= Y(t) ! C !, ! − mM ! t − eY t − r

Where each parameter is similar to the one described in the main article.
We replace the functions C, G, and L with their respective expression, and we obtain the
following system of two differential equations [Eqn. B 3-4]:
!!(!)
!"
!"(!)
!"

!"

!"

= ! ! ! + ! !!! − ! !!!(!) −
= Y(t) !

!"(!)
!!!"#(!)!

!"(!)
!!!"#(!)!

! − !" !(!) − !" !

[Eqn. B 3-4]

! − mM ! t − eY t − r

We set up each differential equation to 0 to investigate the null isoclines describing where the
plant and natural enemy populations are stable (Yx, Yy). This approach results in two trivial
isoclines (X=0 and Y=0), as well as two more complicated isoclines:
!"

!! =

!"

!!! !!!!! !!!!!"

[Eqn. B 5]

!"
!!!"
!!!"#!

!"

Which exists if !(!!!"# ! ) ! ≠ !, and:
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!"# !

!! = !(!!!"# ! ) −

!!"!
!

!

−!

[Eqn. B 6]

These two non-trivial isoclines lead to a complex isocline plane that can be analyzed graphically
(Fig. 5). Specifically, we are interesting in understanding how the presence of a fixed population
of mycorrhizal fungi (M) influences the isocline plane.
Increasing the abundance of mycorrhizal fungi rotates the isocline associated with the population
of natural enemies (Yy) towards the right (Fig. 5). In contrast, the isocline associated with the
population of plant shrinks in the two dimensions (Y and X, Fig. 5). Such change in the isoclines
can lead to dramatic change in the equilibrium reached by the systems. However, in general the
increase in mycorrhizal fungal abundance dampens the effects of natural enemies, which results
in an increase in abundance and a decrease in the natural enemy abundance at the equilibrium.
This effect can stabilize or destabilize the system (Fig. 6). A too abundant population of fungi
can push both natural enemies and plant species to extinction as the costs of hosting mycorrhizal
fungal associations increase (Fig. 6).
We can also get similar results by investigating the general Jacobian Matrix associated with
Equations B3-4:
!"

!"

!"
!"

!"
!"

!"

!"

!"

=

!"

! = !"

! = !(!" − !!!"! ! )

!! !

!!"#$

! = !!!"! ! 1 − !!!"! ! − !"#$

! = !"

!"
!!!"! !

− !" − 2!" − !

!"

The expression of A ( !") is more complicated than the other partial derivatives but can be
simplified as follows:
!"

!"

!

!!"#

!"! !

! = ! + !!! − ! !!! 1 − !!! − !!!"! ! 1 − !!!"! ! − 2!" + !"!
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[Eqn. B 7]

We can assess how M qualitatively influences the structure of the Jacobian Matrix. In particular,
we should note that as M increases
1)

B increases

2)

C decreases

3)

D decreases

From the Routh-Hurwitz criteria, we know that a continuous system of 2 differential equations is
stable if the trace (A+D) is negative while the determinant (AD-BC) is positive. Therefore, the
impact of M on the system will depend on its effect on A. We can evaluate this effect, by taking
the partial derivative of A with respect to M:
!"
!"

=−

!"
!!! !

!"

!

− !!! 1 − !!! + !"

[Eqn. B 8]

From this equation, we can conclude that if the protection against natural enemy conveyed by
!"

mycorrhizal fungi to the plant is small enough, then !" < 0 , which could stabilize the system
(Eqn. B1-2). Otherwise, mycorrhizal fungi might destabilize the prey-predator system (Fig. 6).

2. What is the effect of predation on a bi-directional mutualism system?
We assume that the dynamics of a plant species (X), interacting with a fixed enemy population
(Y), and a mycorrhizal fungal population (M) are described by the following system of
differential equations:
!"(!)
!"
!" !
!"

= ! ! ! + !" !!→! , ! − !" !!→! , ! − ! !, ! − !"(!) !(!) − !" !
=! !

!
!!! !!,!

! !!,! !!! →! , ! − !!,! ! !!,! !!→!! , ! − !!

