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ABSTRACT

ADVANTAGES TO TROPICAL TREE SPECIES RARITY: RICHNESS OF NATURAL ENEMIES ON
SEEDLING LEAVES AND NEGATIVE DENSITY DEPENDENCE.

By

Bénédicte Marie-Philippe Bachelot

The Janzen-Connell hypothesis (JC) is one potential mechanism to explain the
maintenance of high alpha diversity of tree species in tropical forests, operating through
differential pressure by natural enemies. Constraints on the populations of common species
could arise from a greater diversity of natural enemies. The objectives of this work were to test
the new interpretation of the JC, assess the variability of the negative density-dependence (a
more traditional way to test the JC) over time, and to offer a new conceptual model of
seedlings community abundance. By assessing damage patterns on leaves, as a proxy for
natural enemy species, | was able to prove that seedlings of common tropical trees host a
higher diversity of aboveground natural enemies than seedlings of rare tropical trees. | also
found that this resulted in a disadvantage in common species due to higher mortality risk due
to aboveground foliar damage. However, from a negative-dependence perspective, common
species are more often advantaged compared to rare species. These findings bring support for
our interpretation of the JC. | then developed the conceptual model to reunify this
interpretation and the variability of NDD. This theoretical model predicts that seedling
abundance will oscillate between being rarer and more common over ecological time. The

results offer a different step in understanding high tree species diversity in the tropics.
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CHAPTER |

INTRODUCTION

How is it possible to find 300 different species of trees in a single hectare (Valencia et al.
1994)? Ecologists have studied this question of amazing biodiversity in tropical moist forests for
several decades. This question is important as understanding how species coexistence operates
may allow us to better manage forests and preserve these rich biomes. A multitude of
hypotheses have been proposed but none has been widely accepted. Among them is the
Janzen-Connell hypothesis (Janzen 1970, Connell 1971) (subsequently: JC). This hypothesis
assumes that natural enemies (e.g. herbivores, pathogens and seed predators) are agents of
density/distance-dependent seedling mortality, which could lead to species coexistence by
favoring species patchiness. Later, Connell (1978, 1984); interpreted JC as a community
compensatory trend mechanism Common species, which occur closest to adult trees and at
higher conspecific density, should suffer from natural enemies more than rare species. Despite
the importance given to natural enemies, few studies have examined them in the tropics. By
better assessing the role of natural enemies in tropical forests, we may be able to better
manage, conserve, and restore these ecosystems. Moreover, one of the first steps before
understanding species coexistence is to better assess the transition between seedlings and
young trees and the role played by natural enemies. This problem is not new and many
ecologists are working on this issue, but to my knowledge, no studies have assessed JC from the
perspective of a natural enemy richness. A more traditional view of JC is the “conspecific

neighbor effect” on seedling mortality, or negative density dependence (NDD) that is



acknowledged to play an important role in tropical community assemblage. Natural enemies
traditionally have been thought to be the agent of NDD mortality, with a strong emphasis on
aboveground herbivores. But recent studies found evidence that other belowground agents
might be responsible for density dependent mortality patterns (Bever 1997, 2002, Bonanomi et
al. 2005, Kardol et al. 2007, Van der Heijden 2008, Kulmatiski et al. 2008, McCarthy-Neumann
and Kobe 2008, Mangan 2010). With this project, my main goals are to assess JC from the
perspective of natural enemy richness, to investigate the impact of damage on mortality, to
assess temporal variation of NDD, and to develop a conceptual model of tropical seedling
demography, that combines seedling aboveground natural enemy richness and belowground

agents of NDD.

The Janzen-Connell hypothesis

Based upon the “theory of pest pressure” (Gillett 1962) and Paine’s plant community
hypothesis (1966), Janzen (1970) and Connell (1971) separately hypothesized that natural
enemies could be the agents of the observed density and distance-dependent tropical seedling
mortality, which in turn could promote tree species coexistence by favoring the recruitment of
heterospecifics near adult trees. Later, Connell added a community compensatory trend (CCT)
interpretation of JC; he speculated that common species would be at a disadvantage compared
to rare species due to higher pressure from natural enemies (Connell 1978, 1984). Gilbert
(2005) wrote a review of JC and summarized the important assumptions that were made by
Janzen and Connell. First, natural enemies must have different effects based on the host

seedling. Second, it is important that there is a great diversity of natural enemies with different



host preferences. If these conditions are not met, all seedlings would suffer the same amount
of damage and the mechanism would not promote species coexistence. Finally, both hosts and
natural enemies must experience a higher density near adult trees, so that rare species must
find a “natural enemy free spot” to survive, and heterospecific seedlings are able to survive
near an adult where it is difficult for conspecific seedlings to stay alive.

JC is widely thought to be a potential mechanism that maintains high alpha tree diversity
in the tropics. Many studies have examined this theory, but most focused on the
density/distance dependence of tropical seedling mortality without identifying the specific
agents responsible for it. Most of these studies found evidence for density- or distance-
dependent mortality patterns (see review by Clark and Clark 1984, Harms et al. 2000, Gilbert et
al. 2001, Terborgh, Pitman et al. 2002, Kobe and Vriesendorp 2011). While the majority found
support for JC, others showed no evidence for density or distance-dependent mortality (Clark
and Clark 1984). Differing density/distance-dependent mortality across species can partly
explain why previous studies found differing results about density/distance-dependent
mortality (Clark and Clark 1984). It has also been shown that if JC takes place, it would be
occurring in early life stages when seedlings are more susceptible to natural enemies because
of the very restricted number of leaves (Lambers et al. 2002, Terborgh et al. 2002) and non-
lignified stems. Thus, studies may be missing evidence for the patterns, because they strictly
used older individuals. A more recent study stressed the importance of differing species’
recruitment; not taking species’ recruitment into account might change the conclusion on
whether or not there is a density/distance-dependent mortality pattern since differences in

species’ recruitment can overwhelm a density/distance-dependent mortality pattern (Lambers



et al. 2002). Differences in life history stages and species recruitments may explain why, until
now, results concerned with JC are so variable. Yet, focusing only on the mortality pattern will
not sufficiently support or contradict JC. The main point of this theory is that natural enemies
are the agents of density/distance-dependent mortality. While examining the mortality pattern,
one has to include damage observations and then compare rare versus common species and

differences in mortality to show the implications for community structure.

Seedling pathology

The disease triangle is well-known in temperate plant pathology and was first
introduced by Stevens in 1960. It shows that three conditions must be combined for a disease
to appear: a host plant, a pathogen, and a favorable environment. Specific cases of this triangle
are well-studied in temperate ecosystems and many agricultural or gardening approaches result
from this knowledge. It is also at the origin of ecologically-based management strategies. A
common example is powdery mildew; reducing humidity around plants may keep the fungus
away (Jenkyn and Bainbridge 1978). Yet for more resistant spores, it may be necessary to also
avoid shade. The most compelling evidence of the disease triangle is the Irish potato famine
(1845-1846); the concordance of a pathogen Phytophthora infestans, a potato crop host with
little genetic variation and wet weather with mild temperatures led to the destruction of most
of the potato crop. Today, by taking into account the disease triangle, farmers design their
fields such that humidity is greatly reduced, and by doing so the Irish potato famine disaster
remains history. Tropical pathology has not been a widely explored field due to the high

diversity of pathogens, despite good sources to identify natural enemies (Borror et al. 1976,



Sutton 1980, Ellis and Ellis 1985, Barnett and Hunter 1998). By better understanding the role of
natural enemies in tropical forests and their interaction with abiotic factors, we may be able to

find new solutions to manage, conserve or restore these extremely high diversity biomes.

Seedling mortality

The disease triangle also can be applied to seedling mortality in tropical forest
ecosystems. In this case, three conditions would be necessary for natural enemies to cause
death: a susceptible host seedling, a natural enemy, and a favorable environment. The triangle
shows how important it is to incorporate the three dimensions while assessing JC. Host
seedlings and specific natural enemies can exist, but if the environment is not favorable for the
natural enemies, they will not lead to seedling mortality, and JC process would not take place.
Previous studies have already shown how important it is to incorporate abiotic environmental
factors. Shade and moisture can increase seedling mortality (Augspurger 1984, Givnish 1999),
but attributing these responses to natural enemies is more challenging. Assessing effects of
abiotic factors typically focuses on a specific type of fungus or a narrow slice of the community
(Gilbert 2005, Gilbert and Webb 2007). Moreover, these interactions may be more complicated
than suggested. It has been shown that irradiance could also turn endophytes of Diplodia
mutila into pathogens on the palm, Iriartea deltoidea (Alvarez-Loayza 2009). While these
studies offer a good advancement in understanding the role of natural enemies, they focus on a
reduced number of enemies and host seedlings without taking into account abiotic factors. The
second important part of the disease triangle, yet unexplored, suggests the influence of

interaction between characteristics of host seedlings and pathogens on seedling disease (



damage or mortality). Host preference characteristic of the enemies has been explored, but few
specific fungi have been studied (see Arnold et al. 2001, Zhou and Hyde 2001, Augspurger and
Wilkinson 2007, Gilbert and Webb 2007, Gilbert et al. 2008, Kluger et al. 2008). A more recent
study showed that the life history of the seedling (the host) might be an important factor to
consider; shade tolerance was negatively correlated with density dependence mortality (Kobe
and Vriesendorp 2011). Thus, when studying seedling mortality, the abiotic environment, and

the host and enemy characteristics must be considered.

Negative Density-dependent mortality

A traditional way of assessing JC has been to test the negative impact of conspecific
neighbors on seedling survival. Soil pathogens ,part of seedling natural enemies, have been
thought to play an important role in plant soil feedbacks (PSFs). Many studies suggested that
PSFs were an important, but under-explored, mechanism of community structure (Bever 1994,
Reynolds et al. 2003, Callaway et al. 2004, Ehrenfeld et al. 2005, Kardol et al. 2007, Kulmatiski
et al. 2008). Like specific agents of density/distance-dependent mortality, specific agents of
PSFs are still under-identified, even though they may play a more important role than
aboveground natural enemies of seedling. A recent greenhouse study by McCarthy-Neumann
(2008) showed that for 6 tropical species negative feedbacks were more likely due to chemical
elements than specialist soil pathogens: pair-wise effects between soil modification by
particular species and species-specific seedling performance occurred regardless of soil
sterilization. Underground, density/distance dependence mortality agents seem to be chemical

rather than aboveground natural enemies. Other research has provided evidence that



pathogens (Mangan 2010), and mycorrhizae (Bever 1997, 2002, Bonanomi et al. 2005, Kardol et
al. 2007, Van der Heijden 2008, Kulmatiski et al. 2008) were likely agents of negative density-
dependent mortality. However, mortality by NDD can be as high inside as outside of enclosures
(Hulme 1994a, 1994b, 1996). Thus, a clear separation between the effect of aboveground and
belowground natural enemies on seedling mortality exists, but to my knowledge only few work
has been done to separate the two effects (but see Brown and Gange 1989). In my Master’s
thesis, | will consider that NDD is the result of the sum of aboveground NDD (ANDD due to
aboveground natural enemies) and belowground NDD (BNDD). Both of these effects could be
consistent with a community compensatory trend (CCT) and promote species coexistence, as in
Webb and Peart (1999) where seedlings of rare tree species suffered from lower NDD than
seedlings of common species. Recent ones found that NDD enhances shade tolerance
(McCarthy-Neumann and Kobe 2008) and abundance gradients (Comita et al. 2010). Hence,
aboveground natural enemies and belowground NDD agents can act in similar or opposite
directions. A possible explanation for differing result regarding NDD and CCT might result from
the variability of NDD over time. Comita et al. (2010) linked conspecific effect on individual
(NDD) and species abundance (sum of adult basal area) and found that rare species were at a
disadvantage. However, they used only 5 years of data. One can imagine that the rare species
at the time of the study will not necessarily remain rare in future years. Many studies
acknowledge the importance of studying biological mechanisms within a temporal framework
(e.g. Ewel and Hiremath 2005, Bardgette et al. 2005). Interactions between soil organisms and
roots can change over short time (seasons), plants can modify nutrients availability which in

turns affects soil population over ten to thousands of years (Bardgett et al. 2005). Longer time



scales can involve important transformations of the environment but also plant evolution.
Because NDD is due to a variety of agents (more likely belowground agents) that are highly

dynamic, it is important to examine variability in the strength and direction of NDD over time.

With this project, | aim first to test JC from the point of view of aboveground natural
enemy richness. Then, | endeavor to more fully assess how abiotic factors and life history traits
impact aboveground natural enemy richness. Next, | will explore seedling mortality from first a
damage perspective and then an NDD perspective, taking into account temporal variation.
Finally, | intend to reconcile the mortality by aboveground natural enemy richness
(Aboveground NDD) with mortality due to belowground agents (BNDD) in a new conceptual

model.
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CHAPTERIII
Common tree species host more aboveground natural enemy species than seedlings of rare
tree species?

