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Abstract

The successful production and development of seeds can be fraught with challenges, as plants
must simultaneously attract pollinators and escape enemies which feed on the developing seeds.
Interactions with insect pollinators and predators can be dependent on the local abundance of
resources (flowers or seeds) available to them, sometimes causing variation in seed production
and survival across gradients of host plant densities. Where insects are host-specific, density-
dependent patterns of seed predation can promote the coexistence of tree species by suppressing
the recruitment of species which are locally abundant. Although this mechanism has received
substantial attention, density-dependent seed mortality caused by insects in the canopy has
been largely overlooked. In this thesis, I explore the impacts of plant-insect interactions on
seed production and pre-dispersal seed development to better understand the potential roles
of these interactions in plant community dynamics. I first investigate the phenomenon of
premature fruit drop in a community of tropical forest trees and conclude that seed losses at
the pre-dispersal stage are significant and could be triggered by pre-dispersal seed predators.
In the same forest, I then explore how premature fruit drop varies with the local density of
conspecific trees, demonstrating that seed mortality associated with premature fruit drop is
highest where conspecific trees are locally abundant. Next, I investigate the parallel processes
of fruit set and fruit drop through field surveys focusing on a tropical (Jacaranda copaia) and
a temperate (Crataegus monogyna) tree species. At the population-level I find conspecific
density-dependent patterns of premature fruit drop but no evidence to suggest that fruit
set varies with conspecific density in either of the studied tree populations. Taken together,
the results presented in this thesis provide evidence that density-dependence in plant-insect
interactions at the pre-dispersal stage can be widespread, and highlight the potential role of
these interactions in promoting the coexistence of plant species in natural forest systems.
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Chapter 1

General introduction

1.1 Seed production and seed survival — implications for plant
population dynamics

The individual processes of birth and death are central to ecology (Begon et al. 2006). Demo-
graphy controls the size and shape of populations, and interacting populations of different
species in turn shape the structure and dynamics of ecological communities (Griffith et al.
2016). For plants, which generally produce many offspring, mortality events in early life cycle
stages are particularly impactful in altering species relative abundances.

For long-lived plants such as trees, the seed stage is typically only a brief period relative to the
total lifespan, yet it can have a disproportionate influence on population- and community-level
dynamics (Levine & Murrell 2003; Poorter 2007). This is because few seeds ever become
seedlings (Fenner & Thompson 2005) and seed survival is mediated by multiple non-random
factors, which are partly a function of species identity (Harms et al. 2000; Green et al. 2014).
Consequently, the transition of a plant from seed to established seedling is often characterised
as a ‘bottleneck’ for the recruitment of individuals to a population (Grubb 1977; Green et al.
2014). Yet a dispersed seed has already overcome several potential hurdles during its production
and maturation while still attached to its parent. The production of a viable seed involves
successful flowering, pollination and seed-set (Grubb 1977). The proportion of flowers which
produce viable seeds can vary widely between species (Wiens 1984; Sutherland 1986) and both
flowers and developing fruits can be aborted by the parent tree (Stephenson 1981). Where plant
populations are seed limited at the site of dispersal, seed production and pre-dispersal seed
mortality can influence species abundances (Figure 1.1) (Ehrlén et al. 2006). Seed limitation is
often demonstrated by seed addition experiments where additional seeds increase recruitment

1



←↩ Chapter 1 Page 2

Figure 1.1: A schematic model of recruitment limitation in plants, adapted from Crawley (2000).
Where seed rain per unit area is low, post-dispersal seed predators may consume all the dispersed seeds
preventing any recruitment into the adult population. As seed rain increases, recruitment becomes
proportional to seed density. It is in this region where reduced seed rain due to pre-dispersal seed
predators could limit plant recruitment. At very high seed densities predators may be satiated and
recruitment becomes limited by the availability of suitable microsites for germination.

and the survivorship of seedlings (Turnbull et al. 2000, e.g. Rother et al. 2013). The frequency
with which seed production, rather than seedling establishment, limits plant recruitment is
not well understood (Levine & Murrell 2003; Ashman et al. 2004; Clark et al. 2007), but
mortality events earlier in the life cycle are likely to have knock-on effects at later stages of
plant development (Crawley 2000; Kolb et al. 2007, e.g. Crawley & Long 1995; Grass et al.
2018).

1.2 The role of insects in the reproductive success of plants

Ecologists have long targeted plant-insect interactions when exploring how some species can
influence the distribution and abundance of others (Maron & Crone 2006; Forrister et al. 2019).
Plants interact with a diverse range of insects, some of which have life long associations with
their host plant (Kennedy & Southwood 1984; Basset et al. 1996). Insects provide services
which are essential to plant reproduction such as pollination and seed dispersal, but can also
consume and damage reproductive plant parts (Schoonhoven et al. 2005). The reproductive
success of plants is often determined by the joint outcome of these mutualistic and antagonistic
plant–insect interactions (Grass et al. 2018).

2
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1.2.1 Pollination

Globally, over 80% of flowering plants rely on pollinators for reproduction and the majority
of animal pollinators are insects (Ollerton et al. 2011). In nature, plants frequently produce
fewer seeds compared to what would have been possible with the receipt of additional pollen.
Such pollen limitation often reduces the reproductive success of plants (Knight et al. 2005).
Pollinators can limit seed set in two ways: through reduced pollen quantity, whereby an
insufficient number of pollen grains are delivered to maximise ovule fertilisation, and through
reduced pollen quality, for example where pollen grains are too genetically similar to the
plant receiving them, causing seeds to die during development (Aizen & Harder 2007). The
foraging behaviours, diversity and abundance of insect pollinators can all influence the degree of
pollination success (Gómez et al. 2010; Gagic et al. 2021). Although the majority of pollinators
within a community tend to be generalists to some degree, visiting a variety of plant species
(Vázquez & Aizen 2004), shifts in the composition of flowering plants between seasons and
years can generate functional specialisms whereby the majority of pollinators are visiting only
a small subset or even a single plant species (Alarcón et al. 2008; Petanidou et al. 2008).

1.2.2 Predation

While herbivores typically do not kill their plant hosts, some herbivores which feed on the
reproductive parts of a plant are known as plant predators, as they are a direct source of
mortality to young individuals (seeds) in the population (Janzen 1970). The reproductive
structures of plants provide a food resource which is qualitatively different to other vegetative
plant parts. Seeds in particular are nutritionally dense presenting a high quality resource for
consumers, however they are only present on the plant for a short time, can have high levels
of structural and chemical defences (e.g. Fricke & Wright 2016; Gripenberg et al. 2018), and
their numbers are often highly variable and unpredictable across years (Crawley 2000; Wright
et al. 2005b). To adapt to these constraints, plant predators which attack developing seeds are
often specialised to feed on one or a few plant species (Janzen 1971b; Pacala & Crawley 1992;
Hulme & Benkman 2002; Gripenberg et al. 2019a). Specialist pre-dispersal seed predators
must synchronise their life cycles to the ephemeral availability of seeds on their host plant.
Insects have been able to exploit this, perhaps due to their fast generation times allowing
for evolutionary flexibility (Hulme & Benkman 2002, e.g. Harman 1999; Rouault et al. 2004).
Consequently, the majority of pre-dispersal animal seed predators are specialist insects, which
often develop inside the seed (Crawley 2000).

Pre-dispersal herbivory on reproductive plant parts can impact the fitness of individuals in
several ways. Consumption of the entire seed will kill the embryo and partial damage to the
endosperm can remove the resources required for germination (Lesieur et al. 2014). Insect
attacks that don’t involve direct consumption of the seed can nevertheless reduce its chances

3
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of survival by triggering early abscission (abortion) of reproductive structures (Stephenson
1981), introducing pathogens (Luchi et al. 2012), and preventing seed dispersal (Manzur &
Courtney 1984; García et al. 1999).

1.3 Spatial dynamics of plant-insect interactions

The movements and foraging decisions of pollinators, herbivores, and plant predators are often
influenced by spatial variation in resource densities and this can result in spatial variation in
the reproductive ecology of plants (Maron & Harrison 1997; Gripenberg et al. 2014; Wetzel et
al. 2023). The density of reproductive structures such as flowers or seeds can be heterogeneous
both within and between plants in a population (Bonal et al. 2007; Trad et al. 2013) and
between populations at the wider landscape level (Campbell 1987). At the intra-plant scale,
the size of seeds can be important for determining oviposition decisions of seed predators
(Campbell 2002; Cope & Fox 2003), sometimes generating a trade-off for plants between
producing many small seeds and fewer large seeds in an effort to satiate predators (Mack 1998;
Bonal et al. 2007). At the population scale, host plants can be conceptualised as islands of
suitable habitat to specialist insects (Janzen 1968, 1973). The attractiveness of a particular
‘island’ to a foraging insect can depend on the density and apparency of the resource and its
distance from the insects’ current location (Gripenberg & Roslin 2005; Castagneyrol et al.
2013; Pérez-Barrales et al. 2013). Patterns of foraging are likely limited by the typical dispersal
range of individual insects (Delnevo et al. 2020). Whilst the movements of pollinators are
often well characterised thanks to techniques which can identify the parentage of dispersed
pollen (e.g. Nason et al. 1996; Kamm et al. 2009; O’Connell et al. 2018), we know relatively
little of the dispersal ranges of seed predators.

1.4 Plant-insect interactions as a mechanism for plant species co-
existence

Ecologists’ interest in species coexistence is as old as the discipline itself (Kingsland 1991).
The fundamental problem of how species can coexist in ecological communities when some
are better competitors than others has been the subject of much hypothesising. It is now
understood that species interact with the environment and with other species in different ways,
and individual species are therefore limited by unique factors (Chesson 2000). In the case of
tropical tree communities, where over 450 species can coexist within a single hectare of forest
(Valencia et al. 1994; De Oliveira & Mori 1999), interactions with natural enemies such as
insects are thought to be particularly important in maintaining diversity by promoting species
coexistence (Wright 2002).

4
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Figure 1.2: The Janzen-Connell model of plant population recruitment adapted from Janzen (1970). As
the distance from the parent tree increases, the number of dispersed seeds per unit area decreases (solid
black line), but survival of dispersed seeds is hypothesised to increase due to reduced enemy attack
(dashed black line). The product of these two curves generates a plant population recruitment curve
(in red) where a new conspecific adult is most likely to appear. In most systems the seed survivorship
curve will not reach 100% due to mortality factors independent of distance and density.