[Eqn. B 8-9]

We replace the functions C, G, and L with their respective expression, and we obtain the
following system of two differential equations [Eqn. B 10-11]:
!
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!"(!)
!"

!"(!)

!"(!)

= ! ! ! + ! !!!(!) − ! !!!(!) −

!"(!)
!!!"#(!)!

− !"(!) ! − !" ! !

[Eqn. B 10-11]

!" !
g ! X(t)
l! X(t)
= ! ! !!
− !!
− !!
!"
h! + X(t)
k ! + M(t)

In order to study the behavior of the system, we investigated how natural enemy population
alters the expression of the general Jacobian matrix:
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!"
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!"
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!!! !
!!! !
− !!
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!! + !
!=

=
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!"
!
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1−
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!! + !
!! + !
!! = !" − !"

As the natural enemy population increases, we note that:
1)

A decreases

2)

B2 increases

3)

C2 remains negative

Therefore, if A decreases enough to become negative and B2 increases and becomes positive, the
stability will occur when D2 is negative according to Routh-Hurwitz criteria. Negative D2 means
that the costs of the mycorrhizal associations to the fungi must exceed a fraction of the difference
between the benefits of the association to the fungi and the fungal mortality rate (Fig. 7). In other
words, there needs to be non-negligible costs of the AM fungal associations to the fungi.
However, as for the effect of mycorrhizal fungi on the plant-enemy system, the abundance of
natural enemies must be high enough to stabilize the system, but not too high or plant population
might be drawn to extinction (Fig. 7).
!
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APPENDIX I-C.
Table S1. Parameter values used for the simulations depicted in Figures 2 and 3.
Paramete
r
b
a
α
β
C
m
G
L
αM
βM
GM
LM
rM
e
d
r
X(0)
Y(0)
M(0)

!

Type

Figure 2 A
0.42
0.09
0.81
0.19
1*X/(1+1*0.1
Plant
2
parameters 5X1 )
0.23
0.46M/(0.11+
M)
0.63M/(0.32+
X)
0.25
0.42
Mycorrhizal
0.56X/(0.19+
fungal
X)
parameters
0.18X/(0.33+
M)
0.05
0.07
Enemy
1.00
parameters
0.07
0.7
Initial
population 1.05
density
2.6

Figure 2 B
0.42
0.53
0.23
0.19
1*X/(1+1*0.13
X2)
0.12
0.19M/(0.18+M
)
0.63M/(0.32+
X1)
0.68
0.28

Figure 3 A
0.56
0.89
0.84
0.19
1*X/(1+1*0.15
X2)
0.23
0.75M/(0.11+M
)
0.63M/(0.32+
X)
0.25
0.42

Figure 3 B
0.53
0.96
0.84
0.19
1*X/(1+1*0.60
X2)
0.05
0.75M/(0.11+M
)
0.53M/(0.32+
X)
0.68
0.75

0.56X/(0.19+X)
0.75X/(0.33+M
)
0.12
0.02
0.93
0.02
0.7
1.05
2.6

0.56X/(0.19+X)
0.18X/(0.33+M
)
0.05
0.07
1.00
0.07
0.7
1.05
2.6

0.56X/(0.19+X)
0.28X/(0.33+M
)
0.12
0.05
0.96
0.07
0.7
1.05
2.6

178!

Table S2. Parameter values used for simulations depicted in Figure 4.
Paramete
r
b
a
α
β
C
m
G
L
a12
αM
βM
GM
LM
rM
e
d
r
X(0)
Y(0)
M(0)

Type

Rare species
Common species
0.7
0.32
0.49
0.28
0.11
0.54
0.11
0.35
Plant
0.54X1/(1+0.54*0.42X12+0.37*0. 0.37X2/(1+0.37*0.13X22+0.54*0.4
parameters
13X22)
2X12)
0.07
0.14
0.65M/(0.14+M)
0.77M/(0.65+M)
0.54M/(0.19+X1)
0.14M/(0.79+X2)
0.18
0.7
0.23
0.09
0.32
Mycorrhizal
0.61X1/(0.68+X1)
0.35X2/(0.37+X2)
fungal
0.19X1/(0.35+M)
0.21X2/(0.42+M)
parameters