(A new facet of the Janzen-Connell hypothesis)

ABSTRACT

The Janzen-Connell hypothesis (JC) is one potential mechanism to explain the
maintenance of high alpha diversity of tree species in tropical forests, operating through
differential pressure by natural enemies. Constraints on the populations of common species
could arise from a greater diversity of natural enemies. | evaluated this mechanism by assessing
damage patterns on leaves, as a proxy for natural enemy species in 44 species. Species that
were more common over the last 5 years had more diverse damage patterns than rare species
after correcting for abundance, indicating that common tree species host a higher natural
enemy richness. Additionally, natural enemy richness also increased with species shade
tolerance. To my knowledge, this study is the first that shows natural enemy richness increases
with species abundance of host species, offering support for a novel interpretation of the

Janzen - Connell hypothesis.
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INTRODUCTION

A central question in forest community ecology is: how can hundreds of different species
of trees co-exist in a single hectare? A multitude of hypotheses have been proposed to explain
species coexistence but the question remains unresolved (Chesson 2000). Among the most
prominent of explanations of tree species coexistence is the Janzen-Connell hypothesis (Janzen
1970, Connell 1971)(JC), which proposes distance and density-dependent natural enemies have
strong host preferences and disproportionately attack seeds and seedlings of common species
near adult trees (i.e., a community compensatory trend or CCT per Connell et al. 1984), offering

a stabilizing mechanism for species coexistence (Chesson 2000).

Numerous studies have documented patterns of distance and density-dependent
seedling mortality (Clark and Clark 1984,, Kobe and Vriesendorp 2011), but few have identified
particular agents causing such patterns (Gilbert and Webb 2007, McCarthy-Neumann and Kobe
2008).The few studies that have explicitly incorporated natural enemies have focused on the
amount of damage, which generally increases with increasing conspecific density (Augspurger
and Kelly 1984; Schuldt et al. 2010), but relationships with distance are less resolved

(Augspurger 1984, Norghauer et al. 2010).

Strong host preference has been proposed as a necessary condition for natural enemies

to constrain the populations of common species (Janzen 1970). However, natural enemies in
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the tropics target a wide range of hosts (Zhou and Hyde 2001), leading some studies to
conclude that natural enemies could not be responsible for density-dependent mortality
(Hamilton et al. 2010). However, lack of specialization does not mean that natural enemies do
not have a strong host preference at a more local scale(Thompson 2005), and the Janzen-
Connell mechanism could still be occurring. Furthermore, different plant species can share
natural enemies but each association can result in different levels of damage (Zhou and Hyde
2001). Thus, greater damage on common seedlings relaxes the condition that natural enemies
be strictly host exclusive.

Closely related species could provide equally suitable hosts for specialized natural
enemies and thus could share natural enemies (Gilbert and Webb 2007). Coley (1983) is
frequently cited as showing evidence that tree life history traits influence susceptibility to
natural enemies (also see McCarthy-Neumann and Kobe 2008, Kobe and Vriesendorp 2011), but
this study also suggests the importance of phylogenetic distances on survival. Similarly, other
studies have confirmed the importance of looking beyond the notion of conspecific and
heterospecific species in understanding negative density dependence (Strauss et al. 2006).
Phylogeny may be successful at predicting functional traits but abiotic conditions can heavily
influence those traits, which in turn will influence natural enemies. Thus, abiotic factors have to

be considered when looking at plant natural enemies.

Little research has, however, been conducted in the tropics to understand the effects of

abiotic environmental conditions on natural enemies even though the disease triangle (a

suitable host, environmental conditions, and presence of the natural enemy) is well established
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in temperate systems. Some studies suggest that damage decreases at high irradiance
(Augspurger 1984), while other studies found that an increase in irradiance can increase
damage by natural enemies (Alvarez-Loayza et al. 2008). The effect of abiotic factors may vary
with traits of the host species; for example, drought may increase vulnerability to natural
enemies in drought-intolerant but not drought tolerant species. The nature of the host also
plays an important role as different species invest in different strategies. Fast-growing and
pioneer species are thought to invest significantly in growth and little in defenses(Coley et al.
1985). In contrast, slow-growing shade tolerant species are thought to invest more in defenses,
because loss of tissue is more costly to replace in the low light environments in which shade
tolerant species often occur (Coley et al. 1985). Furthermore, environmental conditions affect
plant traits (Wright et al. 2004), which in turn can influence the response to natural enemies
(Fine et al. 2004). A tree species may develop a stronger tolerance to damage when growing in a
favorable environment, whereas tolerance can be diminished when growing in a non-favorable
environment (Fine et al. 2004). Therefore, it is important to consider natural enemies in the

context of abiotic and biotic conditions.

In this study, | test the hypothesis that common seedling species host a higher diversity
of aboveground natural enemies that in turn may lead to a disadvantage. Because of the large
number of potential natural enemies, damage patterns were used as a proxy for natural enemy
species (Currano et al. 2010). | predicted a higher species diversity of foliar natural enemies: 1)
hosted by common species 2) when a species has lower average distances to conspecific trees 3)

when a species on average has lower phylogenetic distance between neighboring individuals, 4)
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with decreased species shade tolerance, and 5) with higher average soil fertility and moisture
conditions experienced by the species. Finally, | hypothesized that 6) a higher species diversity

of foliar natural enemy would lead to an increase in foliar damage.

METHODS

Site Description

This project was conducted at La Selva Biological Station in the Atlantic Lowlands of
Costa Rica (102 26’N, 842 00’ W). The core data set consists of five 1 x 200 m belt transects
which were established across a soil gradient representative of major soil types: three transects
on residual soils, one each on older and recent alluvial soils. All newly germinating and surviving
woody seedlings have been surveyed in 1000 1-m? plots systematically every six weeks since
2000 (Kobe and Vriesendorp 2011). Liana and small palm seedlings were excluded here because
adults were not mapped. All trees (> five cm diameter) within 20 m of the seedling quadrats

were mapped and identified.

Damage patterns

From 13-22 January 2010, | took photos of every leaf on all seedlings within each of the
five transects (a total of 869 seedlings of 113 species). A waterproof white sheet of paper was
used as background. Based on the photographs, damage patterns were visually assessed for
each seedling and differentiated using the following criteria: 1) position of the damage (e.g.,
edge or middle of leaf, proximity to principal vein), 2) shape of the damage (rounded, linear cut,

regular), 3) size of the damage, 4) color (especially relevant to disease and pathogens) and 5)
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other defining characteristics (cut through veins, penetration through leaf or superficial grazing)
(Figure A.1, Table A.1).
Categorical foliar damage

During each census from May 2008 to December 2010, damage on each seedling
was evaluated and reported as a categorical variable representing the percentage of leaf
damage. To validate the categorical observations, pictures of each leaf were taken in January

2010 to calculate the leaf area damaged area using WinFolia. Then, the photo estimates were

2
compared with the categorical observation (r =0.7). Average damage experienced by each

species was calculated over the censuses of 2008 (six months from May 2008 to December

2008).

Community, abiotic and biotic factors

To understand which factors potentially influence the number of damage patterns, a
proxy for natural enemy richness, | measured community, abiotic and biotic factors (Table A.2).
Seedling abundance for a species was assessed as the mean density of seedlings per m? during
the sampling period. Abundance of tree species was assessed as the average number of
conspecific trees within a radius of 20 meters around each seedling of the species, a typical
neighborhood distance as estimated by Kobe and Vriesendorp (2011). The sum of tree basal
area was used as a second proxi for species abundance at the tree stage. Distance from parent

tree was assessed as the average distance from the closest adult tree.
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To examine if past seedling species composition influenced natural enemy richness, |
calculated and tested if seedling abundances over the past cumulative one, two, three, ... nine,
ten years were correlated with natural enemy richness.

To estimate effects of abiotic factors on enemy richness, | used previous measurements
of canopy openness and soil resource availability (N, C, P and base cations) (Holste et al. 201_)
to calculate the mean resource conditions experienced by each species. Soil moisture was
measured every ten meters and was linearly interpolated to estimate the soil moisture for each
seedling plot. Finally, | measured atmospheric humidity at 1 meter height along the transects
five times during April 2010.

Using seedling mortality models (Kobe and Vriesendorp, 2011 and unpublished data), |
calculated mortality under 1% irradiance to represent species shade tolerance. Previous studies
stressed the importance of quantifying the ages of leaves when assessing damage because of an
accumulation effect (Lowman 1984). To take this into account, | used the lifespan of each
individual seedling to calculate the average lifespan of the seedling of each species, recognizing

that seedling lifespan is a coarse approximation of leaf lifespan.

Phylogenetic analysis

Using a phylogenetic tree constructed in Phylocom (Webb et al. 2008), | calculated a
matrix of phylogenetic distances between seedlings of all species present in the transects using
the package Picante for R. | used an angiosperm base tree available with the newest version of
Phylocom that gives ages for the nodes of the tree according to Wikstrom et al. (2001).

Subsequently, | calculated the average neighborhood phylogenetic distance for each species
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known as the mean pair-wise phylogenetic distances method; for each individual i of a given

studied species s, | averaged the phylogenetic distances between the individual i and all the

. . . 2 .
seedlings j present in the same one m quadrat. Then, | averaged the distances among

individuals of the species s.

dpy = 2E(phyIogeneticDistance)j,- (Eq. 1)
Jji

One hundred fifty-three individuals from 50 different morpho species, representing 12.5% of
the total number of seedlings in the transects, were removed from the analysis because they
were identified to the genus level solely. As for seedling abundance, | calculated the neighbor
phylogenetic indices over different time periods: from the current time of the census to the past

ten years.

Statistical analyses

| used R-project computing software (http://www.r-project.org) to perform all data
analyses. Rarefaction curves allow comparing diversity estimates drawn from different sample
size data. Thus, for each species, | developed rarefaction curves by calculating the cumulative
number of different damage patterns when increasing the number of seedlings sampled using
all possible combinations of sampling order.

| then fit a Michaelis-Menten function to the cumulative damage pattern for each

species:

(Eq. 2)
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Where Nd; sjis the cumulative number of damage patterns found on seedling species i for s;
seedlings. . Ndmgy,iis the asymptote of the curve and represents the expected total number of

natural enemies hosted by the tree species i. Kjis a constant, which corresponds to the number

of seedlings sampled to get to half the number of natural enemies hosted by the tree species
(half of Ndmayx i) (Figure A.2). Models were fit for each species through minimization of sum of
squared errors.

To test the factors that influence natural enemy richness across host species (the
“community model”), | tested for relationships between Ndmgy j and potential factors (Table
A.2) using linear and non-linear regressions. First, regression was realized for a subset of 30
species because of missing values for some of the factors. The best models were selected per

Akaike information criterion (AIC). To estimate parameters, the model was then fit to all the

species with values for factors selected by AIC in the first round of modeling. The set of best

2 .
models was evaluated by AIC and r . The robustness of the best community model was assessed

N __ . . th .
using a leave-one-out cross validation; the model is fitted using N-1 species and the N species

is then predicted. This is repeated 29 times in order to get an estimate of natural enemy
richness for each species.

To examine within-species variation in natural enemy species load, | used a similar regression
approach for all species with >20 seedlings. The number of natural enemy species found on

individual seedlings was modeled as a linear regression using the same abiotic and biotic factors
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as the community level model, but measured at the individual level rather than mean values for
a species.

Finally to test if a higher diversity of foliar natural enemy species leads to a disadvantage,

we performed a linear regression between Ndmax and amount of leaf damage experienced in

2008.

RESULTS
Within species
For each of the 44 species with > three seedlings (see Table A.3 and Figure A.3), the
cumulative number of natural enemy species increased less than proportionately with
increasing numbers of seedlings sampled. No tree species reached asymptotic levels of enemy

richness. Nevertheless, the Michaelis-Menten function provided good fits to the data, and

provided estimates of both the maximum number of natural enemies (Ndmqx) and the number
of seedlings for half Ndmgx (k) (Gottelli and Colwell 2001). The average fit of the model, using

2
the square of the Pearson correlation, was r = 0.63 with a range from 0.333 to 0.94, and was

above 0.50 for 34 of 44 species.

| also tested for correlations between enemy richness and biotic and abiotic factors (13
different variables) at the individual seedling level for the five species with adequate sample
sizes (N > 20). Among the five x 13 linear regressions, only four were significant, which is the

experiment-wise expectation for significant results by random chance when the significance
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level is 0.05 for individual comparisons (Table A.4). Thus, | do not further discuss within-species

results.