As a tree species becomes more abundant, so too do its specialised enemies, and its offspring are
therefore subject to higher rates of attack and mortality (Gillett 1962). The Janzen-Connell
hypothesis incorporates a spatial aspect of plant-insect interactions into this mechanism,
proposing that coexistence of tree species could be partly explained by patterns resulting
from two processes: (1) the number of seeds reaching any given point decreases with distance
from the parent plant, and (2) there is an increased rate of predation by host-specific natural
enemies where prey are abundant (Janzen 1970; Connell 1971). These two processes result in a
population recruitment curve that peaks where probability of recruitment into the population
is highest — a point that is some distance away from the parent plant (Figure 1.2). As a result,
the space immediately surrounding a reproductive tree individual is more likely to be colonised
by seeds of other plant species, despite most of the tree’s own seeds falling in that area. This
results in density- and distance-dependent patterns of plant mortality within species, which
can enhance diversity at the community level. Since its proposal, the hypothesis has received
much attention, with many studies finding support for its predictions (Comita et al. 2014).
Strong patterns of negative distance- and density-dependent mortality have been reported for
seedlings (Packer & Clay 2000; Hille Ris Lambers et al. 2002) and have been shown to increase
diversity at the community level (Harms et al. 2000; Bagchi et al. 2014).
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Whilst Janzen’s 1970 paper highlighted that mortality at any stage from developing seed
to recruitment could have implications for diversity (Janzen 1970), the scientific literature
published to date overwhelmingly focuses on enemies attacking seeds after their dispersal from
the parent plant (Gripenberg 2018). Pre-dispersal insect seed predators can cause substantial
mortality of developing seeds (Janzen 1971a; Nakagawa et al. 2005; Hosaka et al. 2011; Xu et
al. 2015; Hirayama et al. 2017) and have high levels of host specificity (Novotny & Basset 2005;
Gripenberg et al. 2019a), traits which are prerequisites for the Janzen–Connell mechanism to
contribute to diversity maintenance (Sedio & Ostling 2013; Stump & Chesson 2015). Reduced
seed production due to attack by pre-dispersal enemies could lower the curve of seed rain
(i.e. reduce the number of dispersed seeds per unit area) (Figure 1.2). As noted by Janzen
(1970), reduced seed rain could shift the population recruitment curve closer to the parent
tree, implying that pre-dispersal seed predators might in fact erode plant diversity. Whilst
evidence is accumulating of the role of seed predation in plant community dynamics (Maron
& Crone 2006), ecologists rarely consider the seed production and pre-dispersal development
stages when investigating spatial patterns of recruitment in the context of the Janzen-Connell
hypothesis.

1.5 Mutualistic and antagonistic density effects

Plant reproductive success is the outcome of both mutualistic and antagonistic plant-insect
interactions which are resource-mediated and often density-dependent (Grass et al. 2018). A
high resource offering to pollinators may increase pollination success (Grindeland et al. 2005;
Ballarin et al. 2022) resulting in a positively density-dependent pattern in seed set (Severns
2003; Dauber et al. 2010). Increased seed set would in turn be more attractive to seed predators
and could result in greater seed mortality (Jones & Comita 2010). In the few studies which have
examined positive and negative density dependence concurrently, the net effect of density on
seed production has varied between systems (Platt et al. 1974; Jones & Comita 2010; Ballarin
et al. 2022). If host-specific antagonists can maintain plant diversity via Janzen-Connell effects,
we might expect that host-specific mutualists decrease diversity via ‘reverse Janzen-Connell
effects’ (Zahra et al. 2021). Such patterns of conspecific positive density dependence enhancing
species local abundance have been reported for plants associated with mutualistic and host-
specific ectomycorrhizal fungi (Corrales et al. 2016; Delavaux et al. 2023). While pollinators
generally have broader patterns of host use (Vázquez & Aizen 2004) suggesting they might be
unlikely to respond to conspecific densities, differing flowering phenology between host species
could still generate functional specialisms, counterbalancing any Janzen-Connell effects caused
by antagonists such as seed predators.

6
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1.6 Thesis outline

In this thesis I explore the impacts of plant-insect interactions on seed production and pre-
dispersal seed development with the aim of furthering our understanding of the potential role
of these understudied interactions in plant community dynamics. Using existing and newly
collected data from two well-studied forest systems, Barro Colorado Island in Panama (Muller-
Landau & Wright In press) and Wytham Woods in the UK (Savill et al. 2011), I investigate
the density dependence of fruit set and premature fruit drop within and between plant species
across multiple spatial scales.

Chapter 2: Pre-dispersal seed predation could help explain premature fruit drop
in a tropical forest

Trees often abort a portion of their seeds prematurely, but this phenomenon — including its
causes and potential consequences for plant dynamics — has rarely been studied in tropical
forests. In this chapter, I use a large data set of seed rain collected over a period of 31
years to quantify interspecific variation in rates of premature fruit drop for a community of
tropical forest trees. I investigate to what extent this variation can be explained by attributes
hypothesised to be associated with high levels of enemy attack. Additionally, I test whether
premature fruit drop is more common in plant species known to be attacked by pre-dispersal
insect seed predators, as would be predicted if these enemies trigger some premature fruit
abscission.

Chapter 3: Local density of fruiting conspecifics predicts premature fruit drop in
a tropical forest

The Janzen-Connell hypothesis for species coexistence predicts that seed mortality due to
natural enemies will be highest closest to adult plants of the same species and in areas of
high conspecific density (Janzen 1970; Connell 1971). If specialist pre-dispersal seed enemies
contribute to premature fruit drop (Jackson et al. 2022; Chapter 2), we might therefore expect
fruit abscission rates to be highest in parts of the forest where the density of conspecific tree
individuals is highest. In this chapter, I use the same data set as in the previous chapter to
explore the relationship between premature fruit drop and the density and identity (conspecific
versus heterospecific) of neighbouring trees, testing the hypothesis that more fruits are aborted
prematurely in areas of high conspecific fruit density.

7
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Chapter 4: Density-dependent pre-dispersal seed predation and fruit set in a tropical
tree: spatial scaling of plant-insect interactions

Jacaranda copaia is a tropical canopy tree species which has a known relationship with a pre-
dispersal host specific seed predator on Barro Colorado Island, causing premature abscission of
infested fruits. A previous study (Jones & Comita 2010) found that the seed predator caused
higher levels of pre-dispersal seed mortality in areas of high conspecific density, although this
negative density dependence was still outweighed by increased fruit set (likely due to higher
pollination success) in areas where reproductive conspecifics were abundant. In this chapter, I
apply a similar approach to a spatial area 30 times greater than the original study to determine
if previously documented patterns of density dependence hold across a much wider range of
conspecific densities.

Chapter 5: Density-dependent effects on the reproductive ecology of trees in a
temperate woodland

While tree reproduction is the joint outcome of both mutualistic and antagonistic insect-plant
interactions, the conspecific density dependence of these interactions are rarely studied in
parallel. In this chapter, I quantify rates of fruit set and fruit drop in a common temperate
tree (Crataegus monogyna) in Wytham Woods and relate these to tree size and the local
density of conspecifics to determine how their joint impact may contribute to spatial patterns
of tree fecundity.

The thesis concludes with a general discussion chapter (Chapter 6), in which I discuss the
broader implications of my findings.

8
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2.1 Abstract

1. Pre-dispersal seed mortality caused by premature fruit drop is a potentially important
source of plant mortality, but one which has rarely been studied in the context of tropical
forest plants. Of particular interest is premature fruit drop triggered by enemies, which

— if density-dependent — could contribute to species coexistence in tropical forest plant
communities.

2. We used a long-term (31 year) dataset on seed and fruit fall obtained through weekly
collections from a network of seed traps in a lowland tropical forest (Barro Colorado
Island, Panama) to estimate the proportion of seeds prematurely abscised for 201 woody
plant species. To determine whether enemy attack might contribute to premature fruit
drop, we tested whether plant species abscise more of their fruit prematurely if they (a)
have attributes hypothesised to be associated with high levels of enemy attack and (b)
are known to be attacked by one enemy group (insect seed predators). We also tested
(c) whether mean rates of premature fruit drop for plant species are phylogenetically
conserved.

3. Overall rates of premature fruit drop were high in the plant community. Across all species,
39% of seeds were abscised before completing their development. Rates of premature seed
abscission varied considerably among species and could not be explained by phylogeny.
Premature seed abscission rates were higher in species which are known to host pre-
dispersal insect seed predators and species with attributes that were hypothesised to
make them more susceptible to attack by pre-dispersal enemies, namely species which
(a) have larger seeds, (b) have a greater average height, (c) have temporally predictable
fruiting patterns and (d) are more abundant at the study site.

4. Synthesis. Premature fruit drop is likely to be a major source of seed mortality for many
plant species on Barro Colorado Island. It is plausible that pre-dispersal seed enemies,
such as insect seed predators, contribute to community-level patterns of premature fruit
drop and have the potential to mediate species coexistence through stabilising negative
density dependence. Our study suggests that the role of pre-dispersal enemies in struc-
turing tropical plant communities should be considered alongside the more commonly
studied post-dispersal seed and seedling enemies.
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2.2 Introduction

Seed production and seed survival are crit-
ical elements in the life cycle of a plant, giv-
ing rise to the next generation and mediat-
ing population- and community-level dynam-
ics (Turnbull et al. 2000; Maron & Crone 2006;
Clark et al. 2007; Green et al. 2014). Mortal-
ity events that happen in early life can be
a bottleneck for the recruitment of individu-
als to a population, with sometimes dispro-
portionate effects on community composition
(Roughgarden et al. 1988; Turnbull et al. 2000;
Fenner & Thompson 2005; James et al. 2011;
Rother et al. 2013). A number of processes
contribute to the success or failure of a de-
veloping seed, including nutrient availability
(Bertamini & Nedunchezhian 2005; Martinez-
Alcantara et al. 2012), microclimatic condi-
tions (Einhorn & Arrington 2018), weather
(Najeeb et al. 2017; Reichardt et al. 2020) and
interactions between the plant and other or-
ganisms. For plant species relying on biotic
pollination, visits from pollinators are crucial
for reproductive success, often manifesting as
a direct positive correlation between pollinator
visitation rate and seed set (Steffan-Dewenter
et al. 2001; Karron et al. 2006). Following suc-
cessful pollination, the developing seed might
be a target for a range of enemies, including
pre-dispersal insect seed predators (Fenner &
Thompson 2005), with deleterious effects on
fitness.

A commonly observed phenomenon in plants
is that some fruits are prematurely abscised,
i.e., they drop from the mother plant prior to
completing their development. Plant species
which regularly abscise a large proportion of

their fruits form a taxonomically and ecologic-
ally diverse group (Stephenson 1981) and it
is currently unknown whether shared ancestry
contributes to variation in rates of premature
fruit drop across species. The ecological and
agricultural research literature reports several
causes of premature fruit drop. For example,
changes in resource availability, through mech-
anisms such as herbivory (Stephenson 1980),
leaf shading (Einhorn & Arrington 2018), and
drought (Pérez-Pérez et al. 2008; Nussbaumer
et al. 2020; Reichardt et al. 2020), can trigger
premature fruit drop due to competition for re-
sources among fruits (Stephenson 1981; Bawa
& Webb 1984; Goubitz et al. 2002). Develop-
mental or genetic abnormalities (Kraus 1915;
Bradbury 1929; Forino et al. 1987), pollen
quality (Goubitz et al. 2002) and damage to
fruits through abiotic means, for example frost
(Rodrigo 2000; Rodrigo et al. 2006; Tagliasac-
chi et al. 2006), can trigger an individual to
drop fruits which are unlikely to reach matur-
ity and thereby minimise the cost to the parent
plant (Stephenson 1981). Damage by natural
enemies can also lead to premature drop, often
through seed/fruit predation or pathogen at-
tack (Boucher & Sork 1979; Planes et al. 2014;
Akinsanmi et al. 2016). Regardless of the exact
mechanism causing premature fruit drop, the
resulting seed mortality could – if it reduces
the number of viable seeds produced by the
plant – have important effects on plant popula-
tion and community dynamics (Turnbull et al.
2000).

The phenomenon of premature fruit drop, in-
cluding its causes and wider consequences, re-
mains largely unexplored in the context of

11
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tropical forest plants (but see Bawa & Webb
1984; Jones & Comita 2010). Of particular
interest is the potential for enemy-triggered
premature fruit drop which, if wide-spread
and showing patterns of positive density-
dependence (e.g., locally abundant species ex-
periencing higher levels of premature fruit
drop), could be a mechanism that contributes
to the co-existence of plant species in these
highly diverse systems (Chesson 2000). Al-
though the role of plant enemies in maintain-
ing high local diversity of plant species has
received substantial attention in the context
of tropical forest plant communities since Jan-
zen’s (1970) and Connell’s (1971) seminal pa-
pers, the bulk of research conducted to date
has focused on enemies attacking seeds or
young seedlings after their dispersal from the
mother plant (e.g. Holl & Lulow 1997; Comita
et al. 2014; Levi et al. 2019). While pre-
dispersal seed mortality has been highlighted
as a potentially important source of mortal-
ity and facilitator of high local plant diversity
in tropical forests (Gillett 1962; Janzen 1970;
Gripenberg 2018), enemy attack in the period
prior to seed dispersal — as the fruit is de-
veloping — is only rarely considered in this
context (e.g. Jones & Comita 2010).