Enemy
parameters
Initial
population
density

0.07
0.07
1

0.26
0.07

5

6.45
3.5
1.2

!
!
!
!
!
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Table S3. Influence of the parameters to the solution presented in Figure 4. N means that
coexistence was not feasible; F means that species coexisted and their abundances were fixed;
NP means that the solution was not periodic but coexistence occurred; and P means that the
solution was periodic.
Parameter

Type

F, P (0.35-0.7)
N, P (0.25)

bi

Value

hi
li

N, P (0.14-0.54)
P

0.54(rare)
0.14(common)

hM

C
P sometimes NP
N, P (0.10-0.18)
F, P (0,38-0.7)
P
P
P sometimes NP
F, P (0.33-0.61)
P
P sometimes NP
P sometimes NP

0.19(rare)
0.79(common)
0.18
0.7(rare)
0.23(common)
0.09(rare)
0.32(common)
0.61(rare)
0.35(common)
0.68(rare)
0.37(common)

lM

P
P sometimes NP

0.19(rare)
0.21(common)

αi
βi
pi
pii

Plant

mi
gi

Ki
aij
αM
βM
gM

Mycorrhizal
fungi

Effect of increasing

P (0.7-0.95), N, P (1.230.7 (rare)
1.24), N
0.32 (common) P (0.32-0.79), F (0.80-1.12),
P

NP, P (0.400.49)
P
P
NP sometimes P
N
P sometimes NP
NP sometimes P
P
P
P sometimes NP
P
P sometimes NP
P
NP sometimes P
P
F (0), P

aii

!

Effect of
decreasing

0.49(rare)
0.28(common)

P
NP and sometimes P

0.11(rare)
0.54(common)
0.11(rare)
0.35(common)
0.54(rare)
0.37(common)
0.42(rare)
0.13(common)
0.07(rare)
0.14(common)
0.65(rare)
0.77(common)
0.14(rare)
0.65(common)

P (0.11-0.29),NP
P
P with a sometimes NP
P sometimes NP
P
C
P sometimes NP
NP sometimes P
NP sometimes P
P (0.14-0.46),NP
NP sometimes P
P
P (0.14-0.68),NP
P sometimes NP
P sometimes NP
P (0.14-0.51) sometimes
NP, NP
P, NP(0.21-0.33), P
P
P (0.18-0.68), N
P sometimes NP
P (0.23-0.29), N
P (0.11-0.33), F
P (0.32-0.84), F
P sometimes NP
P (0.35-0.36), N
P
P
P (0.19-0.68) sometimes
NP, F
P (0.21-0.55), F
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kM
rM
e
d

Enemy

r
X(0)
Y(0)
M(0)

!

Initial
population
density

P sometimes F
P sometimes F or
NP
N
P sometimes NP
P sometimes NP
P sometimes NP
P sometimes NP
P sometimes NP
P sometimes NP
P sometimes NP
P sometimes NP

0.35(rare)
0.42(common)

P
NP sometimes P

0.07
0.07
1 (rare)
0.26(common)
0.07
5(rare)
6.45(common)
3.5
1.2

P (0.07-0.19), F
P sometimes NP
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P sometimes NP
P sometimes NP
P sometimes NP
P sometimes NP
P sometimes NP
P sometimes NP and N

!
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!

GM
LM
rM
e
d
r
X(0)
Y(0)
M(0)

L
αM
βM

C
m
G

b
a
α
β

Initial
population
density

Enemy
parameters

Mycorrhizal
fungal
parameters

Plant
parameters

Parameter

0.04
0.07
0.04
1
1

0.58M/(0.07+ X)

Figure 6 A
0.98
0.07
0.56
0.75
0.89X/(1+0.26*0.
89X2)
0.40
0.16M/(0.35+M)

0.04
0.07
0.04
1
1

0.67M/(0.56+ X)

Figure 6 B
1.02
0.09
0.09
0.75
0.79X/(1+0.19*0
.79X2)
0.12
0.09M/(0.42+M)