Across host species

| tested linear and non-linear effects on natural enemy richness by past host species
seedling abundance and phylogenetic neighbor index (Table A.6 and A.7), and other abiotic and
biotic factors. Because Pentaclethra macroloba had a very high abundance but a low foliar
enemy richness, | considered it as an outlier and | removed this species from the analysis. Thus, |
worked with 32 species (Figure 2.1, Table A.5). Under the best supported model, natural enemy
richness linearly increased with conspecific seedling abundance over the past five years (AIC=
245, Table 2.1) and survivorship under 1% full sun (i.e., shade tolerance), and natural enemy
richness increased as seedlings of a species tended to be near closely related individuals (as
manifested by a negative relationship between natural enemy richness and current
neighborhood phylogenetic index) (Figure 2.2 and Table 2.1). If natural enemy richness was
strongly affected by host abundance, it was less sensitive to the neighborhood phylogenetic
index, which was marginally significant. Sum of tree basal area, a proxy for adult abundance at
the community level, was significantly positively correlated with aboveground natural enemy
richness. However once the other factors were added, natural enemy richness was not
significantly affected by sum of basal tree area. None of the interactions and the other abiotic

and biotic factors significantly affected the load of natural enemies hosted by different species.

Seedling abundance explained the greatest portion of the variability in Ndmgx (0.417), followed

by phylogenetic index (0.0649), and then shade tolerance (0.0581).
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The data also supported models with non-linear increases of Ndmygx with abundance

2
(AlIC=249, r =0.042-0.047, Table 2.1). As expected, host abundance positively affected natural

enemy richness. However, the non-linear model was not supported once shade tolerance and
the phylogenetic index were included.
The community model was simple; it made use of solely three factors and aggregated

individual seedling variation to the species level. Yet, the models explained 55% of the variance

of Ndmgx across species. The model was also robust with respect to the leave-one-out cross

validation method; leave-one-out estimates were correlated with observed natural enemy

2
richness (linear model: r = 0.39) (Figure A.4).

Sample size effect
If natural enemy richness increases with seedling sample size across species, the
relationship between natural enemy richness and species abundance could be an artifact

because | sampled more individuals of common species than rare species and sample size and

. . 2
long-term species abundance were positively correlated (r =0.45).

In order to verify that my estimates of enemy richness were not artifacts of seedling
sample size, | randomly subsampled (with replacement) three individuals for each species in
1000 simulations. | then fit the Michaelis-Menten function to each species (consisting of three
seedlings each) for each of the 1000 simulated subdata sets to obtain 1000 sets of estimated
enemy richness for the focal species. For each of the 1000 simulated data sets, | fit the same

linear community-level model of natural enemy richness versus explanatory factors. Natural
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enemy richness significantly increases with species abundance over the past 5 years and shade

tolerance for each of the 1000 simulations. However, the phylogenetic index significantly
decreases with increasing Ndmax for only 29% of the simulations, and it was marginally
significant for 71% of the simulations. When only using the median, the lower and the upper
boundary of the 1000 Nd estimates, | found that natural enemy richness significantly increased
with both species commonness over the past five years and shade tolerance. It decreased as the

genetic relatedness of the neighborhood decreases. However, this decrease in natural enemy

richness was marginally significant when using the upper estimates of natural enemy richness

(see Table A.8 and A.9). Overall, the significant relationship between Ndmax versus species

abundance over the last 5 years and shade tolerance was robust to small sample sizes.

Ndmax and foliar damage

A total of 946 seedlings of 39 tree species were used. Higher natural enemy richness
was positively correlated with the amount of damage experienced on average by a species in

2008 (Table 2.2, Figure A.5). The linear model successfully predicted the average amount of

2
damage experienced by species in 2009 (r =0.64, p < 0.001).

DISCUSSION
Summary
Here, | extend the Janzen-Connell Hypothesis to species richness of natural enemies.

foliar natural enemy richness increases with species abundance. | also found that species whose
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seedlings tended to occur near closely related seedlings had the highest diversity of natural
enemies, consistent with my second hypothesis. However, contrary to expectation, shade
tolerant species hosted more natural enemy species than intolerant species. Finally, | showed
that an increase in foliar natural enemy diversity was positively correlated with an increase in

foliar damage, suggesting a disadvantage for the species that host a high diversity of enemies.

Maximum number of natural enemies species was higher for common tree host species
Consistent with the first hypothesis, species that were more common at the seedling
stage for the past 5 years hosted a higher diversity of natural enemies. This result is consistent
with the CCT that predicts natural enemies should preferentially target seeds and seedlings of
common tree species (Connell 1984). However, it is important to note that the abundance
calculated at the tree stage was not a significant predictor of aboveground natural enemy
richness in the final model meaning that aboveground natural enemy richness is more
responsive to seedling abundance than adult abundance. Here, my results support this novel
extension of JC and especially its negative density-dependent pattern but it is important to
point out that | did not test whether a higher amount of damage results in a higher mortality

rate. | am investigating those linkages in a related on-going study and preliminary results

2
support a positive correlation among natural enemy richness, amount of damage (r = 0.64),
and mortality rate (Bachelot and Kobe 201 _, in prep, also see Eichhorn et al. 2010). The strong
difference in the number of natural enemy species hosted by common and rare species

reinforces the potentially important role of natural enemies in creating and maintaining

diversity (Janzen 1970, Fine et al. 2004).
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The divergence of Pentaclethra macroloba from the general species relationship
between natural enemy richness and species abundance could explain its dominance
(Hartshorn, 1983) at La Selva. lts dominance has been interpreted to result from its high
tolerance of infertile soil and a weak dry season (Hartshorn 1972), but my results suggest that its
low number of foliar natural enemy species also could contribute to its high abundance. Leaves
of P. macroloba seedlings are composite, with a high edge area ratio. Edges are less nutritious
(Scriber and Slansky 1981), and are often avoided by herbivores. The leaves also close at night,
offering fewer surfaces for herbivores, which are especially active at night (Elton 1973). The
form and diurnal changes in P. macroloba leaves could explain its low diversity of foliar natural

enemies.

Both current and past state of the community matter
The contemporary local seedling density observed in January failed to predict the

maximum number of natural enemies. In contrast, the cumulative abundances of the host

species over the past one to ten years were significant predictors of Ndmax with host abundance

over the past five years as the best predictor. This may suggest a delay between species
abundance and enemy richness response. Therefore, a longer-term assemblage of the
community may be driving the natural enemy richness hosted by seedlings of different tree
species. Although | cannot identify why a lag between abundance and natural enemy richness
occurs, the lag does provide an opportunity for seedlings to become established after a mast

event, ensuring the continued presence of the species in the community (Janzen 1974). If there
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was not a delay and density-dependent enemies responded almost instantaneously, then mast
events would have no effect on seedling abundance (Silvertown 1980).

Species that tended to occur with seedlings of more closely related species had a higher
enemy richness. This result was consistent with my third hypothesis; one may expect closely
related species to share similar traits, and thus seedling species are unlikely to be distinguished
by natural enemies. This finding is consistent with recent studies that proposed to expand the
Janzen—Connell Hypothesis beyond the notion of conspecific and heterospecific (Webb et al.
2006, Gilbert and Webb 2007). The best predictors of natural enemy richness were current
phylogenetic index and host abundance over the past five years, indicating that if seedlings of a
tree species are common and genetically close to seedlings in the neighborhood, then it hosts
more natural enemies than a seedling of a common species distantly related to the
neighborhood. This is consistent with metapopulation theory (Hanski, 1999, Leibold et al.,
2004) that predicts higher insect richness with larger and less isolated patches (Fenoglio et al,
2010). Over long temporal scales, specialist natural enemies may have time to target isolated
common species that act as a food island (Strong et al. 1984, Novotny et al 2010), whereas at
an immediate time scale highly related patches may attract more natural enemies especially
generalists. However, | am not able to ascribe damage patterns to generalist vs. specialist
enemies.

Nevertheless, the phylogenetic effect was relatively weak, perhaps because particular
non-phylogenetically conserved functional traits were more important in influencing the
interaction between the plant host and natural enemy; two closely related species can have

very different morphological traits (Losos 2008). Traits involved in defense may not be
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genetically conserved (Agrawal and Fishbein 2006). Thus, trait distance rather than
phylogenetic distance may better characterize the effects of neighboring individuals on a host’s
natural enemy richness. In addition, many species in my study were distantly related (on
average, divergence from 40 million years ago), which decreases the power to detect a

phylogenetic signal.

Natural enemy diversity was indifferent to distance from adult trees

According to JC, adult trees should act as a sink for natural enemies. Thus, | was
expecting to find a higher diversity of natural enemies when the number of adult trees and the
average distance from the closest adult were higher (Augspurger 1984). Unexpectedly, neither
the mean number of adult trees nor the distance of the closest adult to the seedlings were
important factors in predicting the maximum number of natural enemies hosted by a species
(contrary to hypothesis 2). The lack of an effect probably was not due to lack of variation in
mean distances among species, as distance ranged from three to more than 40 meters.
However, the lack of a significant effect could have resulted from wide variation of distances to
adults within species.

Ontogenetic shifts in leaf traits (Ishida et al. 2005) between seedlings and adults could
lead to different ensembles of foliar enemies and a decoupling of adult presence / distance with
seedling dynamics. In general, seedling leaves are thinner, have lower N and photosynthetic
rates, and are less tough than adult leaves (Ishida et al. 2005). Since leaf traits between

seedlings and adult trees are different, foliar enemies may also be different, consistent with the
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finding that both seedling and adult density can influence negative density dependence in

seedlings (Kobe and Vriesendorp 2011).

Enemy richness increased with shade tolerance

. . . 2
Shade tolerance was negatively weakly correlated with natural enemy richness (r =

0.0581), contrary to expectations based on the correlation between defenses against enemies
and shade tolerance (Augspurger and Kelly 1984, McCarthy-Neumann and Kobe 2008, Kobe and
Vriesendorp 2011). The “defense-growth” hypothesis claims that shade tolerant species have
slow growth and invest more resources in defenses than faster growing species. Shade tolerant
species have tougher leaves (high leaf mass per area, LMA) and low nutrient content, making
them less palatable for natural enemies (Coley et al. 1985, Kitajima and Poorter 2010). One
potential explanation of this counter-intuitive result is that shade tolerant species may be better
able to tolerate damage. Shade intolerant species, in contrast, may drop their leaves soon after
experiencing damage. Nevertheless, other studies have shown that damage increases with
shade (Augspurger 1984). If natural enemies prefer shaded environments, they may
preferentially feed on the plant species that are more available in the shade. Shade tolerant
species are also characterized by a long leaf lifespan (Kitajima and Poorter 2010), allowing more
time for foliar natural enemies to accumulate. However, damage occurs principally as leaves are
expanding (Lowman 1985), making an effect of leaf lifespan less likely.

Under the fourth hypothesis, | was expecting to find a higher diversity of natural enemies
when on average a species occurs at higher total N content in the soil, since soil N often results

in higher foliar N, which is preferred by herbivores (Mattson 1980). However, | found no effects
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of soil resources. The total N content in soil may not be a good predictor of the N content in
leaves. Moreover, the type of N compound influences the behavior of herbivores; insoluble N
compounds are not nutritious for insects (Scriber and Slansky 1981). Finally, N availibility
influences the level of plant defenses (Coley et al 1985). Therefore, if a species experiences
different N availability, this may create different levels of defenses that on average mask the

effect of N on natural enemy richness.

A higher diversity of foliar natural enemy species lead to increasing damage

As hypothesized | found that high diversity of natural enemies leads to a greater amount
of leaf damage. Richness of natural enemies may not necessarily correlate with the amount of
damage, since a single enemy species can be extremely efficient at targeting its plant host
(Botrell and Barbosa 1998). The positive relationship between natural enemy richness and the
amount of damage indicates that hosting more enemies can lead to a disadvantage. One could
argue that because | estimated the number of natural enemies from the number of damage
patterns (Bachelot and Kobe 201_), my results could be an artifact of my methods. To account
for this potential bias, | used the species level damage data from 2008 and 2009, while data

from 2010 were used to estimate the number of natural enemies at the species level.

Caveats
Variation in seedling and leaf ages may introduce variability in the species-specific
relationships between enemy richness and sampled seedlings. Seedings varied in age from 40 to

3579 days. Older leaves may accumulate more damage.
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| did not explicitly include leaf traits in the community model of enemy richness.
Inclusion of shade tolerance may have accounted for some variation in leaf traits due to
covariance in shade tolerance and leaf traits (e.g., Kitajima and Poorter 2010). Several leaf traits
have been shown to guard against herbivory; leaf mass /area is negatively correlated with
herbivory (Currano et al. 2008, Kitajima and Poorter 2010), trichomes are avoided by herbivores
(Levin 1973), and tannins and other leaf compounds make tissue less palatable to natural

enemies (Coley 1983).