Taking advantage of a 31-year dataset on seed
and fruit rain in the well-studied woody plant
community of Barro Colorado Island, Panama,
we relate patterns of premature fruit drop for
201 plant species (trees, shrubs, lianas) to: (1)
plant phylogeny, (2) plant traits and popula-
tion attributes hypothesised to be associated
with high levels of enemy attack and (3) pre-
viously documented patterns of attack by one

enemy-group (insect seed predators) known
to trigger premature fruit drop in other set-
tings (Tzanakakis et al. 1997; Follett 2002).
Through this approach, we assess whether en-
emies such as pre-dispersal seed predators are
likely contributors to premature fruit drop and
explore the potential consequences for plant
biodiversity maintenance in tropical forests.

If pre-dispersal seed enemies are important
contributors to premature fruit drop, we pre-
dict the following relationships between plant
species traits (or population attributes) and
levels of premature fruit drop:

1. Positive relationship between seed
mass and the proportion of seeds
prematurely abscised. Larger seeds
are more valuable as a food source to
potential seed predators (Fenner et al.
2002). Additionally, large seeds might be
exposed to predation from a wider range
of seed predators (Greig 1993; Mucun-
guzi 1995) and for a longer period of time
(Moles & Westoby 2003); but see (Moles
et al. 2003).

2. Positive relationship between av-
erage tree height and the propor-
tion of seeds prematurely abscised.
Taller tree species are more apparent to
enemies because of a positive relation-
ship between tree height and fruit crop
size (Janzen 1968; Castagneyrol et al.
2013; Gripenberg et al. 2019a).

3. Negative relationship between in-
vestment in mechanical seed de-
fences and the proportion of seeds
prematurely abscised. Species that in-
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vest large amounts of resources in seed
protection are less vulnerable to seed
predation (e.g. Kuprewicz & García-
Robledo 2010).

4. Negative relationship between tem-
poral crop size variation and the
proportion of seeds prematurely ab-
scised. Species with more stable fruit-
ing patterns over time are more prone
to seed enemy attack, since they provide
a more stable resource for seed enemies
(Janzen 1976b).

5. Positive relationship between tem-
poral overlap in fruit production by
other species and the proportion of
seeds prematurely abscised. Species
fruiting at times of the year when many
other species fruit experience lower seed
predation due to satiation of generalist
seed enemies (Toy 1991; Toy et al. 1992;
Kelly 1994).

6. Positive relationship between the
local abundance of conspecifics and
the proportion of seeds prema-
turely abscised. Species with a high
local population size are likely to be
more prone to pre-dispersal enemy at-
tack since the abundance of resources
available to host-specific enemies will be
higher (Pacala & Crawley 1992; Hanski
2001).

Finally, we predict that levels of premature
fruit drop will be higher in plant species known
to be attacked by pre-dispersal insect seed
predators at our study site than for plant
species for which such interactions have been

looked for, but not detected (Gripenberg et al.
2019a).

2.3 Methods

Barro Colorado Island (BCI; 9°9’N, 79°51’W)
is a 16 km2 island situated in Gatun Lake
in the Panama Canal, which supports semide-
ciduous tropical forest with a 35-m tall can-
opy. The Smithsonian Tropical Research In-
stitute is custodian of the Barro Colorado
Nature Monument and Barro Colorado Island
on behalf of the Republic of Panama. The BCI
50-ha forest dynamics plot was the first to
be established within the CTFS-ForestGEO
plot network in 1982 (Anderson-Teixeira et
al. 2015). Since 1987, weekly censuses of seed
rain have been conducted within the 50-ha
plot as part of a research project coordinated
by S. J. Wright (e.g. Wright & Calderón 1995;
Wright et al. 1999, 2003, 2005b). A first set of
seed traps (n = 200) was established in 1987
and has been continuously monitored since
then. These seed traps are located at 13.5 m
intervals on alternating sides of and 4-10 m
from 2.7 km of pre-existing trails within the
50-ha plot. Another 50 traps were added in
naturally occurring tree fall gaps within the
50-ha plot between 2002 and 2004 and have
been monitored since. A final set of 200 traps
were established 2 m from each of the 200 ori-
ginal traps in 2011 and were censused for 23
months. Each trap consists of a 0.8 m tall
PVC frame and 1 mm mesh covering 0.5 m2

of forest floor. In weekly censuses, all fruits
and seeds encountered in each trap are iden-
tified to species, counted, and categorised as
mature or immature. In the context of the long-
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term seed rain study very young fruits collec-
ted in the traps immediately or shortly after
flowering are termed ‘aborted’. These were not
included in this study. Fruits labelled as ‘im-
mature’ were dropped several weeks to months
later. The distinction between immature and
mature fruits was based on the examination
of endocarps: If the endocarp of seeds within a
fruit is filled with material that is solid (rather
than hollow or filled with liquid or soft sub-
stances), the fruit was considered mature. Our
species-specific estimates of rates of premature
seed abscission are based on the relative fre-
quencies of mature and immature fruits. Since
we did not conduct systematic germination tri-
als across the full range of species, we cannot
rule out the possibility that some of the seeds
scored as immature would be able to germin-
ate. We are still confident that in the vast ma-
jority of cases, the seeds inside fruits scored as
immature are indeed inviable (given the tim-
ing at which the bulk of premature fruit drop
happens in many species) and that premature
fruit drop typically translates to seed mortality
in the studied plant community.

In this study, we used information on fruits
and seeds from woody plant species (trees,
shrubs, and lianas) recorded in the traps dur-
ing the period 1988 to 2018 (31 full calendar
years). All analyses and data preparation were
conducted in R v 4.0.5 (R Core Team 2021).
Counts of fruit in the traps were multiplied
by species-specific average seed-to-fruit ratios
(S. J. Wright; unpublished data) and added
to the number of seeds. For each species, the
weekly counts (n = 1615 censuses) of mature
and immature seeds were then summed across

all seed traps. This was done separately for
each full calendar year in the dataset. Since
90% of species fruit only once during a cal-
endar year, and since few species fruit in the
December-January period, this approach will
typically generate data on overall fruit drop
rates for individual fruiting events. Not all spe-
cies were encountered in every single year, but
in total there were 5,295 unique species × year
combinations in the original dataset. Species
× year combinations with fewer than 10 fruits
or individual seeds were omitted to ensure a
representative sample size, yielding a total of
3,286 observations in the final dataset.

To assess whether enemy attack is likely to
have contributed to observed rates of prema-
ture fruit drop, we tested whether plant species
with attributes hypothesised to signal suscept-
ibility to enemy attack (see Introduction 2.2)
prematurely abscised a larger proportion of
their seeds. Additionally, for one pre-dispersal
enemy group — insect seed predators — we
were able to test whether species which are
known to be attacked, prematurely abscised a
larger proportion of their seeds. Plant attrib-
utes and associations between insect seed pred-
ators and plant species were obtained from
previously archived data collected from plant
individuals at BCI (Wright et al. 2010; Gripen-
berg et al. 2019a,b). Information on how plant
traits and population attributes were estim-
ated, and their original sources are provided
in Table 2.1.

To assess the relationship between rates of pre-
mature fruit drop and each variable of interest,
we constructed generalised linear mixed mod-
els (GLMMs) with binomial distributions us-
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Table 2.1: Plant traits and population attributes which are hypothesised to influence susceptibility
to attack by seed enemies and descriptions of how they were estimated, as obtained from previously
archived data (Gripenberg et al. 2019a,b).

Plant attribute Description of data used
Seed mass Data on species-specific seed masses were available in the form of mean

dry seed mass (g) where a ‘seed’ is defined to include the endosperm and
embryo only. For most species, the mean seed mass was based on an average
of 5 seeds collected from 5 individuals and dried to constant mass at 60°C
(for some species, sample sizes were slightly lower).

Tree height For each species, the average height (m) of the 5 tallest tree individuals in
the 50-ha forest dynamics plot was used as an estimate of tree size. Data
on this variable is available for free-standing species only.

Investment in
mechanical seed
defences

A dataset on species-specific protective tissue content was used as a meas-
ure of the degree of investment in mechanical seed defences, which reflected
the proportion of diaspore mass made up by protective tissue (e.g. endo-
carps and seed coats) rather than seed mass. These data were obtained by
dissecting diaspores into three parts: seed (embryo plus endosperm only),
appendages to enable dispersal by wind, and material to protect the seed.
All material was oven dried at 60°C for at least 72 hours and then weighed
for dry mass. The protective tissue content was taken as the dry weight of
the seed protection material divided by the diaspore dry weight.

Temporal crop size
variation

As a measure of the extent of interannual variation in the size of the seed
crop, a variable analogous to the variable CVyear in (Wright et al. 2005b)
was used, but implemented on a larger dataset involving more species and
in which seed fall for each trap was averaged across a longer time period
(1987 to 2010) than in the primary publication.

Temporal overlap
in fruit production
by other species

A subset of the fruit and seed rain dataset used in this study was used
to calculate this metric. The subset was published in association with the
study by (Wright et al. 2016) and included weekly counts of reproductive
parts of plant species found in the first 200 traps between January 1987 and
December 2014. For each species in this subset, temporal overlap in fruit
production was calculated as the total number of other species observed to
fruit in the same week as a given species.

Local abundance
of conspecifics

The local abundance of reproductive-sized adult trees was estimated using
data from the 2010 census of the ForestGEO plot (Condit 1998; Condit
et al. 2019). To estimate the number of reproductive adults in the 50-ha
plot, species-specific maximum diameter at breast height (DBHmax) was ex-
tracted and individuals with a DBH larger than 0.5 × DBHmax (the known
size threshold for tree reproduction (Visser et al. 2016)) were counted.

15



←↩ Chapter 2 Page 16

ing the lme4 package (Bates et al. 2015). The
number of prematurely abscised seeds and the
number of viable seeds were combined into
a single two-column binomial response vari-
able. The explanatory variable was plant at-
tribute (listed in Table 2.1) or the presence of
insect seed predators, with plant species and
year as random effects. Since for most explan-
atory variables, data were only available for
a subset of plant species, each was tested in-
dependently (i.e., as continuous covariates in
separate models). Two of the explanatory vari-
ables (local abundance of conspecifics and seed
mass) were log-transformed and all explanat-
ory variables were standardised (mean = 0, SD
= 1) to aid model fitting and interpretation.
The package DHARMa (Hartig 2020), was used
to generate scaled residuals by simulation from
the fit models. The scaled residuals were plot-
ted with DHARMa to verify the models were spe-
cified correctly. The Durbin–Watson statistic
was used to test for temporal autocorrelation
in the scaled model residuals for each plant
species. The models were additionally fit with
an AR(1) covariance structure using glmmTMB

(Brooks et al. 2017) to assess the effect of po-
tential temporal autocorrelation on the results.
We assessed pairwise correlations between ex-
planatory variables with Spearman’s rank cor-
relation coefficient, to test for multicollinearity.
Results were visualised using ggplot2 (Wick-
ham 2016) as model coefficient estimates and
95% confidence intervals.