0.02
1
1

1
1

0.23 X/(0.81+X1)
0.07 X/(0.07+M)
0.30

0.19M/(1.00 + X)
0.18
0.09

0.33
0.14M/(0.26+M)

Figure 7 B
0.25
0.19
0.25
0.96

0.14

0.46 X/(0.11+X1)
0.16 X/(0.04+M)
0.88

0.19M/(0.40+ X)
1.00
0.51

0.72
0.33M/(0.33+M)

Figure 7 A
0.32
0.74
0.25
0.86

1

1

0.02

0.35
0.14M/(0.26+M)
0.19M/(1.00 +
X)
0.18
0.09
0.23
X/(0.81+X1)
0.07 X/(0.82+M)
0.26

Figure 7 C
0.98
0.19
0.25
0.96

Table S4. Parameter values used for simulations depicted in Figure 6 and 7.

APPENDIX II, CHAPTER TWO
Taxonomic identification
All raw sequences are available on GenBank (http://www.ncbi.nlm.nih.gov) with the following
accession number: SRP052581. For taxonomic assignments, we used local BLAST with the
nucleotide database, excluding all sequences not associated with known organism. We created a
script so that for each OTU, the BLAST search returned the top 10 hit results along with the
coverage query, the maximum identity, the E value, and the taxon ID associated with each hit.
Using the software R and the package TAXIZE (Chamberlain and Szocs, 2013), we created a
second algorithm to extract the best taxonomy identity for each OTU from GenBank. To do so,
the following strict thresholds were used: In order to attribute a full taxonomy (to the species
rank) of an OTU, the top hit had to have a query coverage of at least 95%, a maximum identity
greater or equal to 90%, and an E value near 0 (we called this the “species criteria”). When the
top 10 matches from BLAST belonged to different phyla and both the query coverage and the
maximum identity were below 60%, we reported the OTU as being “unknown”. Finally, when
the 10 matches fell between the species and unknown criteria and were within the same phyla,
we recorded solely the taxonomy to the family. Altogether 95% of the OTU were identified to
phylum level, 92% to class level, 93% to order level, 93% to family level, 9% to genus level, and
15% to species level.

REFERENCES
Chamberlain SA, & Szöcs E. 2013. taxize: taxonomic search and retrieval in R.
F1000Research 191: 1–28.
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Table S1. Results of the t.test on the coefficient of variation in high and low ILU after
bootstrapping. n.s. indicates the lack of significant difference in coefficient of variation between
high and low ILU.

Area with
higher
coefficient of
variation

t

p value

High

1.91

0.05

n.s.

n.s.

0.74

Leaf litterfall biomass
(g/m2)

n.s.

n.s.

0.94

Canopy openness (%)*

High

3.39

< 0.01

Soil iron (ppm)*

Low

-70.94

< 0.01

Soil total carbon (%)*

Low

-4.64

< 0.01

Soil pH (log(mol/L))*

n.s.

n.s.

0.08

Water flow (m2)

n.s.

n.s.

0.59

Variable
Adult tree diversity in
15 m radius (unitless )*
Sum of basal tree area
(BA) in 15m radius*

!
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Table S2. List of the 12 dominant tree species used to estimate total litter biomass at each
seedling plots. These 12 tree species represent ca. 80% of the total tree basal area in the entire
Luquillo plot.
Species
Alchornea latifolia
Buchenavia
tetraphylla
Casearia arborea
Cecropia shreberiana
Dacryodes excelsa
Guarea guidonia
Inga laurina
Manilkara bidentata
Prestoea montana
Schefflera morototoni
Sloanea berteroana
Tabebuia
heterophylla

!