CONCLUSION

These findings add a new facet to the Janzen-Connell Hypothesis by demonstrating that
common tropical seedlings host a greater number of natural enemy species than rare seedlings,
which in turns lead to a higher amount of foliar damage. To my knowledge, this is the first study
to test and find support for a relationship between aboveground natural enemy richness and
tree species abundance at the seedling stage. The unforeseen finding that shade tolerance
increased with the number of natural enemies hosted raises several new questions. For
example, could this pattern be a consequence of a longer leaf lifespan for shade tolerant
species? Or co-occurrence of both natural enemies and shade tolerant seedlings in the shade?
Moreover, these findings reinforce the importance of going beyond the notion of conspecific
and heterospecific species. This study adds a new dimension to density dependence
mechanisms; not only does seedling mortality increase with conspecific density at a local scale

(e.g., Kobe and Vriesendorp 2011), but | also found that the diversity of foliar natural enemies
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increases with conspecific density calculated at a broader scale (seedling abundance).

Table 2.1 Comparison of the different linear and non linear models when using different

factors.
Estimates (sd) r?
Model Formula : 3 b c AIC (%)
. a*Abundance 15.23
Linear (2.23) 299 60
a*Abundance”b 38.02 0.21
Power (2.43)  (0.06) 258 35
Michaelis (a*Abundance)/(b+Abundance) n.s
) i + a*Abundance 27.96 6.16
Linear (2.55) (1.31) 249 42
i + a*Abundance”b 22.80 13.14 0.61
Power (4.99) *5.87) (0.22) 249 47
Michaelis '
Ichaetls (a*Abundance)/(b+Abundance) n-s
i + a*Abundance +
46.83 5.75 -77.41 -0.11
Linear b*Shade_Tolerance + 245 55
c*Phylogenetic_Index (8.09) (1.25) (28.85) (0.05)
i*Abundance”®a +
Power  b*Shade_Tolerance + (259.8227) (g'ig) (8'82) 257 39
c*Phylogenetic_Index ' ' '
(i*Abudance)/(a+Abundance) +
Michaelis b*Shade_Tolerance+ n.s

c*Phylogenetic_Index

Table 2.2. Result of the regression between natural enemy richness and average amount of
damage experienced by species

Standard
Factors Estimate Error t value p value
Natural enemy richness 0.018406 0.002256 8.16 <0.001
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Figure 2.1. As the global abundance over the past 10 years increases, the number of natural
enemy species increases. Vertical bars represent the 95% confidence intervals. Pentaclethra
macroloba is the outlier in the lower right-hand corner.
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Figure 2.2. Predicted changes in natural enemy richness as a function of seedling abundance

over the past 5 years, shade intolerance and neighbor phylogenetic index.
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Figure 2.2. (cont’d)
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CHAPTER I

Amount of foliar damage predicts future seedling mortality in a wet tropical forest

ABSTRACT

The Janzen — Connell hypothesis (JC) remains controversial in the tropics. My
previous results indicated that seedlings of common tree species host a higher diversity of
aboveground natural enemies than seedlings of rare tree species which in turns lead to
higher amount of foliar damage. If foliar damage is correlated to seedling mortality, then my
results bring support to the JC and a community compensatory trend (CCT) that seedlings of
common species are constrained by natural enemies more so than rare species. Based on
data from a long-term seedling census at La Selva Biological Station (Costa Rica), | found that
young seedling mortality risk increased with increasing amount of leaf damage bringing
support for CCT at the young seedling stage mediated through aboveground natural enemy
diversity and leaf damage. However, the positive effect of damage on seedling mortality
disappeared with seedling age suggesting that older seedlings are less susceptible to
damage than young seedlings. Thus, strong density-dependent filters appear to operate

most strongly at the earliest seedling stages.
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INTRODUCTION

The Janzen — Connell model (JC) hypothesizes that natural enemies of seeds and
seedlings are responsible for the high alpha tree diversity in tropical forests (Janzen 1970,
Connell 1971). JC hypothesizes the natural enemies of seeds and seedlings to be distant
from adult tree or density of conspecific seedling responsive. Therefore, they should
promote the recruitment of heterospecific seedlings. Based on the recognition that
seedlings of common tree species more often occur close to parent trees at high density,
Connell proposed the idea of a community compensatory trend (CCT) (Connell 1978, 1984);
that is, natural enemies should preferentially target seedlings of common species, therefore
disadvantaging them compared to seedlings of rare tree species.

Seedlings of common species host a higher diversity of aboveground natural
enemies than seedlings of rare tree species (Bachelot and Kobe 201 _). Furthermore,
common species on average suffered from a higher amount of foliar damage than rare
species (Bachelot and Kobe 201_). However, this study did not test the consequence of
hosting a high diversity of aboveground natural enemies on mortality. A previous study
found that seedling leaf damage was a good predictor of future seedling mortality in the
tropics (Eichhorn et al. 2010).

Ontogenetic shifts in leaf traits (Ishida et al. 2005) between seedlings and adults
could lead to different tolerance to damage as seedlings grow older. In general, seedling
leaves are thinner, have lower N and photosynthetic rates, and are less tough than adult
leaves (Ishida et al. 2005). Therefore, young seedling may be more susceptible to damage
than older seedlings. This idea has been proposed in a model of change in tolerance, ability

to maintain fitness, to damage with ontogeny (Boege and Marquis 2005); once cotyledons
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reserves are depleted, the seedling becomes less tolerant but soon it develops defenses and
tougher leaves, building up a tolerance (traits increasing the ability of a plant to reduce the
impact of damage) to damage (del-Val and Crawley 2005). These ontogenic shifts in leaf
traits and defense may be a critical covariate to understanding consequence of foliar
damage on mortality risk.

In this study, | aim to test if 1) higher foliar damage increases seedling mortality risk,
2) older seedlings are less susceptible to damage than younger seedlings, and 3) common

species have higher risk of mortality via damage than rare species.

METHODS
Site
This project was conducted at La Selva Biological Station in the Atlantic Lowlands of
Costa Rica (102 26’N, 842 00’ W). The core data set consists of five 1 x 200-m belt transects
which were established across a soil gradient representative of the landscape-level
occurrence of major soils: three transects on residual soils, one on older alluvial soils, and

one onrecent alluvial soils. All newly germinating and surviving woody seedlings were

2
systemaically surveyed in 1000 1-m plots every six weeks since 2000 (Kobe and Vriesendorp

2009). Liana and small palm seedlings were excluded from this study because adults were
not mapped. All trees (> 5 cm diameter) within 20 m of the seedling quadrats were mapped

and identified.
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Damage and survival time

During each census from May 2008 to December 2010, damage on each seedling was
evaluated and reported as a categorical variable representing the percentage of leaf
damage. To validate the categorical observations, pictures of each leaf were taken in January

2010 to calculate the damaged leaf area using WinFolia. Then, the photo estimates were

. . . . 2
compared with the categorical observation, which were strongly correlated (r =0.7). Average

damage experienced by each species was calculated over the censuses of 2008 (six months
from May 2008 to December 2008). In order to test the relationship between amount of
damage and survival, | used census data from 2009. The last status in 2009 of each seedling
was evaluated as either dead (1) or alive (0). The amount of damage experienced by each

seedling before its last census in 2009 was categorically recorded.

Species abundance
At the community level, seedling species abundance was defined as the sum of the
basal areas of conspecific adult trees present along the five transects in order to test for a

CCT.

Statistical analyses

To test if a higher amount of foliar damage leads to a disadvantage, | fit a mortality
model using a Bernoulli distribution, whose probability of mortality at the last census (t) was
inversely correlated to the inverse logit of the amount of damage experienced at the census

before the last census recorded for the individual (t-1) and to the seedling’s age at t:

statusy ~ dbern(pj)a
U (Model 1)
pj =logit (m+(s+a*Iog(age,-))*damage,-’t_l)
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| fit the parameters of interest, m (the mean probability of mortality with 0 damage),
s (the increase in probability of mortality due to damage) and a (the interaction between
age and damage of the individual), using a Bayesian framework. | assessed significance of
the parameters with 95% credible intervals. The significance of the model was assessed
using a Bayesian p-value that was calculated from the distribution of the difference between
the simulated and expected difference between number of dead and alive seedlings.
Convergence of the model was assessed using the Gelman and Rubin convergence criteria
on two chains starting with over-dispersed initial values (Brooks and Gelman 1997). | used a
non-informative proper prior for each of the parameters (dnorm (0,100)). The model was
validating by simulating data from the model and re-estimating the posterior distributions
of the parameters (Figure B.2). | also used the same model using the average amount of
damage experienced by the individual before the last census.

Finally to directly test for differing probability risk across seedling species
abundance, | use model 1 and added the effect of seedling age and the interaction between
species abundance and damage (Model 2):

statusy ~ dbern(pj)

pj =log it_l(m +(s+a*log(agej))* damagej +_1 + b *log(age;j) + e *log(abundance;) * damagej + _1)
To test the models, | simulated data from the model, re-estimated the posterior
distributions of the parameters using the simulated data and compared posterior
distributions. Finally, | assessed the predictive value of the models via cross validation
method by fitting 20% of the data using the remaining 80% to fit the model. | repeated this
method 5 times to predict 100% of the data. Then, | compared the observed and predicted

status of each individual.
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RESULTS

At the individual level (Model 1), individual young seedlings had a higher risk of
mortality due to increased amounts of damage (significant positive posterior for s) but this
effect disappeared with seedling age (significant negative posterior for a) (Figure 3.1 and
3.2, Table 3.1). The mortality model 1 successfully described the status of individual
seedlings at the next census, based on the amount of damage at the penultimate census
(Figure 3.3 and Figure B.1, Bayesian p = 0.49). The fit of the model is consistent across
damage categories suggesting that age and damage are good predictors for each individual
(Figure 3.3). Age and damage of individual seedlings, disregarding of species identity, was
able to successfully predict 64% of individual mortality when using cross-validation.
However, the average amount of foliar damage experienced by an individual before the last
census failed to predict the status of the seedling at the next census.

Mortality risk also increased with community species abundance, calculated as the
sum of conspecific adult tree basal area (Model 2, Table 3.2, Figure 3.4). When taking into
account the effect of seedling age (and not solely the interaction with damage), we were
better able to predict dead seedlings (42% in Model 2 with and without the interaction

between age and abundance versus 26% in Model 1).

DISCUSSION

Summary
| found that mortality of individual seedling could be successfully predicted by the

age of the individual and the amount of damage disregarding of the species identity. My
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results indicate an increase in mortality risk associated with increasing damage. However,
this result was true only for the youngest stage of seedlings reinforcing the importance of
examining how demographic processes change over ontogenic time (Boege and Marquis

2005). Finally, | found that mortality risk was higher in more abundant species than in less

abundant species supporting a community compensatory trend.

Higher diversity of natural enemies leads to a disadvantage for common species

| demonstrate that a higher amount of damage leads to a higher risk of mortality,
which is consistent with Eichhorn et al. (2010). Previously, | found that high diversity of
natural enemies leads to a greater amount of leaf damage (Bachelot and Kobe 201 ). Thus,
we can infer that seedlings of common species are at a higher mortality risk than seedlings
of rare species. My results (Model 2) are consistent with CCT since species with higher adult
sum of basal have a higher probability of mortality than less abundant species.

If a plant species has a strong tolerance to damage, then there may not be a
relationship between damage and survival (Beck 1965, Mopper et al 1991, Cobb and
Whitham 1993, Gehring et al. 1997, Parker and Gilbert 2007). Thus, linking damage and
survival help to address the impact of damage at the community level by understanding
which individual seedlings survive past the second demographic bottle necks (the first one
being seed germination). Few studies have examined the effect of natural enemies on
seedling survival. Most of these used insect enclosures to compare seedling survival and
growth, documenting no significant differences in growth and survival outside and inside
the enclosure, and failure to support JC (Augspurer 1984, Hulme 1994a, 1994b, 1996, Fine
et al. 2004). However, the results of my study and previous research (Bachelot and Kobe

201_) support the hypothesis that natural enemies preferentially target common species
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and disadvantage them by increasing mortality risk that is consistent with CCT.

Older seedlings are less vulnerable to damage

The relationship between survival and amount of damage matched my expectation
that high amounts of leaf damage led to a high probability of mortality, but solely for the
youngest seedlings. Once cotyledon reserves have been exhausted, seedlings may become
more and more tolerant to damage (del-Val and Crawley 2005). Damage has indirect
negative effects on other non-damaged leaf area via chlorophyll depletion (Zangerl et al.
2002), decrease in photosynthetic activity in remaining tissue due to damage, thus once
seed reserve is used, young seedlings may not be able to tolerate damage (Boege and
Marquis 2005).