To explore if shared ancestry contributes to
similarities in premature fruit drop among
species within the community, we estimated
the phylogenetic signal (the tendency for re-

lated species to be more similar than species
drawn at random from the phylogenetic tree)
in the proportion of seeds prematurely ab-
scised. We used a previously archived phylo-
geny (Gripenberg et al. 2019b), which included
184 of the 201 plant species in our dataset,
and species-specific mean proportions of seeds
prematurely abscised for the phylogenetic ana-
lyses. Both Pagel’s lambda (Pagel 1997, 1999)
and Blomberg’s K (Blomberg et al. 2003) were
estimated using phylosig in the R package
phytools (Revell 2020). The contMap func-
tion was used to visualise phylogenetic signal
in mean premature seed abscission as a con-
tinuous trait mapped onto the phylogenetic
tree.

2.4 Results

Premature fruit drop in the BCI forest dynam-
ics plot is common. Of the 1,222,863 fruits
collected in the seed traps across all years
and plant species, 632,835 (52%) were imma-
ture. Taking into account the (species-specific)
mean numbers of seeds per fruit, this corres-
ponds to 3,159,062 (39%) out of a total of
8,062,517 seeds being dropped from the tree
as either immature single diaspores or as part
of immature fruits. No prematurely abscised
seeds were collected for 29 species, of these, 20
species (69%) had fewer than 100 seeds collec-
ted across the 31-year period. Of the remain-
ing 172 species, 57 abscised more than 50% of
total seeds when averaged across the 31-year
study period (Figure 2.1).

Correlations between the explanatory vari-
ables were relatively weak (Figure A.1). Of
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867 species × model combinations, 47 (5%)
showed significant positive temporal autocor-
relation (Durbin-Watson statistic <1 and p

<0.05) and 29 (3%) showed significant negat-
ive temporal autocorrelation (Durbin–Watson
statistic >3 and p <0.05) in the model resid-
uals. Fitting the models with an AR(1) cov-
ariance structure to account for potential tem-
poral autocorrelation had no effect on our res-
ults. Other than investment in mechanical seed
defences, all the investigated plant attributes
demonstrated a relationship with the propor-
tion of seeds prematurely abscised at p <0.05
(Figure 2.3, Table A.1).
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Figure 2.1: Average rates of premature seed abscis-
sion for 201 woody plant species on Barro Color-
ado Island. The proportion of seeds prematurely
abscised per year for each plant species is averaged
across 31 years to give the means presented here.

All observed relationships with premature seed
abscission rate, other than temporal overlap
in fruit production, were in line with our pre-
dictions. We saw a clear positive effect on pro-
portion of seeds prematurely abscised by four
of the plant attributes: local abundance, seed
mass, temporal overlap in fruit production (i.e.
whether a plant species fruits at a time of the

year when many other species are fruiting) and
tree height. We detected a negative relation-
ship between the proportion of seeds prema-
turely abscised and two of the studied plant
attributes: temporal crop size variation and in-
vestment in mechanical seed defences. In our
dataset, 28% of plant species had no known
associations with insect seed predators on BCI.
Plant species known to be attacked by at least
one species of insect seed predator abscised a
larger proportion of their seeds prematurely.

Estimates of phylogenetic signal in the mean
proportion of seeds abscised were low (K =
0.002, p = 0.10; λ = 0.33, p <0.005; Figure
2.2).

2.5 Discussion

Although patterns of mortality at early stages
in the life cycle of tropical forest plants can
be important determinants of the structure
of populations and communities at later life
stages (Green et al. 2014), survival at the very
earliest stages — when developing seeds are
still attached to their mother plant — has
rarely been studied in tropical forests (Gripen-
berg 2018 but see Bawa & Webb 1984; Jones
& Comita 2010). Our analysis of premature
fruit drop in 201 woody plant species in the
50-ha forest dynamics plot on Barro Colorado
Island, Panama, reveals that premature fruit
drop is a widespread phenomenon at this site
and likely to be an important source of seed
mortality in the plant community, responsible
for the deaths of up to 39% of all seeds initi-
ated. Rates of seed abscission showed a weak
phylogenetic signal, suggesting that shared an-
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Figure 2.2: Reconstructed evolution of premature seed abscission rates for 184 woody plant species on
Barro Colorado Island, Panama, using continuous character mapping. Based on the mean proportion
of seeds prematurely abscised (n = 31 years), where yellow = lower proportion of seeds prematurely
abscised, and purple = higher proportion of seeds prematurely abscised.
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cestry can only explain a small amount of the
variation observed across plant species.

Local abundance of conspecifics

Temporal overlap in fruit
production with other species

Temporal crop size variation

Investment in mechanical
seed defences

Tree height

Seed mass

Presence of insect seed predator

−1 0 1 2

Estimate ± CI [95%]

Figure 2.3: Relationships between premature seed
abscission rates and plant attributes hypothesised
to reflect likelihood of attack by seed enemies. Pos-
itive estimates represent increased premature seed
abscission rates with increased attribute values,
and the opposite for negative effects. Points are
coefficient estimates from generalised linear mixed
effects models. Error bars denote 95% confidence
intervals.

We found that five of the six plant attributes
which we had predicted would be associated
with enemy attack demonstrated a clear re-
lationship with premature seed abscission. A
key aim of our study was to assess whether
plant species attacked by one group of pre-
dispersal seed enemies — insect seed predat-
ors — show higher levels of premature fruit
drop than species not attacked by this enemy
guild. We found that plant species known to
be attacked by insect pre-dispersal seed pred-
ators had higher rates of seed abscission. This
suggests that these insects may play a role in
triggering premature fruit drop.

The association between rates of premature
seed abscission and traits hypothesised to
make species more prone to seed predator at-
tack is in agreement with previous studies of
leaf herbivory in tropical forests, which have
found that interspecific variation in enemy at-
tack can be explained by variation in defensive
traits (Coley 1983, 1988; Schuldt et al. 2012;
Cárdenas et al. 2014). Plant species with at-
tributes associated with abundant resources
for enemies, such as a large seed mass and high
local abundance, prematurely abscised a larger
proportion of their developing seeds. In addi-
tion to providing a larger food resource, spe-
cies with larger seeds may also be exposed to
pre-dispersal seed enemies for a longer period
of time, as larger seeds take longer to develop
(Moles & Westoby 2003). Locally abundant
plant species are also more likely to be colon-
ised by, and to support larger populations of
host-specific enemies (Pacala & Crawley 1992;
Hanski 2001). In this study, taller plant spe-
cies had higher rates of premature fruit drop.
Canopy trees are likely to have larger seed
crops and be more apparent to seed predat-
ors than understory trees and shrubs (Janzen
1968; Castagneyrol et al. 2013). Both a greater
average height and high local abundance of
conspecifics could increase the ‘apparency’ of
species to seed predators (Feeny 1976). Leaf
herbivory is also known to cause premature
fruit drop (Petzold et al. 2009) and some traits
(e.g. local abundance) which increase appar-
ency to seed predators, probably also increase
apparency to herbivores, possibly contributing
to some of the observed relationships between
plant traits and fruit drop (Floater & Zalucki
2000; Hughes 2012).
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Species which had a temporal overlap in fruit-
ing times with many other species tended to
have higher rates of premature seed abscis-
sion. This contrasts with our prediction that
an abundance of fruit at the wider community-
level would result in the satiation of gener-
alist seed predators, thereby reducing levels
of attack and premature seed abscission. A
greater abundance and diversity of fruits, how-
ever, could support larger populations of gener-
alist seed and fruit predators. This would not
be the case if the enemies triggering prema-
ture fruit drop were host specific, as we know
is the case for at least one pre-dispersal enemy
guild: In a previous study (Gripenberg et al.
2019a), we found that the insect seed predat-
ors of Barro Colorado Island are highly host
specific. Seed predators were reared from seed
samples representing 478 woody plant species.
The majority (80%) of reared seed predators
were associated with only one plant species,
and the remaining 20% were relatively restric-
ted in their host ranges. The positive relation-
ship between temporal overlap in fruit produc-
tion by other species and rates of premature
fruit abscission can possibly be explained by
the fact that species which fruit at the same
time as many other species in our dataset also
fruit for a longer time period (see Figure A.2).
Species that produce fruits for a long period
of time (e.g. several months of the year) may
be more likely to be found by seed predators
(Moles & Westoby 2003).

In line with our predictions, we found that
plant species with greater variation in crop
size between years had lower rates of prema-
ture fruit drop, which could be due to a tem-

porally unstable food resource reducing enemy
populations. Our prediction of a negative re-
lationship between investment in mechanical
seed defences and premature seed abscission
did not yield statistical support, although we
did detect an effect in the predicted direction.
Plants invest approximately the same amount
of biomass in seed defensive structures as they
do in producing embryo and endosperm tis-
sues (Moles et al. 2003). Reducing crop size in
some years and investing in mechanical seed
defences both come at the cost of producing
fewer offspring. If pre-dispersal seed enemies
are causing selection for these traits, given we
found that across the studied plant community
up to 39% of seeds are lost via premature fruit
drop, they could be important selective agents
in tropical forest plants.

Our observation that plant species which were
locally abundant in the 50-ha forest dynam-
ics plot lost more seeds before maturation,
should be of key interest to ecologists inter-
ested in species coexistence mechanisms in di-
verse tropical forests. A long-standing ques-
tion in tropical forest ecology is what allows
so many plant species to coexist in highly di-
verse tropical forest systems (Wright 2002).
A prerequisite for stable coexistence is neg-
ative density-dependence (Chesson 2000): loc-
ally abundant species must have lower popu-
lation growth rates than species that are rare
in the local community. Our analyses suggest
that there might be fitness costs (i.e., higher
pre-dispersal seed mortality) associated with
being a locally common plant species. The fact
that species known to be attacked by special-
ist insect seed predators also exhibited higher
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levels of premature fruit drop further sug-
gests that natural enemies might be causing
negative density-dependence, as envisaged by
the Janzen-Connell hypothesis (Janzen 1970;
Connell 1971). Although current evidence is
circumstantial, our study suggests that pre-
dispersal enemies contribute to negative con-
specific density dependence and possibly to
species coexistence (see also Gripenberg 2018).

While our study suggests that enemy-triggered
premature fruit drop could be a major source
of seed mortality in tropical forests with im-
portant implications for species coexistence,
some caution needs to be taken when interpret-
ing the results presented here. First, our study
uses a correlative approach, and although the
observed relationships between plant species
attributes and patterns of premature fruit
drop could be caused by enemies, there may
be other triggers of premature fruit drop, unre-
lated to enemies, that cause the same relation-
ships. As an example, tree height — which is
hypothesised to increase ‘apparency’ to seed
enemies — also correlates with light availab-
ility. (Nevertheless, the fact that we found a
positive relationship between tree height and
premature fruit abscission suggests that light
limitation is unlikely to be a major driver of
interspecific patterns of premature fruit drop.)
Second, while our study suggests that a sub-
stantial proportion of seeds die as a result of
premature fruit drop that is possibly triggered
by natural enemies, we do not know whether
those seeds would have survived to maturity
in the absence of enemies. It has been sug-
gested that many plant species produce more
flowers and fruits than they can realistically

support through to maturation (Stephenson
1981), to account for the possibility that some
of them will fail to be cross-fertilized. In the
context of tropical forest trees, Ghazoul &
Satake (2009) proposed the ‘sacrificial sibling
hypothesis’ which suggests that rather than
aborting inbred seeds at an early stage, trees
might retain surplus low-quality fruits to act
as sinks for seed predators, diluting the neg-
ative effects of seed predation on overall tree
fitness. Although logistically challenging, ma-
nipulative experiments which measure repro-
ductive output of trees in the presence or ab-
sence of seed predators would be helpful for
the interpretation of our results in the con-
text of plant fitness. Third, it might be argued
that the methodological approach taken in our
study could have overestimated rates of prema-
ture fruit drop, as the displacement of mature
fruits from the canopy by seed dispersers could
potentially result in an inflated proportion of
immature fruits relative to mature fruits in
the traps. However, since we see no reason why
mature seeds would not be just as likely to be
brought into the traps by dispersal agents as
they are to be removed from the canopy above
them, and as we have summed counts of seeds
and fruits collected from traps spread across
the 50-ha plot, we believe that the premature
fruit drop rates quantified in this study are
representative of the reality.