Family
Euphorbiaceae
Combretaceae
Salicaceae
(Flacourtiaceae)
Urticaceae
(Cecropiaceae)
Burseraceae
Meliaceae
FabaceaeMimosoideae
Sapotaceae
Arecaceae
Araliaceae
Elaeocarpaceae
Bignoniaceae

Basal area
(%)
1
2
6
6
9
3
3
6
34
3
4
1
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Table S3. Fifty random permutations of soil types were conducted prior to redundancy analysis
of soil fungal composition. The mean of the distribution of the 50 resulting p-values represents
the expected correlation between soil fungal composition and soil type under random
associations.
p value with randomization
Fungi
All fungi
AM fungi

!

p value
without
randomization
0.01
0.01

5%

50%

95%

0.12
0.11

1
1

1
1
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Table S4. Fifty random permutations of soil types were conducted prior to linear regression
analyses of soil fungal diversity. The mean of the distribution of the 50 resulting p-values
represents the expected correlation between soil fungal diversity and soil type under random
associations.
p value with randomization
Fungi
All fungi
AM fungi

!

Soil
type
Others
Cristal
Others
Cristal

p value
without
randomization
0.20
0.05
1
1

5%

50%

95%

0.72
0.32
0.1
0.06

1
1
1
1

1
1
1
1
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Table S5. Description of the number of detected OTUs in high and low ILU. Numbers in
parentheses represent the minimal and maximal values.
Total number of OTUs
Average number of OTUs per sample
Total number of AM fungal OTUs per sample
Average number of AM fungal OTUs per
sample
Total number of phyla
Total number of class
Total number of order
Total number of family

!

High ILU
4171
106 (50-167)
321

Low ILU
2812
97 (43-175)
232

14 (3-30)
7
24
85
207

9 (0-24)
6
20
76
180
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500
400
300
200
0

100

South-North (m)

0

50

100

150

200

250

300

East-West (m)

Figure S1. Map of the Luquillo plot and the locations of all of the 2m2 (triangle) and 1m2 (circle)
seedling plots. Filled symbols indicate those seedling plots from which we collected soil
samples. The green area represents low intensity of past land use and the orange section
represents high intensity of past land use.
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0.06
0.03
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Figure S2. Figure representing the values of the eight measured variables across land use
intensity (High and Low). Asterisks denote significant differences (t-test after bootstrapping to
correct for different sample size across land use areas).
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!
Figure S3. Figure representing the distribution of 9 measured variables in the LFDP. Green
background represents the low ILU area and orange background is the high ILU area. The grey
lines represent the topography of the plot. The size and color of the points follow a heat gradient
of color from white to red.
!
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Figure S4. Variation in soil pH across soil types. None of the visual differences were statistically
significant after correcting for differences in sample size. Yet, Zarzal and Cristal soils were
marginally more acidic than the other soils (ANOVA, p = 0.06).
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APPENDIX III, CHAPTER THREE
Table S1. List of the species used in the study with the sample size (N), the mean and
standard deviation of the aboveground enemy richness, and the sum of basal tree area
(cm).
Species
Alchornea latifolia
Andira inermis
Calophyllum calaba
Casearia arborea
Casearia decandra
Casearia sylvestris
Cassipourea guianensis
Chionanthus domingensis
Cordia borinquensis
Cordia sulcata
Croton poecilanthus
Dacryodes excelsa
Dendropanax arboreus
Dolichandra unguis
Drypetes glauca
Eugenia domingensis
Eugenia stahlii
Faramea occidentalis
Guarea glabra
Guarea guidonia
Homalium racemosum
Inga laurina
Inga vera
Ixora ferrea
Manilkara bidentata
Matayba domingensis
Miconia racemosa
Myrcia deflexa
Myrcia leptoclada
Myrcia splendens
Ocotea leucoxylon
Ocotea sintensis
Ormosia krugii
Piper glabrescens
Piper hispidum

!

N
2
1
3
11
1
4
1
7
1
1
1
43
1
16
8
32
3
1
2
362
4
89
10
16
33
10
3
2
12
1
96
39
5
24
1

Enemy
richness
mean
0.105
0.049
0.054
0.343
0.05
0.081
0.107
0.264
0.082
0.018
0.159
0.128
0.076
0.162
0.157
0.35
0.253
0.194
0.012
0.146
0.139
0.008
0.108
0.079
0.113
0.609
0.12
0.094
0.251
0.651
0.076
0.103
0.205
0.06
0

Enemy
richness
sd
0.016
0
0.011
0.117
0
0.028
0
0.158
0
0
0
0.058
0
0.115
0.076
0.223
0.098
0
0.004
0.073
0.063
0.003
0.052
0.029
0.051
0.323
0.019
0.044
0.123
0
0.026
0.035
0.091
0.018
0

193!