The change of the effect of damage on mortality with seedling age highlights the
importance of considering ontogenetic change in seedling resistance (defense and
tolerance) when testing the JC and the CCT; these theories place natural enemies and
damage at the center of the process through increased damage and thus mortality in
common seedlings. If the seedlings are old enough, then damage may not impact their
probability of surviving and thus it will not influence the community structure, and | propose
that other processes might become prevalent such as competition and interactions with
abiotic factors (interactions with soil, see Fine et al. 2004). Therefore, my results are
consistent with the JC and its CCT interpretation at the earlier life stages of seedlings. This
result stresses out the importance of examining the youngest individuals when assessing the
effect of aboveground processes when often studies use >1cm DBH individuals. My findings
additionally implies that the aboveground aspect of NDD may not be the strongest

community driver at the sapling and tree stages, and it may explain why previous studies fail
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to detect an effect of aboveground natural enemies on seedling mortality (Augspurer 1984,

Hulme 1994a, 1994b, 1996, Fine et al. 2004).

CONCLUSION

This study tested the consequence of foliar damage and seedling age on seedling
mortality. According to my hypotheses, high amount of foliar damage increases seedling
mortality risk. Along with my previous study (Bachelot and Kobe 201 _), this result brings
support for both the JC and the CCT from an aboveground natural enemy diversity point of
view. To my knowledge this is the first time that such an interpretation of the JC and CCT
has been tested. This reinforces the importance of taking into account natural enemies
when testing potential mechanisms for tree species coexistence in the tropics from a

diversity point of view.

Table 3.1. Result of the posterior distributions for the mean probability of mortality, the
damage effect and the interaction between damage and age effect (Model 1).

Estimates Mean o

m -0.9390 0.2041
s 1.2398 0.1956
a -0.2352 0.0355

Table 3.2 Result of the posterior distributions for the parameters in Model 2 including the
interaction between species abundance and damage.

Estimates Mean o
m 1.5698 0.5024
S -0.1544 0.0581
a 0.4618 0.3461
b -0.3641 0.0985
e 0.0338 0.0242
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Damage (%)

Figure 3.1. Probability of mortality as a function of the age and the amount of damage of
the seedling. For interpretation of the references to color in this and all other figures, the
reader is referred to the electronic version of this thesis.
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including a mean mortality (m). The wiskers expand to the credible intervals.
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Figure 3.3. Fit of the damage/mortality model (Model 2) across damage category.



Mortality

0.6

N
N WA
\\\\\\\\\\\\\\

SR U UR TR R TRRRRERRERARIAAL,

Abundance Damage

Figure 3.4. Community compensatory trend evidence: increase in mortality risk as species
abundance and damage increase. For interpretation of the references to color in this and all
other figures, the reader is referred to the electronic version of this thesis.
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CHAPTER IV
Negative density-dependent mortality varies over time offering a rescue process for

seedlings of rare species in a wet tropical forest

ABSTRACT

One of the most widely recognized hypotheses for high alpha tree diversity in the
tropics, the Janzen — Connell hypothesis (JC), remains controversial. My previous results
indicated that seedlings of common tree species host a higher diversity of aboveground
natural enemies than seedlings of rare tree species leading to a higher amount of leaf
damage which in turns leads to increasing mortality risk. Therefore, from an aboveground
perspective, | found support for the JC and the community compensatory trend (CCT),
where common species are at a disadvantage compared to rare species. However, other
recent studies have demonstrated that rare versus common species experience more
intense negative density dependent mortality, which is the sum of both aboveground and
belowground processes. | hypothesized that these contradictory results arise from
temporal variation in NDD. Using 10 years of data from La Selva Biological Station (Costa
Rica), decomposed into 1 and 5 years time segments, | found that NDD was not constant
over time. Although NDD remained stronger for rare species than for common ones in 53 %
of the tested time periods, rare and common species suffer equally from conspecific in 41 %
of the tested time periods, and rare species were at an advantage compared to common
species in 6 % of the tested time periods. Temporal variation in NDD may act as a rescuing

process for rare species.
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INTRODUCTION

The Janzen — Connell model (JC) hypothesizes that natural enemies of seeds and
seedlings are responsible for the maintenance of high alpha tree diversity in tropical forests
(Janzen 1970, Connell 1971) via negative density dependence (NDD). | previously tested and
brought support to the hypothesis that seedlings of common species hosted a higher
diversity of foliar natural enemies than seedlings of rare species (Bachelot and Kobe 201 ).
Furthermore, | showed that higher diversity of foliar natural enemies was positively
correlated with a higher amount of foliar damage which in turn lead to increasing mortality
risk in young seedlings (Bachelot and Kobe 201 _, Bachelot and Kobe 201 _). From an
aboveground point of view, my results support the JC and a CCT (Connell 1978, 1984),
where common species are at a disadvantage compared to rare species.

A traditional way of assessing the JC is to look at the effect of conspecific neighbors
on seedling survival without separating aboveground from belowground enemies. Indeed,
at the individual level, a direct prediction of the JC is that at high conspecific seedling
density, per-capita survival should be diminished. This effect is known as negative density-
dependent mortality. Most studies testing the JC have focused on this mortality pattern (see
review by Clark and Clark 1984), with some studies supporting NDD at the individual level
(Augspurger 1983a, 1983b, Clark and Clark 1984) and others not (Silander 1978, Boucher
1981). Similarly, at the species level, some studies are consistent with a CCT via NDD
(Connell 1984, Webb and Peart 1999, within shade tolerant species Comita and Hubbell
2009), while others are opposed (Klinomoros 2002, Mangan et al. 2010a, Comita et al.

2010).
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Net NDD results from the sum of positive and negative below- and above-ground
interactions. Belowground, root/mycorrhizae interactions lead to positive feedbacks
(Hoshizaki et al. 1997, Bever 2002, Klironomos 2002, Castelli and Gasper 2003, Mangan et
al. 2010b), whereas soil pathogens and soil chemicals generally produce negative feedbacks
(McCarthy-Neumann and Kobe 2008). Moreover, there is growing evidence in the literature
that aboveground trophic interactions (between the host seedling and aboveground natural
enemies) influence belowground biotic interactions (Hooper et al. 2000, Van der Putten et
al. 2001, Wardle 2002; Wardle et al. 2004, Bardgett 2005, Bardgett and Wardle 2010).

Previous studies linked NDD and species abundance (Klironomos 2002, Mangan et al.
2010a, Comita et al. 2010). However, these studies were generally short-term, Comita et al.
(2010) used only five years of data (for individuals > 20 cm height). This could be
problematic because rare species at the time of the study will not necessarily remain rare in
future years. Studying biological mechanisms within a temporal framework is important
(e.g. Ewel and Hiremath 2005, Bardgette et al. 2005) because interactions between soil
organisms and roots can change over short time scales (seasons). Plant influences on
nutrient availability also can operate over successional time scales lasting thousands of
years (Bardgett et al. 2005, Miki et al. 2010). Thus, it is important to examine variability in

the strength and direction of NDD over time.

For this study, my main objective was to examine seedling mortality as a function of
local conspecific density (i.e., negative density dependence, NDD), which includes both
above- and belowground effects (ANDD and BNDD). A further goal was to assess if species

susceptibility to NDD was related to the species abundance at the community level. | expect
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to find 1) variation of the effect size of this conspecific influence over time and 2) that rare

species are periodically favored by NDD compared to common species.

METHODS
Site
This project was conducted at La Selva Biological Station in the Atlantic Lowlands of
Costa Rica (102 26’N, 842 00’ W). The core data set consists of five 1 x 200-m belt transects
which were established across a soil gradient representative of the landscape-level
occurrence of major soils: three transects on residual soils, one on older alluvial soils, and

one on recent alluvial soils. All newly germinating and surviving woody seedlings were

2
systematically surveyed in 1000 1-m plots every six weeks since 2000 (Kobe and

Vriesendorp 2009). Liana and small palm seedlings were excluded from this study because
adults were not mapped. All trees (> 5 cm diameter) within 20 m of the seedling quadrats

were mapped and identified.

Survival time

Based on 10 years of data, | evaluated survival status for each seedling for seven
different time intervals: ten intervals of one years and two intervals of five years. These two
intervals were selected in order to 1) assess the time period of NDD variations, and 2) make

direct comparisons with Comita et al. (2010), which reflect a 5-year data set.
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Conspecific density and species abundance

| calculated the average conspecific density occurring in the same quadrats
experienced by a seedling over its lifetime. At the community level, abundance was defined
as the sum of the basal areas of conspecific adult trees present along the five transects in
order to avoid correlation between species abundance and conspecific seedling density.
Note, that in the second chapter, species abundance was defined as the seedling abundance
over the past five years that is significantly positively related to sum of basal tree area

(Figure C.1).

Statistical analyses

To test temporal variation of NDD and how species abundance influences
NDD, | use a Bayesian model of seedling survival for each modeled time interval. Following
Comita et al. (2010), | combined an individual level and a community level analyzes in a

Bayesian framework as following:

Sij "~ dbern(p,"j)

Pl,j=|08it_1(u+NDDj/man*conspeCI'fic,') (Model 1)

NDDj=mean+a*log(1_abundance i )
Where sjj stands for the status of the seedling i of species j at the end of the time

interval: O indicates an individual’s death; 1 indicates its survival. Hence, pjjrepresents the

probability of surviving. To correct for differing potential numbers of conspecific neighbors

across species | used max; that represents the potential neighbor density of the species j

(Kobe and Bachelot unpublished). | used a non-informative proper prior for each of the

parameters (dnorm (0,100))
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In accordance with Comita et al. (2010), | considered mean probability of survival to
be independent of community factors, whereas NDD was considered dependent on species
mean and species abundance effects. The model was run using R and JAGS. A total of 34
survival models were fitted using an iterative process called Markov Chain Monte Carlo
(MCMC) that sample from posterior distributions defined by prior distributions and
likelihood of the data: | ran two MCMC chains for each 1-year interval (2000, 2001, ..., 2009),
two MCMC chains for each 2-year interval (2000 to 2001, 2002 to 2003, 2004 to 2005, 2006
to 2007, 2008 to 2009), and two MCMC chains for each 5-year interval (2000 to 2004, 2005
to 2009). Convergence at each time interval was assessed using the Gelman criteria (Brooks
and Gelman 1997). Significances of a and mean were determined by non-overlap of
posterior distributions with 0.

| also fitted the same model in a hierarchical framework, in which NDD was sampled
from a normal distribution whose mean was proportional to species sum of basal area, and |
decided to select the non-hierarchical model since the posterior distributions of the two
models overlapped and the DIC, calculated using pV (Gelman et al. 2004), favored the non-
hierarchical model.

To better understand potential temporal changes in NDD, | also | also fit models for
individual species, so that the influence of particular species on temporal dynamics in NDD
could be assessed. For each interval of time, species with more than 20 individuals were

selected, and the first level of the previous model was fitted using MCMC; for each species,

sjis the status of the seedling i, pj stands for the probability of surviving and is modeled as

the inverse logit of a mean survival probability across individual (mean) plus the conspecific
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neighbor effect (NDD). Conspecific; stands for the density of conspecific neighbors of the

individual i.

sj ~ dbern(pj)
. =1 * T
pj =logit™ ~(mean+ NDD* conspecific;) (Model 2)

Note that because this model is species specific, | did not correct for differing
potential numbers of neighbors across species.

For each model, | used two chains with over-dispersed initial values in order to
assess convergence using the Gelman criteria (Brooks and Gelman 1997). Posterior
distributions of NDD for each interval were recorded. Significance was assessed by non-
overlap of the posterior distribution with 0. To test the models, | simulated data from the
model and re-estimated the posterior distributions of the parameters using the simulated
data. Finally, | assessed the predictive value of the models by predicting 20% of the data
using the remaining 80% to fit the model. | repeated this method 5 times by rotating the

20% of data set aside while fitting the model in order to fully predict 100% of the data.

RESULTS
Conspecific neighbor effect (Model 1)

At the 5-year scale, NDD switched from being independent of species community
abundance (from 2000 to the end of 2004) to being higher in rare seedlings (from 2005 to
the end of 2009) (Table 4.1, Figure 4.1). The mean NDD across species was significantly
different from zero in both 5-years intervals (Figure C.2). However, no significant difference

between the mean NDD of the first 5-years interval and the second was detected.
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At the 1-year intervals, fluctuations in NDD mechanisms were also detected (Table
4.2, Figure 4.2). In 2000, 2004, 2005, and 2008, NDD was not related to species abundance.
During 5 of the other years (2001, 2002, 2003, 2006 and 2007), seedlings of rare species
were more affected by NDD than seedlings of common species. In 2009, a significant change
in the direction of the effect of species abundance on NDD occurred; rare species suffered
less NDD than common species. Among the different years for which NDD was negatively
correlated with species abundance, only 2002 was significantly higher than 2006. The mean
NDD across species also showed fluctuations from year to year (Table 4.2, Figure C.3); in
2000, 2004, and 2007 the mean NDD across species was not significantly different from
zero. In 2001, 2002, 2003, 2005, 2006, and 2008, mean NDD across species was different
from zero but similar to each other with the exception of 2003 mean NDD and 2008 mean
NDD. In 2009 there was a significant decrease of the mean NDD experienced by the species
on average. This corresponds to the year during which rare species were suffering less NDD
than common species. Taken together, the results showed a positive impact of conspecific
neighbors for each species in 2009 (Figure 4.3). This conspecific advantage was stronger for

rare species than for common species.