In summary, our study suggests that prema-
ture fruit drop could be a major source of
seed mortality on Barro Colorado Island, and
that pre-dispersal seed enemies may be causing
some of the observed premature fruit drop. Al-
though often overlooked in favour of the better-
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known post-dispersal enemies, enemies which
attack seeds before dispersal could play an im-
portant role in shaping tropical forest com-
munity structure. Our results have hinted that
pre-dispersal enemies could be driving selec-
tion for plant traits and contributing to species
coexistence through stabilising negative dens-
ity dependence. In light of these results, we
encourage ecologists to consider events which
happen in the very earliest life stages of plants
when investigating tropical plant communities.
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3.1 Abstract

Host specific pre-dispersal seed predators have the potential to cause the premature abscission
of developing seeds. If these plant enemies cause greater seed mortality in areas where conspe-
cific seeds are abundant they could alter patterns of seed rain in a way that promotes plant
species coexistence. We used 29 years of fruit drop data for 46 woody plant species in a 50-ha
mapped forest plot in Panama, to determine if spatial patterns of seed mortality associated
with premature fruit drop are dependent on the densities of conspecific plants, fruiting con-
specifics and fruiting heterospecifics. We found that seed mortality increased with conspecific
density and was driven by fruiting conspecifics, but this positive relationship was dampened at
the highest densities of conspecifics, suggesting predator satiation. We found a weak negative
relationship between heterospecific density and seed mortality. Our results are consistent with
the idea that host-specific pre-dispersal plant enemies can influence the reproductive success
of trees in ways that are dependent on the density and identity of surrounding plants.

3.2 Introduction

The high levels of plant diversity found in
many tropical forests have long been puzz-
ling ecologists: highly diverse tropical forests
should not exist under Gause’s law (Hardin
1960) where competition between species lim-
its diversity. Explaining species coexistence re-
mains a central question in tropical forest eco-
logy (Comita & Stump 2020; Terborgh 2020),
and in community ecology more broadly (e.g.
Heinen et al. 2020; Quimbayo et al. 2020). A
wealth of mechanisms have been proposed to
prevent competitive exclusion (Chesson 2000;
Wright 2002). Of these mechanisms, conspe-
cific negative density dependence has received
particular attention in the context of tropical
forest plant communities (Harms et al. 2000;
Peters 2003; Metz et al. 2010). It is a phe-
nomenon whereby individuals surrounded by
many members of their own species are at a
fitness disadvantage in comparison to more
isolated individuals. Such density dependence
can result from a variety of ecological processes

that make individuals perform worse when sur-
rounded by conspecifics rather than by hetero-
specifics (Chesson 2000).

An idea first suggested by Gillett (1962), and
later formalised by Janzen (1970) and Connell
(1971), natural enemies of plants are thought
to be key drivers of conspecific negative dens-
ity dependence in tropical forest plants. If en-
emies are highly specific in their choice of host
plant (e.g. feed on one or only a few species
of plant), they are more likely to find, and
predate upon, plants growing close to mem-
bers of their own species. Isolated plants, or
plants growing in areas of lower overall con-
specific density, are more likely to escape en-
emy attack. Many studies have found support
for these types of Janzen-Connell effects (re-
viewed in Carson et al. 2008; Comita et al.
2014; Comita & Stump 2020; Terborgh 2020).
However, the majority of studies have focused
on the survival of seedlings or seeds that have
already dispersed from the mother plant. Al-
though Janzen himself (Janzen 1970) noted
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that pre-dispersal seed enemies could contrib-
ute to diversity maintenance through conspe-
cific negative density dependence, this possib-
ility has received little attention in the ecolo-
gical literature.

Levels of pre-dispersal seed mortality in trop-
ical trees can be high but are rarely stud-
ied as a source of plant mortality. For ex-
ample, in a recent study (Jackson et al. 2022;
Chapter 2) we found that in the well-studied
tropical forest of Barro Colorado Island (BCI)
in Panama, across 201 woody plant species,
39% of seeds were likely to die because of pre-
mature fruit drop. Such premature fruit drop
can be triggered by a variety of factors, in-
cluding seed predation by insects (Stephenson
1981). Insect seed predators are a group of
plant enemies which often exhibit high levels
of host-specificity in tropical forests (e.g. Bas-
set et al. 2021), including on BCI (Gripen-
berg et al. 2019a). An interesting finding of
our study of interspecific patterns of prema-
ture fruit drop (Jackson et al. 2022; Chapter
2) was that plant species that are abundant in
the woody plant community of BCI suffered
from higher levels of seed mortality through
premature fruit drop than species that are loc-
ally rare. This suggests that premature fruit
drop, possibly triggered by host-specific insect
seed predators, might be a mechanism con-
tributing to the coexistence of tree species in
the plant community of BCI. The question re-
mains whether similar density dependence in
pre-dispersal seed mortality rates also exists
within species, as envisaged by Janzen (1971a).

Few studies have explored the conspecific dens-
ity dependence of premature fruit drop in trop-

ical forests. Working in the 50-ha ForestGEO
plot on BCI, Jones and Comita (2010) assessed
spatial patterns of premature fruit abscission
(likely caused by a Hymenopteran seed pred-
ator) in the canopy tree Jacaranda copaia. In
line with Janzen’s and Connell’s predictions,
fruit abscission rates increased with increasing
densities of conspecific neighbours. However,
this increase was not large enough to cancel
out the positive density dependence of fruit set,
which — in the studied system — was likely a
result of pollen limitation in areas of low con-
specific density. Positive density dependence
can also be promoted via predator satiation at
high conspecific densities (Janzen 1971a; Kelly
1994; Kelly & Sork 2002). Since positive con-
specific density dependence has the potential
to erode diversity (Zahra et al. 2021), the ef-
fect of pre-dispersal seed enemies must have a
net negative effect of density on fruit set for
us to see the diversity-enhancing pattern that
Gillett (1962) and Janzen (1970) predicted at
the community level.

The scarcity of studies on the density depend-
ence of pre-dispersal seed mortality may be
due, in part, to logistical challenges. Compar-
ison of pre-dispersal seed mortality for indi-
viduals in areas of varying conspecific density
requires information on the spatial distribu-
tion of individuals of the focal plant species
over relatively large areas. Mapping tree distri-
butions across large areas of tropical forest is a
vast logistical challenge, requiring time and ef-
fort that is outside the scope of many projects.
In this context, the larger plots within the
ForestGEO network of forest dynamics plots
(Anderson-Teixeira et al. 2015) provide an op-
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portunity to investigate conspecific density de-
pendence over spatial scales largely unexplored
for natural enemies of tropical forest trees. In
these plots (which are typically between 0.25
and 0.5 km2), the location, size, and species
identity of all woody stems >1 cm DBH (dia-
meter at breast height) are recorded every 5
years, providing an excellent resource for test-
ing the extent to which plant mortality relates
to the density of conspecific individuals in the
neighbourhood.

Here, we used data from a long-term study on
seed and fruit fall in the 50-ha ForestGEO plot
on Barro Colorado Island to assess if, and how,
seed mortality through premature fruit drop
varies with the local densities of conspecifics
(all size classes), reproductive-sized conspecif-
ics, and reproductive-sized heterospecific indi-
viduals across 46 tree species. Following predic-
tions by Gillett (1962) and Janzen (1970), we
expect that premature fruit drop will increase
with increasing density of reproductive-sized
conspecifics if pre-dispersal seed predators are
a major driver in causing trees to drop fruits
prematurely (Jackson et al. 2022; Chapter 2).

3.3 Methods

Study site

This study was conducted using data collec-
ted from the permanent 50-ha ForestGEO
forest dynamics plot on Barro Colorado Island,
Panama (BCI; 9◦9’N, 79◦51’W) (Anderson-
Teixeira et al. 2015). BCI is a 16 km2 island
situated in the Panama Canal, which supports
a lowland, moist tropical forest with a 35 m
tall canopy. The forest dynamics plot is a 1

km × 0.5 km section of old growth forest loc-
ated on a plateau in the centre of the island
(Figure 3.1 a). In the plot census conducted
in 2015, 221,527 free-standing woody plant in-
dividuals (trees and shrubs) belonging to 328
species were recorded (Condit et al. 2019).

Figure 3.1: (a) A map showing the location of
the 50-ha ForestGEO plot on BCI. The inset map
shows the location of 450 seed traps within the
plot, which are marked with green points. Map
tiles by Stamen Design, under CC BY 3.0. (b) A
seed trap in the ForestGEO plot on BCI. Photo:
E.E. Jackson.

Assessing premature fruit abscission

Since 1987, seed and fruit production by trees,
shrubs and lianas has been monitored in the
ForestGEO plot through a network of seed
traps. 200 seed traps were established in 1987
and have been continuously monitored. These
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traps are located at 13.5 m intervals on altern-
ating sides 4-10 m from trails along a 2.7 km
network of pre-existing trails within the forest
dynamics plot (Figure 3.1 a). Between June
2002 and June 2004, 50 traps were added in
naturally occurring tree fall gaps within the
plot and have been monitored since. In March
2011, 200 traps were added 2 m away from
each of the original 200 traps and were mon-
itored for 23 months (Figure 3.1 a). Each seed
trap consists of a mesh sheet (1 mm mesh size)
attached to a 0.5m2 PVC frame. The mesh is
suspended 80 - 100 cm above the ground by
PVC posts (Figure 3.1 b). Seeds, fruits and
other reproductive material that fall in the
traps are collected on a weekly basis, counted
and identified to species. Seeds and fruits are
categorised as mature (endosperm of seeds is
fully developed) or immature (endosperm is
not fully developed) (Wright et al. 1999). For
some animal dispersed species, the number of
‘capsules’ are also recorded. Here, capsules are
defined as a part of the fruit which is not eaten
by animals and is dropped from the canopy as
the fruit is being consumed. Botanically, cap-
sules could refer to a capsule, pedicel or bract
and each count of a capsule corresponds to a
single fruit count (i.e. if a fruit has three cap-
sule parts, three capsule parts from that spe-
cies would be counted as one capsule). From
dropped capsules we can estimate the num-
ber of mature fruits consumed by vertebrates,
since in Panama, animal dispersal agents are
not likely to eat unripe fruits and usually con-
sume the fruit at the location where it is found
(e.g. capuchins Rowell & Mitchell 1991).