BA
29.202
7.743
0.002
2269.489
0
220.227
1.196
1.831
28.799
6.733
2.07
1433.597
4.147
0
13.938
0.161
20.095
11.744
3.645
129.648
33.088
291.582
2.218
8.962
1093.293
22.904
0.004
8.918
4.309
3.839
57.564
0.763
2.798
0.001
0

Prestoea montana
Pseudolmedia spuria
Psychotria berteroana
Psychotria brachiata
Psychotria deflexa
Roystonea borinquena
Sapium laurocerasus
Schefflera morototoni
Sloanea berteroana
Syzygium jambos
Tabebuia heterophylla
Tetragastris balsamifera
Trichilia pallida

!

836
2
18
7
13
39
1
16
8
4
42
31
21

0.047
0.11
0.058
0.066
0.069
0.149
0.047
0.068
0.065
0.169
0.051
0.093
0.14
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0.021
0.019
0.017
0.019
0.025
0.062
0
0.033
0.029
0.068
0.048
0.034
0.068

37591.37
4.475
17.367
13.888
0
1.662
2.565
300.091
1468.845
2.964
59.406
72.236
35.728

Table S2. Results of the Bayesian model described in equation 3 and 4 (median follows
by the credible intervals in parentheses). Bold font indicates the effect was significant.

!

Variable

Symbol

Size
Flow
Shade
Conspecific
NCI
Conspecific2
Richness deviation
WBA
WBA2
Species deviation
Plot deviation
Richness deviation

β1
β2
β3
β4
β5
β6
a0
a1
a2
ε
γp
πrichness

Posterior
0.11 (0.08:0.14)
-0.03 (-0.05:0)
-0.02 (-0.05:0.01)
0.05 (0.02:0.08)
0.01 (-0.02:0.04)
-0.07 (-0.09:-0.04)
0.77 (0.45:1.07)
-0.04 (-0.31:0.25)
-0.23 (-0.41:-0.04)
0.53 (0.51:0.54)
0.14 (0.11:0.17)
1 (0.84:1.22)
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Table S3. Results of the t.test performed on the proportion of natural enemy types between low
(less than 15th quantile) and medium abundance (between 42.5th and 57.5th quantiles),
intermediate and high abundance (more than 85th quantile), and low and high abundance. The
values in the table represent the p value of the tests.

Natural'enemy'type'
Pathogens.
Epiphyllous.fungi.
Grazing.insects.
skeletonizing.insects.
Gall.makers.
Leaf.miners.
Natural'enemy'type'
Pathogens.
Epiphyllous.fungi.
Grazing.insects.
skeletonizing.insects.
Gall.makers.
Leaf.miners.

!

Conspecific'seedling'density'
Low$Intermediate. Intermediate$High. Low$High.
0.94.
0.17.
0.54.
<0.01.
0.02.
1.00.
0.15.
0.18.
1.00.
0.47.
0.04.
0.40.
0.86.
0.99.
0.59.
0.99.
0.53.
0.94.
Tree'species'abundance'
Low$Intermediate. Intermediate$High. Low$High.
0.88.
<0.001.
<0.001.
<0.001.
0.13.
<0.001.
0.06.
<0.001.
<0.001.
<0.001.
<0.001.
<0.01.
0.93.
0.99.
0.99.
0.97.
0.93.
0.87.
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Figure S1: Spatial map of the richness (per cm2) of natural enemy found on individual
seedlings. The histogram depicts the richness of aboveground natural enemies organized
into 5 categories: pathogens, grazing insects, epiphyllous fungi, skeletonizing insects, leaf
miners, and gall makers. Names of the tree species used as examples of damage are
indicated in parentheses.
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Figure S2: Predicted richness (per cm2) versus the observed richness of natural enemies.
The red line represent the 1:1 line, and the grey lines extend to the credible intervals of
each prediction.
!
!
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APPENDIX!IV,!CHAPTER!FOUR!
!
Table S1. Summary of the variables used in the analyses breaking down by models: The
full model followed by the three abundance category models. Numbers indicate the
median values of the variable in the dataset with the standard deviation indicated between
parentheses.
Full
Size (cm)
Canopy closure (%)
Foliar damage (% per cm2)
Conspecific density
(individuals per m2)
AM fungal diversity (no unit)
Mortality (%)