Species-specific NDD (Model 2)

At the species-specific level, only 14% of the models showed a significant density-
dependent effect (Table 4.3, Figure 4.4), with 10 significant posterior distributions out of 73.
Among these significant density dependence effects, three were negative, indicating a
positive effect of conspecifics of Hernandia didymantha and Pentaclethra macroloba over
the 2006 to 2007 and 2008 to 2009 intervals, and of Anaxagorea crassipetala over the 2008

to 2009 interval. | did not have enough data to test for significant change in NDD at the
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species level. However, interestingly, the negative effects of conspecifics of Coussarea

hondensis (a common species) tended to significantly increase over time (Table 4.3).

| verified the validity of the results by testing for temporal dependence in all the
residuals across time period models. The lack of temporal variation in the residuals

confirmed that the results are not an artifact of the model used.

DISCUSSION

Summary

Considering the net effect of all density-dependent processes, rare species were
subjected to more intense negative density dependence than common species 51% of the
time. A related study (Bachelot and Kobe 201 _) that focused on foliar damage documented
the opposite pattern, that foliar damage and mortality risk via damage (Bachelot and Kobe
201_) increased with species community abundance. Thus processes other than density-
dependent leaf damage (e.g., soil-borne agents) must have been operating very strongly to
counteract this trend and generally lead to a dominant pattern where rare species
experience stronger NDD. Nevertheless, the direction and strength of the relationship
between local NDD and a species community abundance varied over time acting as a

rescuing process for rare species 6% of the time.

NDD often disadvantages rare species compared to common species
The result of my analysis of changes in NDD over time is more often consistent with
a rare species disadvantage (Klironomos 2002, Mangan et al. 2010b, Comita et al. 2010).

After correcting for differing scales of conspecific neighbor densities, common species
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demonstrated a lower NDD than rare species in 53% of the analyses (9 time intervals out of
17). These results and previous studies (Klimonoros 2002, Mangan et al. 2010b, Comita et
al. 2010) cast doubt upon a general CCT, especially when considered at the whole seedling
level. As highlighted in the introduction NDD is the sum of both above- and belowground
mechanisms. Given that an earlier related study found that leaf damage increased with
species community abundance, the opposite direction of conspecific neighbor effects on
whole seedling mortality implies a dominance of belowground NDD (BNDD). Consistent
with these results, Mangan et al. (2010a) found a restricted contribution of aboveground
foliar enemies on NDD, and Hoshizaki et al. (1997) found NDD patterns even without
aboveground herbivory. Therefore, future studies should separate ANDD and BNDD and
examine the balance between the two processes as linkages between aboveground and

belowground (Bardgett and Wardle 2010).

NDD changes over time

| found that rare species occasionally (6% of the time) suffer from lower NDD than
common species, which could act as a “rescuing process,” allowing some seedlings of rare
species to eventually recruit to the sapling stage during a “good NDD year” (such as in
2009). This rescuing process is not ubiquitous (1 time interval out of 17), however 41% of
the analyses revealed that rare and common species were suffering from similar NDD. These
results are consistent with my hypotheses that rare species would often be disadvantaged
compared to common species due to NDD, and that NDD has temporal variation
(hypotheses 4 and 5). However, the conspecific neighbor effect is not always consistent with
the Janzen-Connell hypothesis since conspecific neighbors favor some species during some

year intervals via positive feedbacks (for example the 2-year interval 2006-2007). Evidence
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for positive feedbacks has been found by multiple studies and it may be one reason why JC
is controversial (see Clark and Clark 1984). Environmental temporal heterogeneity could be
responsible for variation in NDD since some micro-environment are favorable for survivor
such as high light gaps at the local scale. However, | used data from 5 transects so unless
good micro-environment appeared across the landscape in 2009, my results are not likely to
mirror the effect micro-environment.

Temporal variation in NDD was detected over a period of 10 years, suggesting that
level of NDD is not inherent to the tree species. If NDD were inherent to the species, the
change would be expected to occur over tree generations. The specific agents responsible
for NDD are still unknown, but could include chemical elements (McCarthy-Neumann and
Kobe 2010), pathogens (Mangan 2010b), and mycorrhizae (Bever 1997, 2003, Bonanomi et
al. 2005, Kardol et al. 2007, Van der Heijden 2008, Kulmatiski et al. 2008). A rapid change in
NDD could arise from changes in pathogens and mycorrhizae due to their fast generation
times (Wu and Li 1985, Li et al. 1987).

NDD variation also could arise from change in soil community composition. There is
evidence that arbuscular miccorhizal fungi (AMF) composition changes along with plant
composition leading to differing plant-soil feedbacks (zhang et al. 2010, Mangan et al.
2010a). More specifically, Zhang et al. (2010) found that an invasive plant species,
equivalent in my model to a rare species becoming common, was able to alter the AMF
community to its advantage and that this modification would lead to a decrease of the
dominance of native species. If Mangan et al. (2010a) found positive NDD by AMF at the
seedling stage of Apeiba aspera, Kiers et al. described negative NDD via AMF at the adult
stage of Apeiba aspera suggesting modification in NDD effect along plant life history due to

modification of AMF population in the same direction as Bever (2003) showed. Taken
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together, these two previous studies stress how soil community can quickly respond to
change in plant population leading to modification in NDD.

Variation in effects of conspecific neighbors could equally result from climate effects
on host plants (Murphy 1968, Boyce and Daley 1980), and soil organisms (Fenner et al.
2007, Bardgett et al 2008, Bardgett and Wardle 2010). With 10 years of data, | did not find
significant associations between NDD versus maximal temperature and rainfall (Figure C.4).
However, the two years experiencing a “better NDD” for rare species (2004 and 2009) also
experienced the highest maximum rainfall and temperature, which may have promoted
increased microbial activity or decreased resistance among seedlings of common species. .

Finally, a decrease in defenses during mast fruiting events (the mast depression
hypothesis) (Selas 1997) also could lead to cyclical patterns in NDD; however, | do not have
the data to test this idea. . However, | found no significant variation in seedling species

composition across time periods (Table C.1, Table C.2, and Table C.3).

Balance between below- and aboveground NDD

Taking together my results indicate that ANDD (aboveground NDD) acts in favor of
rare species (Bachelot and Kobe, 201_) whereas BNDD (belowground NDD) often
advantages common species; common seedlings host a high aboveground natural enemy
richness that leads to high leaf damage which in turns increases the risk of mortality. But,
NDD, the sum of ANDD and BNDD, is more often stronger in rare species than common
species suggesting that BNDD is strongly advantaging common species (Hoshizaki et al.
1997, Mangan et al. 2010a). The variation of the balance between ANDD and BNDD may be
a key mechanism to understand variation in total NDD effects over time and the

maintenance of high tree diversity in the tropics. Over the last two decades, the importance
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of interactions between above- and belowground communities has been widely
acknowledged (Hooper et al 2000, Van der Putten et al. 2001, Wardle et al. 2004, Bardgett
et al. 2008, Van der Putten et al. 2009, Bardgett and Wardle 2010) along with their
importance in plant community structure (Van der Putten 2003, 2009, Van der Heijden et al.
2008, Van der Heidjden and Horton 2009). Theories pertaining to the interactions between
above- and belowground communities have been proposed (Masters et al. 1993, Wardle
2002, Bezemer and Van Dam 2005), yet nobody offered a temporal model of species
coexistence combining the effect of below- and aboveground processes. My next chapter

will fill this gap (Bachelot and Kobe 201_).

Common species tends to show an individual increase in NDD

For more common species, NDD tended to increase over time, especially for
Coussarea hondensis. | acknowledge, however, that the quantity of data is not sufficient to
rigorously test variation of NDD at the species level. However, the most common species
Pentaclethra macroloba did not experienced an increase in NDD but showed a positive
density-dependent effect during 4 out of 10 years, which may relate to the dominance of
the species at La Selva. The relative dominance of P. macroloba has been attributed to its
high tolerance to infertile soils (Hartshorn 1972), and may also reflect a high tolerance to
soil pathogens and a high level of mutualistic association with AMF. Positive negative
density-dependent mortality could also arise as an artifact of other environmental
conditions: more individual seedlings can occur where environment conditions are good and
experience higher survivorship. For example, higher irradiance can result in both higher

survivorship (Kobe and Vriesendrop 2011) and higher seedling densities. However, P.
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macroloba and H. dinanthia are very common along each transects. Thus, the positive result

is not likely the result of an artifact.

CONCLUSION

Consistent with my hypotheses, NDD was often stronger for rare species but is not
constant over time. This finding adds a new temporal dimension to the well-acknowledged
NDD phenomenon which showed potential to act as a rescuing process for rare species.
However, in order to gain a more comprehensive understanding of NDD, future studies
should attempt to identify the agents responsible and find the mechanisms behind NDD
temporal variation.

Along with my previous study (Bachelot and Kobe 201 _), this result reinforces the
difference between belowground and aboveground processes. When solely looking at
aboveground enemies, my results found an advantage at being a rare species, whereas from
the point of view of a total NDD, common species are at an advantage. Taking together my
results reinforce the importance of examining ANDD and BNDD over time to understand
plant community structure since opposite directions between ANDD and NDD suggest that

BNDD may strongly advantage common species.
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Table 4.1. Posterior distributions of the different parameters of the survival model at 5-year
scale: a is the effect of tree abundance on NDD, m represents the mean NDD effect across
species and m2 represents the mean of the survival probability across individuals.

2000- 2005-
2004 2009
0.244 0.319
A (0.192) (0.139)
-0.908 -1.066
m (0.893) (0.695)
-4.874 -4.663
m2 (0.145) (0.146)
p-value 0.495 0.620

Table 4.2. Posterior distributions of the different parameters of the survival model at 1-year
scale: a is the effect of tree abundance on NDD, m represents the mean NDD effect across
species and m2 represents the mean of the survival probability across individuals.

Intervals a m m2 p-value
2000 0.195 (0.153) -0.722 (0.685) -3.537 (0.170) 0.50
2001 0.609 (0.151) -3.333(0.902) -3.263 (0.199) 0.50
2002 0.297 (0.136) -2.106 (0.774) -2.386 (0.172) 0.51
2003 0.577 (0.174) -3.910 (1.034) -3.284 (0.195) 0.5
2004 -0.063 (0.150) -0.222 (0.698) -3.181 (0.170) 0.5
2005 0.0127 (0.243) -1.587 (1.151) -3.542 (0.243) 0.48
2006 0.640 (0.094) -2.390 (0.542) -3.441 (0.159) 0.54
2007 0.469 (0.134) -0.914 (0.761) -4.472 (0.252) 0.5
2008 0.159 (0.114) -2.691 (0.154) -0.998 (0.597) 0.47
2009 -0.146 (0.095) -2.842 (0.189) 1.253 (0.480) 0.53
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Table 4.3. Species specific density dependence. mean value of the posterior of of NDD with
the standard deviation in parenthesis.