To assess premature fruit abscission rates for

each species in each trap, we extracted the
total sums of immature and mature seeds in
each trap for each year, using data from 1988
to 2017 inclusive. Seed counts equal the sum
of individual seeds plus seeds inside fruits col-
lected in the traps, the latter was obtained
by multiplying fruit counts by known species-
specific seed-to-fruit ratios. Seed-to-fruit ra-
tios were calculated as the means obtained
from dissections of five mature fruits from
five individuals of each species (n = 25 fruits
per species; S. J. Wright, unpublished data).
For species for which it was possible to es-
timate the number of mature fruits consumed
by seed dispersers based on capsules in the
seed traps, either the number of capsules or
the number of individual seeds was added to
the count of mature seeds from within fruits,
whichever was larger. This approach was taken
to avoid double counting, since some of the in-
dividual seeds may have originated from the
same fruit as the capsule. Premature fruit ab-
scission rates at the location of the seed trap
were approximated as the proportion of the
total number of seeds found in the trap that
were immature. We removed animal dispersed
species for which we were not able to recon-
struct mature fruit counts based on capsules
from the data set. We also excluded dioecious
species, since we did not have information on
which individuals in the ForestGEO plot were
fruit-bearing females. This resulted in a data
set of 46 species (Table B.1). Across these
species, a total of 1,293,846 seeds (individual
seeds, or seeds inside dropped fruits) were re-
corded in the traps during the 29 year time
period. For the species included in the ana-
lyses, we assume that the probability of a seed
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or fruit falling into the trap once detached from
the parent tree is the same for mature and
immature fruits and seeds. Data points were
omitted from the dataset if the sum of fruits
plus individual seeds collected in a trap was
less than three for a particular species in a
given year. We deemed that less than three
counts would give an unreliable estimate of
proportion abscised.

Estimating local tree densities

To determine the local densities of tree species
included in our study, we used data from tree
censuses of the forest dynamics plot conducted
every 5 years from 1990 to 2015 (Condit 1998;
Condit et al. 2019). In each census, the species
identity, coordinates (accurate to 0.5 m), and
diameter at breast height (DBH, measured at
1.3 m above the ground) were recorded for all
free-standing woody plants larger than 1 cm
in DBH (Condit 1998).

For years in the seed trap data in which no
census of trees took place, we used tree distri-
bution data from the most recent census year
when assessing the densities of individuals in
the forest dynamics plot. In other words, we
assumed individual trees remained alive and
had no notable change in DBH for two years
either side of each census. For example, seed
fall data from 2013, 2014, 2015, 2016 and 2017
were matched to 2015 plot survey data. The
rate of tree mortality on BCI is approximately
2% per year (Condit et al. 1995), so our estim-
ates of local tree densities matched to the trap
data are likely to be accurate.

We used a spatial connectivity index to assess
the density of individual trees at the location

of each seed trap. The connectivity index pro-
posed by Hanski (1994) accounts for both the
size of, and distance to, conspecific individuals
within the forest dynamics plot. Connectivity
is additive and decays with distance, providing
more biological realism than simpler models
(Smith 2022). Similar indices have been used in
previous studies to estimate habitat connectiv-
ity from the perspective of plant enemies (e.g.
Comita et al. 2010). We calculated connectiv-
ity at the location of each seed trap in every
year and for each plant species as

Si =
∑

exp(−αdistji)Ab
j (3.1)

, where Si is the connectivity of trap i, Aj is
the DBH (in mm) of tree j and distji the dis-
tance (in m) from tree j to the seed trap i.
α is a measure of the hypothesised dispersal
ability (1/average dispersal distance in m) of
host-specific enemies associated with seeds of
the focal tree species. DBH has been shown
to scale linearly with fruit production in trop-
ical trees (Chapman et al. 1992) and is there-
fore a suitable parameter to describe the ‘size’
of the habitat patch, Aj , from the perspect-
ive of a pre-dispersal seed enemy. We chose
the scaling parameter for emigration, b, at 0.5
according to the assumptions of Moilanen &
Nieminen (2002), who suggested that the ratio
of patch edge to patch size decreases with A0.5.
Dispersal distances of tropical seed predators
are unknown; we therefore fit eight models
covering a range of α values, corresponding
to average dispersal distances of 5, 10, 20, 30,
40, 50, 60 and 70 m. We compared the pre-
dictive accuracy of each model using approx-
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imate leave-one-out cross-validation in the R

package loo (Vehtari et al. 2017; Yao et al.
2018; Vehtari et al. 2023). The models with
connectivity calculated assuming an average
migration distance of 20 m and 10 m had the
highest expected log predictive density and the
difference in predictive accuracy between the
two models was negligible (Figure B.1). We
chose to use the model where the average mi-
gration distance is 20 m, corresponding to α

= 0.05. Distance decay parameters similar to
α have been estimated at BCI previously as
0.2 (5 m) (Comita et al. 2010) and 0.07 (15 m)
(Hubbell et al. 2001). Although tree-associated
insects are likely to vary in their dispersal abil-
ities, the exact choice of α has been shown to
have a relatively small impact on Si (Moilanen
& Nieminen 2002), and comparisons of para-
meter estimates from our eight fitted models
show that our choice of α had little effect on
our results (Figure B.2). We removed traps
from the dataset if they were closer than the
average migration distance (20 m) from the
edge of the plot since we could not accurately
predict connectivity with missing data.

We calculated three different connectivity es-
timates. The first included all reproductive-
sized conspecifics and was used to assess the
effect of conspecific fruit density on premature
fruit drop. The second included all conspecifics
regardless of size, but with DBH >3 cm, since
there were many very small (<3 cm DBH) indi-
viduals in the dataset which made the compu-
tational load challenging. Connectivity to all
conspecifics was calculated to ascertain if any
effects were due to the density of conspecific
trees per se rather than the density of fruits

(such effects could indicate that agents causing
premature fruit drop respond to other, species-
specific cues than the fruits themselves). Fi-
nally, we calculated a connectivity estimate
which included all reproductive-sized hetero-
specifics in the data set to determine if any
effect on premature fruit drop was due to fruit
densities regardless of species, as would be ex-
pected if generalist seed predators were caus-
ing premature fruit drop.

Reproductive-sized trees were identified based
on known relationships between DBH and the
onset of reproduction. For tree species at BCI,
81% of interspecific variation in reproductive
size thresholds can be explained by

R50 = 1
2Dmax (3.2)

, where R50 gives the size at which individuals
have a 50% probability of being reproductive
and Dmax is the maximum diameter of each
species (Visser et al. 2016), calculated as the
mean DBH of the largest six individuals recor-
ded in the forest dynamics plot censuses. In
the context of our analyses, individuals with
a DBH lower than the size at which they have
a 50% probability of being reproductive (R50)
were classed as non-reproductive.

Modelling the relationship between con-
nectivity and premature fruit abscission

We used three separate Bayesian hierarchical
models to assess the relationships between
premature fruit abscission and density of
reproductive-sized conspecifics, all conspecif-
ics and reproductive-sized heterospecifics. All
models were structured identically with only
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the type of connectivity index differing
between the three models. In each model, the
proportion of seeds prematurely abscised due
to premature fruit drop was modelled as a func-
tion of connectivity (a population-level effect).
To account for non-independence of observa-
tions within the data, year, trap and quad-
rat (a 50m × 50m subplot within the forest
dynamics plot within which a trap was loc-
ated) were modelled using group-level (‘ran-
dom’) intercepts while the slope of the relation-
ship between premature fruit abscission and
connectivity was allowed to vary between spe-
cies (intercept and slope). Our response data
are bounded at zero and one, and inflated at
zero, where seeds within a trap can be all im-
mature (1) or all mature (0). We decided to
model these values explicitly with a Zero One
Inflated Beta (ZOIB) model, as its assump-
tions better match observed features of the
data than other approaches (Ospina & Fer-
rari 2008, 2012). ZOIB models use a beta dis-
tribution for responses within the closed (0,
1) interval, and a Bernoulli distribution for
the binary 0, 1 responses. Under this type of
model, predictors can affect either or both the
continuous responses (in terms of their spread)
and binary responses (in terms of proportions)
(Ospina & Ferrari 2012). We fitted the models
using the Hamiltonian Monte Carlo (HMC)
sampler Stan (Carpenter et al. 2017), inter-
faced through the R package brms (Bürkner
2017, 2018) with four chains and 5,000 itera-
tions with an additional 2,000 as a warmup.
For all parameters we used prior distributions
that are the default setting in the brm func-
tion; uninformative priors for population-level
effects and a half student-t prior with a loc-

ation of zero, three degrees of freedom and
scale parameter of 2.5 for the population-level
intercept and the group-level effects. We char-
acterised the goodness-of-fit of models by con-
ducting posterior predictive checks (Figures
B.3 a, B.4 a, B.5 a). We verified that the Gel-
man–Rubin convergence statistic (R̂) <1.1 for
all models, indicating good mixing of the four
HMC chains (Gelman & Rubin 1992; Figures
B.3 b, B.4 b, B.5 b). Visual inspection of the
chains showed convergence to a common tar-
get and there were no divergent transitions
after warm-up (Figures B.3 c, B.4 c, B.5 c).

3.4 Results

81% of trap × year × species combinations
contained only mature seeds, and 6% con-
tained only immature seeds. Excluding these
zero and one values, the median proportion of
immature seeds in a trap across the 46 species
was 50%. Estimated connectivity values var-
ied 197-fold for reproductive-sized conspecifics,
651-fold for all conspecifics and 288-fold for re-
productive heterospecifics, indicating that the
greatest range of densities was seen when in-
cluding all conspecifics regardless of size.

The proportion of immature seeds found in
the traps increased with the traps’ connectiv-
ity to reproductive-sized conspecific trees, but
only to some extent. At highly connected traps
(connectivity greater than 50), the proportion
of prematurely abscised seeds plateaued at
around 40-50% (Figure 3.2 a). A similar re-
lationship was found between the rate of seed
abscission and a trap’s connectivity to all con-
specifics (reproductive and non-reproductive
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Figure 3.2: The relationship between the proportion of immature seeds in a trap and the density of
reproductive-sized conspecifics (orange), all conspecifics (blue), and reproductive-sized heterospecifics
(green) at that location. In the left-hand side panels (a - c), each black point corresponds to a unique
trap × year × species combination. The solid line represents the median of 1000 draws from the
expectation of the posterior predictive distribution with transparency corresponding to the density of
draws. In the larger right-hand side panel (d) each of the models has been used to predict immature
seed proportions for the same range of connectivity values. The solid lines represent the median of 1,000
draws from the expectation of the posterior predictive distribution and the transparent area represents
the 95% confidence interval.
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individuals larger than 3 cm DBH) (Figure 3.2
b). The initial rate of increase in the propor-
tion of immature seeds with overall connectiv-
ity was weaker than for reproductive conspe-
cifics. The relationship between the rate of
premature seed abscission and connectivity to
reproductive-sized heterospecifics was differ-
ent in both direction and shape to conspecific
connectivity, with a weak negative relation-
ship across the observed range of connectiv-
ities (Figure 3.2 c).

3.5 Discussion

Our analysis of a large data set on patterns
of seed and fruit fall in a community of trop-
ical forest plants demonstrates that conspecific
density-dependent seed mortality can, as pre-
dicted by Janzen (Janzen 1970), operate be-
fore seeds are dispersed from their parent tree.
The proportion of seeds that were prematurely
dropped increased sharply with increasing con-
nectivity to conspecific adult individuals be-
fore levelling off. The rate of premature seed
abscission showed a weak negative relationship
with connectivity to reproductive-sized hetero-
specific individuals. Whilst we cannot confirm
that immature seeds and fruits were dropped
due to the action of host-specific plant enemies
(Jackson et al. 2022; Chapter 2), the pattern of
conspecific density dependence in seed mortal-
ity revealed by our study supports this theory.