0.23
(0.18)
33.67
(2.23)
0.22
(0.66)
2
(6.01)
2.22
(0.47)
23.3

Abundance categories
Rare Intermediate Common
0.26
0.25
0.21
(0.17)
(0.25)
(0.11)
33
33.5
34
(2.31)
(2.37)
(2.11)
0.20
0.12
0.28
(0.90)
(0.74)
(0.53)
2
2
3
(7.15)
(2.09)
(6.65)
2.11
2.22
2.23
(0.47)
(0.42)
(0.49)
9.7
14.4
27.2

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
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Table S2. Results of the t-test in foliar damage, conspecific density and AM fungal
diversity across abundance categories (Rare, Intermediate, and Common tree species).
The numbers indicate the p value of t.test analyses.

Foliar damage (% per cm2)
Conspecific density
(individuals per m2)
AM fungal diversity (no
unit)

Rare
-Intermediate
0.06
<0.001

0.31

<0.001

0.19

0.39

0.51

!
!
!
!
!
!
!
!
!
!
!
!
!

!

t-test
Rare
Intermediate - Common Common
0.84
0.01
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Table S3. Species-specific intercepts obtained from the full model (complete dataset) or from the
community level abundance models (BA models: rare species, intermediate species, and
common species). Community level abundance was calculated using the sum of conspecific
basal tree area and organized into three categories: rare, intermediate, and common. Each
species was also given a successional status unless unknown: early, mid, or late. !
Species
Andira inermis
Calophyllum antillanum
Casearia arborea
Casearia decandra
Casearia sylvestris
Chionanthus
domingensis
Cordia borinquensis
Croton poecilanthus
Cassipourea guianensis
Dacryodes excelsa
Dendropanax arboreus
Drypetes glauca
Eugenia domingensis
Eugenia stahlii
Faramea occidentalis
Guarea glabra
Guarea guidonia
Homalium recemosum

!

Full model

BA models

-3.23
(-5.14:-1.36)
-3.43
(-5.45:-1.49)
-4.34
(-6:-2.88)
-3.2
(-5.19:-1.36)
-3.33
(-5.24:-1.62)
-1.99
(-3.53:-0.48)
-3.26
(-5.2:-1.49)
-3.21
(-5.17:-1.42)
-3.22
(-5.16:-1.36)
-0.6
(-1.92:0.68)
-3.23
(-5.1:-1.4)
-2.99
(-4.59:-1.37)
-4.59
(-6.15:-3.16)
-3.93
(-5.89:-2.08)
-3.22
(-5.16:-1.37)
-3.19
(-5.14:-1.3)
-2.57
(-3.49:-1.68)
-3.45
(-5.31:-1.77)
-3.09

-3.11
(-5.29:-1.11)
-4.74
(-7.62:-2.06)
-5.74
(-8.79:-2.93)
-4.75
(-7.2:-2.53)
-3.21
(-5.39:-1.29)
-1.95
(-3.81:-0.06)
-3.18
(-5.29:-1.11)
-3.13
(-5.3:-1.09)
-4.7
(-7.16:-2.35)
-2.48
(-5.9:0.88)
-3.12
(-5.28:-1.08)
-2.64
(-4.69:-0.65)
-4.83
(-7:-2.8)
-3.67
(-6.1:-1.43)
-3.13
(-5.32:-1.05)
-4.73
(-7.15:-2.44)
-4.38
(-7.03:-1.8)
-3.35
(-5.45:-1.43)
-4.56
201!