2002- 2004- 2006- 2008-
Species 2000-2001 2003 2005 2007 2009
-82.96 -86.33 -86.82 -90.8
Apeiba membracea (64.33) (60.96) (64.28) (62.81)
-52.13 -83.05 -54.93
Ardisia fimbrillifera -1.07 (0.78)  (39.02) (64.71) (38.8)
-76.52 -88.13
Ardisia nigropunctata (67.44) (62.9)
-84.8 -0.3 -89.61 +0.5
Axagorea crassipetala (65.57) (0.16) (62.7) (0.14)
-85.13 -85.88
Borojoa pamensis (62.59) (64.49)
-53.61
Brosimum lactescens (42.87)
-0.66 -88.74 -78.82 -87.8
Capparis pittieri (0.53) (61.67) (69.23) (64.66)
-73.61 -87.66 -86.85 -82.12
Cassipourea elliptica (75.31) (65.49) (63.37) (67.88)
-84.83 -86.99 -89.19 -82.91
Castilla elastica (65.52) (61.93) (64.01) (63.28)
-0.08 -93.83 -82.38 -86.17
Colubri spinosa -0.53 (0.15) (0.03) (62.39) (66.88) (60.16)
-89.53 -90.51 -87.45 -89.62 -54.4
Cordia alliodora (63.60) (63.41) (64.29) (62.83) (38.92)
-86.2 -82.55 -87.06
Cordia bicolor (63.9) (65.27) (66.79)
-0.35 -0.75 -42.28
Coussarea hondensis -0.12 (0.06) 0 (0.03) (0.19) (0.42) (29.99)
-80.13 -78.17
Dendropax arboreus (66.65) (67.89)
-73.29
Euterpe precatoria (71.37)
-87.54 -92.1
Faramea parvibractea (63.79) (63.84)
-83.67 -51.23 -82.43 -82.18 -0.71
Goethalsia meiantha (67.63) (37.88) (67.46) (67.25) (1.28)
-59.16 -76.81
Guatteria diospyroides (37.97) (70.36)
-48.73 -45.04 -57.17 -49.77
Hampea appendiculata -4.94 (4.71) (34.91) (36.51) (39.55) (39.42)
-46.01 +0.38 +0.44
Herndia didymantha (33.8) (0.1) (0.15)
-65.21
Inga pezizifera (61.49)
-53.9 -64.56 -58.53
Iriartea deltoidea (43.93) (48.1) (46.82)
-87.45 -87.57 -80.06 -77.78
Lacmellea pamensis (64.28) (65.56) (69.5) (69.07)
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Table 4.3. (cont’d)

-88.09
Laetia procera (69.45)
-88.79
Lozania pittieri (65.06)
Neea elegans -0.37 (0.32)
-89.12 -88.14
Parathesis trichogyne (62.51) (59.52)
-1.32 -56.06 +0.51 +0.49
Pentaclethra macroloba -0.44 (0.42) (0.75) (44.22) (0.23) (0.14)
-89.49 -54.45
Pholidostachys pulchra (62.28) (40.55)
-87.48 -85.4 -45.62 -64.93
Pourouma bicolor (64.03) (65.85) (31.49) (50.24)
-72.69 -71.85
Pourouma minor (74.59) (72.19)
-56.85 -57.74 -0.64 -68.26
Prestoea decurrens -0.24 (0.91) (42.22) (43.13) (0.88) (48.66)
-61.06 -44.17
Protium costaricense (43.656) (33.97) -78.81 (68.47)
-81.15 -77.35
Protium pamense (66.25) (69.91)
-80.7 -85 -79.89 -0.01
Psychotria pamensis (67.17) (62.8) (67.33) (0.12)
+0.07
Pterocarpus rohrii (0.33)
-87.54
Richeria dressleri (60.98)
-63.19 -55.64 +0.01 -1.24 -58.93
Rinorea deflexiflora (46.31) (42.62) (0.28) (2.44) (41.52)
-82.14 -49.51 -1.5 -0.64 -59.38
Simarouba amara (67.93) (37.83) (1.41) (1.51) (47.83)
-60.92 -71.86 -75.66
Socratea exorrhiza (46.93) (71.99) (69.07)
-84.8 -91.18 -89.67
Tapirira myriantha (68.19) (62.21) (62.55)
-89.39 -84.21
Tetragastris pamensis (62.8) (64.6)
-0.49
Trophis racemosa (0.84)
-45.02 -42.92
Unonopsis pittieri (34.53) (34.18)
-59.89 -46.35 -42.32 -46.9 -1.11
Virola koschnyi (41.49) (38.43) (30.39) (35.63) (55.91)
-10.6 -57.38 -55.82 +7.88
Virola sebifera (61.90) (78.19) (81.02) (68.36)
-72.15 -57.11 -85.86 -70
Vitex cooperi (73.62) (47.05) (65.94) (72.49)
-85.16 -79 -83.47 -77.62
Vochysia ferruginea (63.26) (69.96) (64.79) (69.22)
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Table 4.3. (cont’d)

-1.6 -72.58 -0.95 -66.62
Welfia regia -0.35(1.01) (1.02) (45.67) (0.74) (49.57)

0.8
|

0.4

Posterior distributions of a

(0]

Figure 4.1. Posterior distributions of the effect of species abundance on NDD at each 5-
years interval (1: from 2000 to 2004, 2: from 2005 to 2009). The wiskers extend to the
credible intervals.
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Figure 4.2. Posterior distributions of the effect of species abundance on NDD at each 1-
year interval. 1: 2000, 2: 2001, 3: 2002, ..,, 10: 2009. The wiskers extand to the 95
credible intervals. Letters show where the distributions are significantly different from
each other.
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Figure 4.3. Relation between - NDD in 2009, rectified by maximum potential number of
conspecific neighbor per species (Max), and abundance of the species. Abundance
represents the log transformation of the sum of adult basal area + 1. 2009 is the only year
during which rare species are favored compared to common species. Note that each species
experience an increase in survival due to conspecific.
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Figure 4.4. Status of the seedlings (0: dead, 1: alive) in function of its damage (%) for each
species that was common enough over the 10 years of data (humber of seedlings above 20).
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rigure 4.4. (cont’d)
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Figure 4.4. (cont'd)
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Figure 4.4. (cont’d)
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CHAPTER V

Tropical seedling abundance cycles; a conceptual model

ABSTRACT
The maintenance of tropical tree species diversity remains a challenging problem for
ecology. Many models have been proposed to explain species coexistence but few have
incorporated belowground and aboveground processes within a temporal framework. |
propose a conceptual model that tights together aboveground natural enemy diversity with
total negative density dependence that is dominated by belowground conspecific effect
(BNND). My model successfully predicts coexistence of tree species at the seedling stage via

abundance cycles.
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INTRODUCTION

This idea of chronic patterns of low and high species abundance is not new; ecologists
have been studying population cycles for several decades (Elton 1942, MacArthur 1968,
1970, Travis 1990, Vandermeer 1993, Mueller 1997, Ferriere 1999, 2006, Berryman 2002).
Rare species, including animals (Vandermeer 1982, Hanski 1985, Rosenzweig and Molino
1997), pathogens, and crop pests (Anderson and May 1992), are not always rare but follow
a pattern of “intermittent rarity” such that they remain rare for a long period of time and
their abundance eventually escalates for a brief period. A mathematical analysis of
“intermittent rarity” stressed that the period of the cycle is irregular but that the episodes
of rarity occurs according to a -3/2 power law, in which the logarithm of the frequencies of
rarity episodes is negatively linearly correlated to the logarithm of the time spent in rarity,
with a slope of -3/2 (Ferriere and Cazelles 1999). “Intermittent rarity” is not the only
abundance cycle that occurs in nature but regular populations also appear due to negative
feedback loop between two or more species (Berryman 2002). Six causes of negative
feedback loop have been proposed to explain population cycles (Berryman 2002); physical
effect, predator effect (Lokta 1925, Volterra 1926), pathogen effect (Anderson and May
1992), plant effect (Elton 1942, Pitelka 1957), maternal effect and genetic effect create
oscillations between high and low abundance. Cycles have been observed in mammals
(Boutin et al. 2002, Hanski and Henttonen 2002), birds (Hudson et al. 2002), fish (Ferriere
1999, 2006) and insects (Munster-Swendsen 2002, Reeve and Turchin 2002). However, this
oscillatory process is sensitive to the other processes governing population demography and
can easily become chaotic under the influence of stochastic environmental fluctuation or

once adding a suprapredator (Dercole et al. 2010).
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Understanding abundance cycles is an important goal in ecology (Krebs 1996). The
branch of ecology that attempts to understand high alpha tree diversity in the tropics
traditionally follows one of two approaches, ecological or evolutionary, with the former
assessing negative density dependence (Lotka 1925, Volterra 1926), resource partitioning
(MacArthur 1958), or natural enemies (Janzen 1970, Connell 1971), and the latter
integrating pollinators or natural enemies and plant co-evolution (Van Valen 1973).
According to the Lotka-Volterra model (LV), an ecological model, under specific conditions,
predators and prey can reach a periodic, stable equilibrium (Chen 2006).

Interactions between hosts and natural enemies are expected to evolve under
natural selection that includes ecological selection (Fritz and Simms 1992). Plants are the
host to both above and belowground natural enemies. Thus, evolutionary and ecological
pressure will act upon the interactions between host and both above and belowground
enemies. | hypothesize that such processes are occurring between tropical seedlings and
their above and belowground enemies. | propose that due to these mechanisms the
abundance of a rare species will increase over evolutionary and ecological time. However, in
a resource- and space-limited environment, such as a wet tropical forest, it is not possible
for up to 300 hundred-tree species (Valencia et al 1994), to coexist in equally common
abundances (Hutchinson 1948). Therefore, if evolutionary and/or ecological selection
allows a more infrequent species to become more common, the mechanisms must be also
acting to reduce the abundance of a more common species. In a tropical forest, this
dynamism would result in tree species abundance continually fluctuating over long-term
evolutionary time and short-term ecological time (Terborgh at al. 2002, Wills et al. 2006). In
this chapter, | would like to propose a conceptual model of seedling abundance dynamics at

the ecological scale.
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Many aboveground and belowground enemies prey upon seedlings. Below- and
aboveground communities are spatially separated but via their direct and indirect action on
plants, they interact. Until the last decades, soil ecologists were working in ignorance of
aboveground processes, as aboveground ecologists ignored belowground organisms
(Wardle 2002). Several studies suggested the importance of studying the interface of below-
and aboveground ecology (Vitousek and Walker 1989, Lawton 1994, Jones and Lwaton
1995, Wardle 2002, De Deyn and Van der Putten 2005, Bardgett 2005, Bardgett and Wardle
2010), yet no demographic cycle model has simultaneously incorporated below and
aboveground processes. Therefore, one could adapt the LV model to them by separating the
prey (seedlings of different tree species) from the aboveground and belowground
predators. | previously showed that aboveground natural enemy richness was higher on
seedlings of common tree species (Bachelot and Kobe 201 ). High diversity of natural
enemies is correlated to high amount of aboveground damage that in turns leads to high
mortality risk (Bachelot and Kobe 201_). Therefore, aboveground predators preferentially
target seedling of common tree species putting seedlings of rare tree species at an
advantage, which is consistent with a community compensatory trend (CCT) (Connell 1978,
1984); Natural enemies should preferentially target seedlings of common species, therefore
disadvantaging them compared to seedlings of rare tree species. This mechanism could
maintain diversity, however conspecific effect has been shown to be more often
disadvantaging for rare species (Klimonoros 2002, Comita et al. 2010, Bachelot and Kobe
201 ). Under aboveground enemies and conspecific effect, seedlings abundance would
change over time. The direction of this change would depend on the relative effect of the

two mechanisms. | believe that the variability of NDD over time (Bachelot and Kobe 201 _)
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along with several ecological mechanisms could lead to seedling species abundance cycles

that in turn would favor species coexistence in the tropics.

Here, | aim to offer a new conceptual model that unifies aboveground natural
enemies with NDD dominated by belowground conspecific effect (BNDD) in order to better
describe demographic trajectories of tropical tree species. After a brief description of this
ecological model, | will show how a species can progress from rarity to commonness due to
the ecological advantage of hosting few aboveground natural enemy species and to
decreasing BNDD. | also will discuss the opposite path, whereby a common species
regresses to rarity because of high natural enemy richness and increasing BNDD.

Accordingly, | will evaluate the mathematical feasibility of such a conceptual model.

GENERAL DESCRIPTION OF THE MODEL

For this model | am making a distinction between the aboveground-natural enemies
and the agents of NDD. Aboveground natural enemies may act as agents of NDD however,
previous studies did not find significant increase of aboveground natural enemies with
increasing conspecific neighbor density (Hoshizaki et al. 2009, Bachelot and Kobe 201 _). For
the purpose of my conceptual model | consider the belowground part of NDD thatis an
intra-specific mechanism leading to higher mortality at high conspecific seedling density
(BNDD). Several studies have assessed NDD across species (Augspurger 1983a, b, 1984,
Clark and Clark 1984, Schupp 1988, 1992, Howe 1990, Hammond and Brown 1998, Webb
and Peart 1999, Parker and Clay 2000, Gilbert et al. 2001, Peters 2003, McCarthy-Neumann
and Kobe 2008); however, few have tested whether soil pathogens, soil chemicals,

mycorrhizae, or aboveground natural enemies were the agents responsible for NDD (Bever
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2002, Klironomos 2002, Castelli and Gasper 2003, McCarthy-Neumann and Kobe 2008,
Mangan et al. 2010b). Most existing evidence suggests that NDD is largely caused by
belowground agents (Augspurger 1984, Ehrenfeld et al. 2005, McCarthy-Neumann and Kobe
2008, Hoshizaki et al. 2009, Mangan et al. 2010a). Therefore, for my model, | should
separate the two types of agents responsible for NDD; aboveground enemies responsible
for aboveground damage leading to mortality (ANDD agents) and belowground enemies
(BNDD agents).

My model proposes that under the pressure of the two dependent forces, BNDD and
aboveground natural enemy richness, tropical tree species abundance fluctuates over
ecological time (Figure 5.1). Thus, at any given time, the tropical tree community will
contain both common and rare species. A rare species experiences both high BNDD and low
aboveground natural enemy richness (Comita et al. 2010, Bachelot and Kobe 201 _). These
two forces are, a priori, opposing and act on tree species abundance over ecological time.
Despite at first of a high mortality due to BNDD, | will show how seedlings of rare tree
species increase their relative abundance (part A and B in Figure 5.1). Conversely, a
common species experiences high aboveground natural enemy richness leading to a high
mortality (Bachelot and Kobe 201_). Low BNDD may be expected to preserve the abundance
of common species; however, | will show how a high diversity of aboveground natural
enemies leads to higher mortality, eventually causing more common species to become less
common (Part C and D of Figure 5.1).