Our findings agree with many other studies,
some of them conducted on BCI, which have
found positive relationships between conspe-
cific densities and the mortality of dispersed
seeds or seedlings (Hubbell et al. 2001; Comita

et al. 2010; Comita et al. 2014). Our results
differ from the majority of these studies in
the shape of the response, with seed mortal-
ity levelling off at high conspecific densities.
While most empirical studies predict a gen-
eral increase in survival with conspecific dens-
ity, enemies are unlikely to respond linearly
to resource densities (Bachelot et al. 2016).
The role of predator satiation in determin-
ing patterns of seed survival through reduced
predation at high densities was mentioned in
Janzen’s seminal paper (1970). Satiation is
most often explored in terms of its temporal
aspect, where the synchronous reproduction
of individuals in a population can enable a
larger proportion of seeds to escape attack
from specialist enemies (Kelly 1994; Kelly &
Sork 2002). However, satiation can also occur
without masting, across a spatial gradient of
density (Augspurger & Kitajima 1992; Ham-
mond & Brown 1998). Although the Janzen-
Connell and predator satiation hypotheses are
sometimes held in opposition (e.g. Xiao et al.
2017), they are not mutually exclusive and
could explain the patterns of seed mortality
seen in our study.

The relationship between seed mortality and
connectivity to all conspecific trees (regard-
less of whether the trees were in the repro-
ductive size range) was similar to the rela-
tionship based on connectivity of reproductive-
sized conspecifics only. It is worth noting that
the two types of connectivity measures are
not independent of each other: reproductive-
sized individuals are included in the calcu-
lations of total connectivity and the correla-
tion between the two connectivity measures
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is strong and positive (Pearson’s correlation
coefficient, r = 0.72). Given that reproductive-
sized individuals are the largest individuals
in the population they will likely be driv-
ing patterns of total connectivity, and the re-
lationship between seed mortality and con-
nectivity to all conspecific trees is therefore
plausibly explained by host-specific seed en-
emies which are attracted to reproductive-
sized trees specifically. That being said, there
are other mechanisms which could cause sim-
ilar patterns. Foliar herbivory can trigger pre-
mature fruit drop by reducing the amount of
resources available to the plant (Stephenson
1980, 1981; Mehouachi et al. 1995; Petzold
et al. 2009). Where host-specific herbivores
respond to local host-densities (e.g. Blundell
& Peart 1998; Norghauer et al. 2006), foliar
herbivory could potentially lead to patterns
of premature fruit drop such as those docu-
mented in this study. To understand the exact
mechanisms causing documented patterns of
density dependence, detailed studies focusing
explicitly on patterns of enemy attack are ul-
timately needed (e.g. Jones & Comita 2010;
Chapter 4).

The observation that pre-dispersal seed
mortality decreased with connectivity to
reproductive-sized heterospecific trees could
potentially result from a negative relation-
ship between the connectivity of conspecific
and heterospecific individuals: in parts of
the forest where reproductive-sized conspe-
cifics are common, there might be fewer
reproductive-sized heterospecifics. The lack of
correlation between the two sets of connectiv-
ity values (Pearson’s correlation coefficient,

r = -0.06) suggests that alternative mechan-
isms are needed to explain the relationship
between pre-dispersal seed mortality and the
connectivity of reproductive-sized heterospecif-
ics. One possible explanation could involve the
foraging behaviours of specialist plant enemies
(e.g. seed predators and leaf herbivores that
trigger premature fruit abscission). The prob-
ability of a plant being found by herbivores is
known as plant apparency (Feeny 1976), and
unapparent plants might therefore suffer fewer
attacks (Endara & Coley 2011). Herbivores
locate host plants via a range of visual and
chemical cues. Surrounding non-host plants
can sometimes interfere with host location, es-
sentially ‘hiding’ the plant individual from for-
aging insects (Floater & Zalucki 2000; McNair
et al. 2000; Jactel et al. 2011; Dulaurent et al.
2012). Tree individuals surrounded by many
large heterospecifics may therefore be less ap-
parent to host-specific enemies, resulting in re-
duced premature fruit drop in areas with high
densities of heterospecifics.

While we tried to include as many species as
possible in our analyses, various biological and
methodological considerations meant that only
a subset (14%) of the species that occur in the
ForestGEO plot were included. One bias of
our study is the overall focus on species that
are relatively common in the plot: rare species
and species which generally produce few fruits
and seeds are likely under-represented, since
the chance of them falling into a seed trap
is lower. The strength of conspecific negative
density dependence can depend on the relat-
ive abundance of a species, with rarer species
sometimes showing stronger patterns of con-
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specific negative density dependence (Comita
et al. 2010 data reanalysed by Detto et al. 2019;
Johnson et al. 2012). If this is the case for pre-
dispersal seed mortality, we might expect the
documented patterns of conspecific negative
density dependence to have been even stronger
if rarer species had been better sampled. While
it would have been interesting to explore the
relationship between species abundances and
the strength of density dependence in our
data set, preliminary analyses suggested that it
would be difficult to generate accurate species-
specific predictions with the available data.

In summary, the results of our study demon-
strate a net negative, non-linear pattern of con-
specific density dependence in pre-dispersal
seed mortality. In one of the first studies assess-
ing density dependence of pre-dispersal seed
mortality, we show that patterns are consist-
ent with both the Janzen-Connell and pred-
ator satiation hypotheses. Conspecific density-
dependent patterns of seed survival acting at
the pre-dispersal stage can directly influence
the distribution of dispersed seeds on the forest
floor (Janzen 1970), with potential implica-
tions for post-dispersal patterns of seed sur-
vival and ultimately plant recruitment (Craw-
ley & Long 1995; Crawley 2000; Kolb et al.
2007; Sunyer et al. 2015). To build a compre-
hensive understanding of the processes determ-
ining spatial patterns of plant recruitment and
species diversity maintenance, pre-dispersal
seed mortality in tropical forests merits fur-
ther investigation.
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4.1 Abstract

Conspecific density-dependent processes acting at early stages in the life of a tree are thought
to play an important role in determining spatial patterns of plant recruitment, and ultimately
community structure. High densities of flowers and fruits attached to adult trees can attract
both pollinators and pre-dispersal seed predators, resulting in contrasting density-dependent
effects on seed production and survival. We studied the density dependence of fruit set and pre-
dispersal seed mortality caused by an insect seed predator in the canopy tree Jacaranda copaia
(n = 90) across a 15.6 km2 island of tropical forest in Panama. We did not find any relationships
between individual fruit set or fruit size and the local density of conspecific adult trees. On
average, 16% of seeds were dropped prematurely due to insect attack. Premature fruit drop
rates varied across the population with highly fecund individuals suffering higher levels of insect
attack. At the wider population level this pattern was reversed, with seed predation showing a
negative relationship with the local density of conspecific trees, potentially indicating satiation
of predators at the population scale. Our results, which differ from those from a similar study
carried out at a smaller spatial scale, caution against the assumption that density-dependent
processes detected at one spatial scale will hold if investigated at other spatial scales.

4.2 Introduction

Of the many mechanisms proposed to promote
plant species coexistence in diverse tropical
forests, conspecific negative density depend-
ence (CNDD) — i.e. the idea that individuals
fare worse when surrounded by members of the
same species — has received substantial atten-
tion (Wright 2002). The reduced survival of
seeds and seedlings at high conspecific densit-
ies is now well documented (Harms et al. 2000;
Peters 2003; Metz et al. 2010; LaManna et al.
2022) and evidence is accumulating that host-
specific plant enemies, such as pathogens and
insects which congregate where their hosts are
abundant, can drive these patterns (Bagchi et
al. 2014; Comita et al. 2014).

Although diversity-promoting CNDD driven
by specialist enemies (often referred to as
Janzen-Connell effects, Janzen 1970; Connell

1971) can happen at any stage of the plant life
cycle, the scientific literature is dominated by
studies assessing conspecific density depend-
ence in the mortality of saplings, seedlings,
and seeds that have already dispersed from
the mother plant (Packer & Clay 2000; Hille
Ris Lambers et al. 2002). The scarcity of stud-
ies on pre-dispersal seed mortality is somewhat
surprising given that Gillett, who first raised
the possibility of specialist enemies contrib-
uting to diversity-enhancing CNDD, used a
system involving a pre-dispersal insect seed
predator to illustrate his idea (Gillett 1962).
While Janzen in his seminal paper (1970) also
discussed the potential diversity-enhancing ef-
fects of pre-dispersal seed predators, tropical
forest ecologists have paid much less attention
to pre-dispersal seed mortality compared to
post-dispersal mortality (Gripenberg 2018).
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Figure 4.1: Conspecific density of adult Jacaranda
copaia on Barro Colorado Island. Panel (a) is a
histogram of calculated connectivity values for in-
dividual reproductive J. copaia: in the 50-ha forest
dynamics plot, n = 39 (blue), sampled in this study,
n = 90 (orange), and all other adult J. copaia
across the island, n = 884 (green). Panel (b) is
a map of Barro Colorado Island coloured by dens-
ity of J. copaia individuals, with lighter (yellow)
colours indicating high density and darker (purple)
colours indicating low density. The rectangle out-
lined in red indicates the location of the 50-ha plot.

In one of the few studies to have investig-
ated the density dependence of pre-dispersal
seed mortality, Jones & Comita (2010) ex-
amined density dependence in fruit set and
insect-mediated premature fruit drop in Ja-
caranda copaia in 50 hectares of lowland trop-
ical forest in Panama (the 50-ha ForestGEO
plot on Barro Colorado Island; Anderson-
Teixeira et al. 2015). They found that al-
though pre-dispersal seed predators increased
seed mortality in a density-dependent pattern

consistent with the predictions of the Janzen-
Connell hypothesis, this effect was not large
enough to counteract increased fruit set in
areas of high conspecific density. This resulted
in a net positive density-dependent pattern in
realised reproductive output (i.e. the produc-
tion of healthy seeds). The authors attributed
the positive density-dependent pattern in fruit
set to increased pollination success, whereby
pollinators are attracted to high density areas.
Such ‘reverse Janzen-Connell effects’, where
host-specific mutualists increase the abund-
ance or performance of plant species where
they are common, could theoretically reduce
community diversity (Zahra et al. 2021).

While the study by Jones & Comita did not
reveal any clear evidence suggesting that host-
specific insect seed predators are likely to play
a major role in suppressing reproductive out-
put of J. copaia at high densities, it would be
premature to conclude that density-dependent
patterns of insect-inflicted seed mortality with
potential effects on tree diversity maintenance
do not operate in other contexts or at other
spatial scales. Many ecological processes are
scale dependent, and patterns documented at
one scale might not hold across other spatial
scales (Wiens 1989; Levin 1992; Chave 2013).
In the context of insect-plant interactions, the
scale at which any density-dependent patterns
will be apparent is likely to be dependent on
the dispersal abilities and foraging decisions
of insects in response to spatial variation in
resource densities (Gripenberg et al. 2014).
Moreover, if host abundances vary across the
landscape, the range of host densities cap-
tured in a small-scale study might not reflect
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the wider range of host densities that enemies
might experience.

In this study we investigated whether the pat-
terns of pre-dispersal seed predation and fruit
set previously documented by Jones & Comita
(2010) hold when expanding the spatial scale
to an area over 30 times larger (15.6 km2)
than the original study area (the entirety of
Barro Colorado Island), and encompassing a
much wider range of Jacaranda copaia densit-
ies than can be found in the 50-ha ForestGEO
plot (Figure 4.1). We quantified pre-dispersal
seed predation and fruit set for 90 individu-
als across the island using protocols identical
to the study conducted by Jones & Comita
(2010). We used maps created from island-wide
high resolution aerial imagery to quantify local
densities of reproductive J. copaia across the
study area. Given the wider range of conspe-
cific densities in the surrounding of our focal
trees, and the potential for metapopulation-
level processes to drive patterns of insect at-
tack at this larger spatial scale (Gripenberg &
Roslin 2005), we predicted that any effects of
conspecific density on insect attack would be
more pronounced than in the original study
by Jones & Comita (2010).