BA

Successional
status

Intermediate

Late

Rare

Mid

Common

Mid

Rare

Unknown

Intermediate

Late

Intermediate

Early

Intermediate

Mid

Intermediate

Late

Rare

Mid

Common

Late

Intermediate

Mid

Intermediate

Late

Rare

Late

Intermediate

Late

Intermediate

Mid

Rare

Late

Common

Late

Intermediate

Mid

Inga laurina
Inga vera
Ixora ferrea
Manilkara bidentata
Matayba domingensis
Miconia racemosa
Myrcia deflexa
Myrcia leptoclada
Myrcia splendens
Ocotea leucoxylon
Ocotea sintensis
Ormosia krugii
Piper glabrescens
Pseudolmedia spuria
Psychotria berteroana
Psychotria brachiata
Psychotria deflexa
Sapium laurocerasus
Schefflera morototoni
Sloanea berteroana
Syzygium jambos
Tabebuia heterophylla
!

(-4.37:-1.88)
-3.25
(-4.9:-1.82)
-4.18
(-5.83:-2.69)
-2.05
(-2.99:-1.16)
-2.13
(-3.54:-0.77)
-3.43
(-5.32:-1.71)
-3.41
(-5.27:-1.7)
-3.86
(-5.5:-2.39)
-3.21
(-5.17:-1.37)
-3.32
(-4.23:-2.47)
-3.03
(-4.13:-1.97)
-3.2
(-4.96:-1.55)
-2.2
(-3.38:-1.09)
-3.3
(-5.22:-1.51)
-2.87
(-4.34:-1.48)
-2.87
(-4.49:-1.38)
-3.84
(-5.51:-2.29)
-2.18
(-4.12:-0.32)
-3.2
(-5.15:-1.32)
-2.85
(-4.48:-1.33)
-3.62
(-5.44:-1.95)
-3.68
(-5.49:-2.17)
-3.14
(-4.55:-1.79)

(-7.62:-1.7)
-2.94
(-4.81:-1.25)
-3.97
(-5.91:-2.26)
-2.88
(-4.61:-1.25)
-1.97
(-3.75:-0.26)
-4.81
(-7.28:-2.59)
-3.27
(-5.31:-1.28)
-5.12
(-7.34:-3.16)
-4.65
(-7.18:-2.35)
-3.23
(-4.49:-2.08)
-4.01
(-5.68:-2.45)
-2.89
(-5.06:-0.8)
-3.18
(-4.84:-1.52)
-3.27
(-5.4:-1.17)
-2.88
(-4.7:-1.06)
-2.84
(-4.76:-1.1)
-5.13
(-7.36:-3.08)
-2.2
(-4.28:-0.17)
-3.96
(-7.2:-0.9)
-3.63
(-6.38:-1.12)
-4.93
(-7.24:-2.7)
-3.64
(-5.6:-1.8)
-3.09
(-5.1:-1.15)
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Common

Mid

Intermediate

Mid

Intermediate

Late

Common

Late

Intermediate

Late

Rare

Unknown

Intermediate

Mid

Rare

Mid

Rare

Mid

Intermediate

Mid

Rare

Late

Intermediate

Mid

Rare

Early

Intermediate

Early

Intermediate

Early

Intermediate

Early

Rare

Early

Intermediate

Mid

Common

Early

Common

Late

Rare

Late

Intermediate

Mid

Tetragastris balsamifera
Trichilia pallida

-3.47
(-4.98:-2.15)
-3.23
(-5.14:-1.36)

-3.41
(-5.11:-1.82)
-3.11
(-5.29:-1.11)

!

!
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Figure S1. Figure representing the distribution of weighted sum of conspecific basal tree area in the full
dataset. The two red lines represent the breaks used to define the “rare”, “intermediate”, and “high”
abundance categories.
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Figure S2.!Distribution of foliar damage, seedling conspecific density, and AM fungal
diversity across tree abundance categories: low abundance, medium abundance, and high
abundance. Different letters indicate significant change between abundance categories
according to t.test analyses (Table S2).
!
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Figure S3. Predicted species-specific effects of conspecific density, foliar damage, and
AM fungal diversity on mortality. Blue are rare tree species trajectories, orange are
intermediate-abundance tree species trajectories, and red are common tree species
trajectories. Dotted lines indicate when the effects where not significant.
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