It is important to note, that when a species suffers from low BNDD, it hosts a high
diversity of aboveground natural enemies and vice versa. This assumption is empirically
supported; Comita et al. (2010) found that common species suffer from low NDD. Above

ground NDD (ANDD) is consistent with the CCT while NDD shows opposite patterns to CCT
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(Bachelot and Kobe 201 _), therefore BNDD must be very strong. This is consistent with
previous findings that NDD is driven by belowground agents (Augspurger 1984, Ehrenfeld et
al. 2005, McCarthy-Neumann and Kobe 2008, Hoshizaki et al. 2009, Mangan et al. 2010a).
Evidence of opposing effects of ANDD and BNDD on plant community structure was also
shown (Brown and Gange 1989); the authors found that aboveground insecticides decrease
plant species richness whereas belowground insecticides promote plant species richness. In
addition, recent finding found that common species also hosts a high diversity of
aboveground natural enemies (Bachelot and Kobe, 201_). Therefore, a species with high
aboveground natural enemies has a low BNDD and vice versa. Until recently, the link
between belowground and aboveground communities affecting plants was ignored
(Bardgett and Wardle 2010). Interactions between belowground and aboveground are
complex and likely to be species-specific (Wardle 2002), but evidence suggests that
aboveground and belowground have opposite effect on plant tissue growth (Masters et al.
1993) In a conceptual model developed by Masters et al., aboveground herbivores are
thought to negatively impact belowground herbivores via decreasing root tissue growth,
whereas belowground herbivores would promote aboveground plant tissue production via
stress responses. Therefore, a seedling host would not suffer at the same time from both
high (respectively low) aboveground and belowground enemies.

In my proposed model, hosted aboveground natural enemy richness, represented
by the left y-axis, is strongly positively correlated with plant species abundance over five-
years time scale. The model assumes aboveground natural enemy richness impacts seedling
survivorship. This assumption was tested in a previous study during which | found that

increasing aboveground natural enemy richness is positively correlated to increasing
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aboveground damage that leads to increasing mortality in young seedlings (Bachelot and
Kobe 201 ).

BNDD effect, represented by the x-axis, is inspired by Comita et al. (2010)’s finding
that NDD is higher for rare species. However, it is important to note that | am making a
different interpretation of their results. Here, my model uses solely BNDD and it assumes
that BNDD is inherent to the species but changes over ecological time. Using 10 years of
data, | previously showed that NDD was variable (Bachelot and Kobe 201 ). Because NDD is
thought to be more strongly influenced by belowground agents than aboveground agents
(Hoshizaki et al. 2009, Mangan et al. 2010, Bachelot and Kobe 201 _), | generalize my
findings to BNDD.

Species commonness, represented by the right y-axis, characterizes the demography
of the species as the two forces (aboveground natural enemy richness and BNDD) act upon
it. The time scale, under which the model is working, is represented by the arrows and their
size. The size of the arrow represents the speed of the process to move from one stage of
abundance to another. Here, time is the ecological period required for rare/common tree
species to experience lower/higher BNDD and aboveground natural enemy populations to
respond to changes in tree species abundances. Based on my previous findings, | expect
those oscillations to occur at a short time scale (10 to 15 years); aboveground natural
enemy richness is sensitive to seedling abundance over the past 5 years (Bachelot and Kobe
201 ), and variation of NDD are observed at the 1-year, 2-year and 5-year scales (Bachelot

and Kobe 201_).
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From rarity to commonness, part A and B in Figure 5.1
Subsequent decrease of initially high BNDD

Even if a rare species gains a relative advantage over common species by hosting a low
aboveground natural enemy richness, high BNDD can prevent it from becoming more
common and may eventually even bring the species to extinction. Regardless of the agents
responsible, BNDD is more likely to be an inherent characteristic of the species and reflects
its ability to defend itself against threats. BNDD should thus be strongly correlated with the
types of defenses a species has evolved against its belowground natural enemies.

Over ecological time, if BNDD agents, other than chemicals, behave as aboveground
natural enemies, they should shift their behavior to target more common species. If BNDD
agents are primarily chemicals, Stinson et al. (2006) showed that invading species could
reduce the fitness of dominant native species by secreting anti-fungal that alter mutualistic
associations between fungi and native species. If a rare species acts as an invading species,
then you may expect the rare species to secrete more anti-fungi that would lead common
species to lose mutualistic associations (BNDD increase) and rare species to gain mutualistic
associations (BNDD decrease). In both cases, BNDD for rare species would be expected to
decrease.

My model can thus be viewed as a classical multi-species Lotka-Volterra model, where
each population of seedling species (prey population, x;) suffer from aboveground natural
enemies (predator population, y) and a belowground agents that create an intra-specific

mortality (BNDD) dependent on the abundance of the seedling species:

Xilk +1) = X;(k)ePi~BNDD(Xj(k))-c¥ (k)
(1.1)

Vik+1) = y(k)e D=1 IiXitk)-eY(k)-r
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As in the traditional Lotka-Volterra model, the seedling population grows (bj) but is

constrained by mortality due to aboveground natural enemies (Y) and a belowground
intraspecific mortality (BNDD) that corresponds to a competition term in the traditional
Lotka-Volterra system. The main difference in the Lotka-Volterra equations comes from the
idea that the value of BNDD is dependent on the abundance of x and is variable over time.
Therefore, a new equation needs to be added to the classical case of multi species Lotka-
Volterra model that would reflect two important assumed characteristics of BNDD: 1) BNDD
is stronger for rare species than for common species and 2) BNDD decreases for rare species

but increases for common species
BNDD(X;(k)) = X {k) - X7 (k) (12)

A two-step mechanism

The shift from rarity to commonness is a two-step mechanism. First, as previously
discussed, BNDD agents may then shift their target to more common species and soil
chemical agents should be secrete by rare species putting them at an advantage compared
to common species (by increasing common species BNDD and decreasing rare species
BNDD). Thus, BNDD would increase for common species. Because rare species would suffer
from fewer aboveground natural enemies (Bachelot and Kobe 201_) and experience
decreasing BNDD, their relative abundance would be expected to quickly increase (step A in
figure 5.1).

As the abundance of rare species increases, the aboveground natural enemy
population can be expected to respond by retargeting the new common species (Bachelot

and Kobe 201_). Dietary switch due to food availability occurs frequently in generalist
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consumers as a way to improve efficiency; mammalian folivores (Shipley and Spalinger
1995, Wiggins et al 2006) but also instars of Leptidoptera species (Barbosa 1978, Barbosa et
al 1986, Stephens and Krebs 1986, Roden and Surgeoner 1991, Stoyenoff et al 1994, Singer
et al. 2002) have been reported to switch prey. The formerly rare species will thus begin
hosting more aboveground natural enemy species and experiencing increased damage and
mortality due to aboveground natural enemies. Rare species abundance would then
increase less quickly than before aboveground natural enemies had built a response (Step B

in Figure 5.1).

From commonness to rarity, part C and D Figure 5.1

Gradual increase in BNDD

Once a rare species has become common, it begins to suffer from many
aboveground natural enemies species and its selective advantage decreases. The high
diversity of enemies leads to an increase in mortality and, consequently, increased BNDD.
Increased BNDD may derive from two ecological processes: Non chemical BNDD agents
respond to the increased abundance of the species, and rare species may secrete more anti
fungi to decrease mutualistic associations between common species and fungi (Stinson

2006). Both mechanisms should result in a slow increase in BNDD.

A two-step mechanism

When the number of natural enemy species is high, mortality increases (Bachelot
and Kobe 201_). Because | assume, as previously discussed, that a plant cannot be well
adapted against both high natural enemy richness and BNDD agents, BNDD should

progressively increase. This increase in BNDD, associated with a high richness of
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aboveground natural enemies, results in a fast decline in species abundance until the
species has become rare (Part Cin Figure 5.1). Once the species become rare enough,
aboveground natural enemies are targeting the species less, leading to a slower decline of

species abundance (Part D in Figure 5.1).

MATHEMATICAL TEST

Considering the system made by (1.1) and (1.2) previously described and assuming

. . . . . I, u
that each suite (bj, c, d;, r, a) are strictly positive and respectively confined between (b’j,b i),

|
(cl,cu), (dl,du), (rl,ru), (o, u) | show that 1) the system is permanent (lemma 1 and 2 in

Appendix D), 2) there are stable solutions (lemma 3 in Appendix D), and 3) there exists a
stable positive periodic solution. Therefore, from a mathematic point of view, it is possible
to obtain cyclic abundance due to aboveground natural enemies and variable negative
density dependence.

| first demonstrated that the system (1.3) was permanent, meaning that each
seedling host population and enemy community is confined between a maximum and a
minimum abundance. No species goes to extinction or to over-dominance. This
demonstration is made of lemma 1 and lemma 2. For lemma 1 | demonstrated that each
seedling host population and the aboveground enemy population have limits meaning that
they do not go extinction and they do not become over- dominant. Then, with lemma 2, |
showed that when generation time goes towards infinity, each population tends to
equilibrium different from 0 (population non extinct) and different from infinity (population
not over-dominant). Theorem 3 (Appendix D) demonstrates the stability of the positive

solution; once the system has reached the equilibrium, it remains at the solution even after
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small disturbance in population abundance. If | managed to prove it from a mathematic
point of view, the conditions of stability are hard to obtain in nature. As a result, it should be
expected that the host population and enemies coexist via chaotic abundance cycles. This
result is not surprising; as it has been shown that demographic process leads to chaos
(Dercole et al. 2010).

Once the permanence of the system obtained, | demonstrated that it exists at least
one positive stable solution for the system. This is made in the theorem 3. Finally, to
support my conceptual model, | proved that one of the positive stable solutions was
periodic (theorem 4 in Appendix D). By doing so, | am showing the possibility of obtaining
periodic oscillations for each n species of the system under the two forces of aboveground

natural enemy and BNDD (Figure 5.2 and 5.3).

DISCUSSION

In the example represented in Figure 5.2, the host species in blue is at an advantage
due to a higher growth rate. However, both species are able to coexist in a periodic
equilibrium reached around the 500" generation. When increasing the species blue
advantage, the system becomes chaotic but remains periodic. | agree that this system is one
possible mathematical realization of my conceptual model, but the fact that there is a stable
positive periodic solution to it brings support to my conceptual model.

Masters et al.’s (1993) conceptual model proposed that the feedbacks between
aboveground and belowground enemies could lead to species coexistence. Their model is
fully based on the theory according which belowground enemies positively affect
aboveground enemies, while aboveground enemies negatively influence belowground

enemies. This model makes the important assumption that all belowground enemies
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positively influences aboveground enemies through enhance aboveground plant tissue
growth, whereas aboveground enemies decreases root tissue growth negatively affecting
belowground enemies. If some studies found evidence for such a pattern, others found very
differing effect across enemies (see review by Bardgett and Wardle 2010), or the opposite
(Bezemer et Dam 2005); in that conceptual model, aboveground enemies enhance root
exudates promoting belowground enemies, while belowground enemies increases plant
tissue defenses negatively impacting aboveground enemies. Therefore, | am not convinced
that a model solely based on the assumption of feedbacks between below and aboveground
is accurate enough to explain species abundance.

On the other hand, my model uses the idea of interaction between below and
aboveground enemies but adds a temporal dimension allowing the interactions to evolve
over different scale: for example, for a rare seedling host, BNDD would decrease faster than
aboveground natural enemy richness would increase allowing the host species to increase in

abundance.

CONCLUSION

This new conceptual model unifies an aboveground mechanism that follows the CCT
with a belowground mechanism that is often opposite to the CCT to explain seedling species
coexistence. It is based on two observations that 1) aboveground natural enemy richness
leads to differing mortality risk between seedling of rare and common species and 2)
conspecific effect on seedling survival is variable of time. It hypothesizes that BNDD should
increase for seedlings of common species and decrease for seedlings of rare species. My

data did not allow to fully test this idea and future studies should empirically test it.
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However, from a mathematical point of view it successfully predicts seedling species
coexistence through abundance cycles.

If the conceptual model was defined at a fine ecological scale, | believe it can also be
linked to wider variation of BNND over evolutionary time according to the red queen
hypothesis: rare species can select better defenses against BNDD agents when suffering
from low aboveground natural enemy diversity (Van Valen, 1973). On the other hand BNDD
agents could develop better arms against common species when these seedlings experience
high aboveground natural enemy richness enabling them to keep developing belowground
defenses (Van Valen, 19<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>