4.3 Methods

Site and species description

We conducted field surveys for our study in
October and November of 2022 on Barro Col-
orado Island (BCI), Panama. The 15.6 km2 is-
land is situated in Gatun Lake in the Panama
Canal and is a protected area of lowland trop-
ical rainforest with a long history of ecological

research (Muller-Landau & Wright In press).
Receiving an average of 2,600 mm of rain-
fall per year, BCI has a pronounced dry sea-
son between late December and June (Wind-
sor 1990), in which many canopy tree species
flower.

Figure 4.2: Aerial images of BCI from February
2023 provided by H. C. Muller-Landau and collec-
ted by drone pilot Milton Garcia. Reproductive J.
copaia can be identified by conspicuous blue-purple
flowers.

Jacaranda copaia (Bignoniaceae) is a pioneer
tree species reaching a height of up to 45 m
and a typical trunk diameter (DBH) of up to
50 cm (Croat 1978). It is common across the
Neotropics and on BCI, with 309 individuals
(≥1 cm DBH) recorded within the island’s
50-ha forest dynamics plot in 2015 (Condit
et al. 2019). Seedlings exhibit strong canopy
gap dependence and J. copaia is one of the
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most light-demanding species on BCI (Brokaw
1987; Wright et al. 2003). Only upon reach-
ing the upper canopy of the forest, at a size
of approximately 20 cm DBH (Wright et al.
2005a), will individuals attempt reproduction.
The J. copaia population on BCI produces a
conspicuous blue-purple floral display between
February and May (Figure 4.2), at the peak
of the dry season. Flowering among individu-
als is synchronised only as to season (Gentry
1974). Jacaranda copaia employs a ‘cornu-
copia’ pollination strategy whereby individu-
als produce many flowers each day over several
weeks, primarily attracting medium-sized sol-
itary bees (Gentry 1974; Maués et al. 2008).
Jacaranda copaia is self-incompatible, as is typ-
ical among tropical Bignoniaceae, and can be
strongly pollen limited (Jones & Comita 2008;
Maués et al. 2008). On BCI the fruits ma-
ture from July to September. The mature fruit
is a bivalved dehiscent capsule (Figure 4.3 a)
which opens in the canopy to release 200-300
flat winged seeds per locule (unpublished data,
S. J. Wright), the majority of which disperse
within 1 km from the mother tree (Jones et
al. 2005; Jones & Muller-Landau 2008; Wright
et al. 2008). Approximately 70% of J. copaia
fruits are aborted prematurely in BCI’s 50-ha
forest dynamics plot, but this figure can vary
substantially between years (Jones & Comita
2008; Jackson et al. 2022; Chapter 2). Imma-
ture fruits are on average 50 mm smaller than
mature fruits and do not dehisce (Figure 4.3
c; Figure C.2). The empty dehisced capsules
and aborted immature fruit fall to the forest
floor and can remain intact for up to one year
(Jones & Comita 2010).

Figure 4.3: Jacaranda copaia capsules collected on
Barro Colorado Island. (a) mature non-predated
capsules, (b) capsules which have been predated
by a Chalcid wasp (Hymenoptera: Chalcidiodea)
and (c) capsules which have fallen from the par-
ent tree when still immature. In predated capsules
the septum is curved and locules are asymmetrical.
The unit of measurement on the tape pictured at
the top of the image is centimetres.

A Chalcid wasp (Hymenoptera: Chalcidiodea)
is known to predate J. copaia seeds on BCI
(Jones & Comita 2010). The wasp infests cap-
sules in the canopy as the fruit is maturing.
Between five and ten larvae consume the seeds
and pupate within the capsule, causing in-
fected locules to deform into a characteristic
woody gall (Figure 4.3 b) (Jones & Comita
2010). Infected fruits do not dehisce but fall
from the canopy prematurely in May and June
(F. A. Jones pers. comm.). Predation of fruits
by the Chalcid wasp results in the death of all
seeds within the capsule either through direct
consumption or premature abscission (Jones
& Comita 2010).
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Figure 4.4: Map of adult Jacaranda copaia on
Barro Colorado Island, Panama. Reproductive in-
dividuals are marked with points (n = 1,016).
Trees which were selected for sampling are addi-
tionally marked with crosses (n = 90), where cross
size is scaled with connectivity. Map tiles by Sta-
men Design, under CC BY 3.0.

Fecundity and predation estimation

We estimated the fecundity and levels of insect
seed predation on J. copaia individuals distrib-
uted across BCI. We located potential survey
trees from an estimated 1,016 reproductive
sized J. copaia individuals on BCI (Garzon-
Lopez et al. 2013) using two approaches: first,
in late September and early October 2022, we
walked the entire trail network of BCI, oppor-
tunistically looking for J. copaia individuals
(J. copaia capsules on the ground, conspicu-
ous canopies, distinctive bark). Through this
approach, we located 62 easily accessible adult
individuals (<20 m from a trail). To achieve a
broader coverage of the island, and to ensure
we included a sufficient number of the most
isolated individuals, additional trees were loc-
ated with the help of preexisting maps, con-
structed from aerial photographs by Garzon-

Lopez et al. (2013). In total, 90 individuals
were located and used in our study using these
two approaches (Figure 4.4).

Between 29th October and 26th November
2022, we visited selected trees to assess fecund-
ity (total count of capsules, regardless of their
size and shape) and levels of attack by the
Hymenopteran insect seed predator (propor-
tion of galled capsules). Following methods
in Jones & Comita (2010), we sampled fallen
capsules along four transects, one in each car-
dinal compass direction from the centre of the
tree’s canopy to its edge. Since it was often
difficult to see the extent of the canopy from
the forest floor, we estimated canopy radius
(m) as r = 0.63 + (0.009 × DBH /mm) fol-
lowing known allometric relationships between
crown radius and DBH for J. copaia on BCI
(unpublished data, H. C. Muller-Landau; Fig-
ure C.1). Canopies of J. copaia do not overlap
with conspecific or heterospecific canopies due
to shade avoidance (Wright et al. 2005a). We
placed a 0.5 × 0.5 m PVC quadrat at each
metre along the transect and collected any J.
copaia capsules within the quadrat. To assess
whether the size of mature capsules depended
on conspecific density, we measured collected
capsules along the septum using callipers. In
cases where the septum was not straight, we
used string to follow its shape. We classified
capsules as immature, predated by the Hymen-
opteran seed predator, or mature. Predated
capsules were identified by having asymmet-
rical locules and a curved septum and/or a
distorted shape with knobbly galls (Figure 4.3
b). Symmetrical fruits were categorised as im-
mature if they were less than 55 mm long,
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otherwise they were classed as mature (Fig-
ure 4.3 a, c; Figure C.2). Classification of cap-
sules into these groupings was confirmed as
consistent with classifications used in Jones &
Comita (2010) (F. A. Jones pers. comm.). To
calculate an estimate of the total fruit set for
each individual (individual fecundity), we first
summed the number of capsules (mature, im-
mature, and predated) sampled from beneath
its canopy and divided this by area sampled.
We then multiplied this figure by the total
canopy area of the individual, estimated as
A = πr2. To estimate realised fecundity, we
used the same process, but included only ma-
ture capsules. Single halves of capsules were
included in summed counts as 0.5 of a capsule.

Conspecific density estimation

The location and individual crown area of fruit-
ing J. copaia individuals on BCI was determ-
ined using pre-existing maps, derived from
high-resolution aerial digital photographs as
published by Garzon-Lopez et al. (2013) and
described therein. The J. copaia crown maps
were determined to have an accuracy of 76%
(Garzon-Lopez et al. 2013). Photographs were
taken in 2005 and 2006. The rate of tree mor-
tality on BCI is approximately 2% per year
(Condit et al. 1995). Although some mapped
trees are likely dead at the time of sampling,
the overall patterns of local J. copaia densities
across the island are unlikely to have substan-
tially changed.1

We used a connectivity index developed by
Hanski (1994) to estimate how connected our

focal trees were to conspecifics from the per-
spective of a seed predator or pollinator. In-
dices which take into account the size of the
focal patch and the distances to and sizes of
potential source patches are better at detect-
ing neighbourhood effects than simpler nearest
neighbour measures (Moilanen & Nieminen
2002). Additionally, if seed mortality increases
with the local abundance of natural enemies
that disperse from nearby conspecific trees, an
‘additive-distance-decay’ model (as described
here) captures more biological realism than
simpler non-additive or fixed distance models
(Smith 2022). Connectivity was calculated as

Si =
∑
j ̸=i

exp(−αdistji)Ab
j (4.1)

, where Si is the connectivity of tree i, Aj is the
crown area (in m2) of conspecific tree j, and
distji the distance (in m) from conspecific tree
j, to the focal tree i. α is a measure of dispersal
ability (1 / average migration distance in m)
and b is a parameter, which scales the size of
surrounding habitat patches. Crown area cor-
relates with DBH in J. copaia (Figure C.1),
and DBH scales linearly with fruit production
in tropical trees (Chapman et al. 1992). Crown
area is therefore a suitable parameter to de-
scribe the ‘size’ of the habitat patch, Aj , from
the perspective of an insect associated with
J. copaia. We selected α = 0.008, which cor-
responds to an average migration distance of
120 m. We estimated α by comparing AIC for
models fitted with different values of α (Fig-
ure C.3). We chose the scaling parameter for

1New aerial imagery were collected in February and March 2023. Maps of J. copaia are currently being
constructed by some of the authors of this study, but were not completed in time to be included in this thesis.
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emigration, b, at 0.5 according to the assump-
tions of Moilanen & Nieminen (Moilanen &
Nieminen 2002), who suggested that the ratio
of patch edge to patch size decreases with A0.5.

Fecundity and predation modelling

We analysed the effect of individual fecund-
ity and connectivity on predation rate using
a Bayesian logistic model with a zero-inflated
binomial response distribution. The number of
successes was equal to the number of predated
fruits and the number of trials was equal to the
total number of fruits. Individual tree fecund-
ity, connectivity and their interaction were in-
cluded as predictor variables. There was no
evidence of spatial autocorrelation in preda-
tion rate (Figure C.4), so potential corrections
for spatial non-independence of data points
were not considered necessary.

To test whether pre-dispersal predation might
negate a hypothesised positive effect of neigh-
bours on fruit set (following Jones & Comita
2010), we investigated the effect of connectivity
on individual fecundity (estimated total fruit
set) and the effect of connectivity on realised
fecundity (estimated number of mature cap-
sules only). These two models were construc-
ted as Bayesian models with negative bino-
mial response distributions since the response
data are discrete and overdispersed. As hypo-
thesised by Jones & Comita (2010), if negat-
ive density-dependent predation is sufficiently
strong to offset positive density-dependent
fruit set, we expect any connectivity effect
on the total number of capsules to no longer
be positive when analysing only mature, non-
predated capsules.

Finally, to examine whether greater connec-
tedness to conspecifics resulted in the produc-
tion of larger healthy fruits and whether fruit
size correlated with individual fecundity, we
modelled capsule length (of mature capsules
only) as a function of connectivity, individual
fecundity and their interaction, with tree indi-
vidual as a random effect. We used a Bayesian
model with a lognormal response distribution
as the response data are continuous and non-
negative.

To facilitate model convergence and interpret-
ation of posterior parameter estimates, we
scaled all predictor variables to a mean of zero
and variance equal to one standard deviation
in all models. The predictor variables were
given weakly informative normal priors with
a mean of zero and standard deviation of one.
For the population-level intercept we used the
default prior provided by the brms package:
a half student-t prior with a location of zero,
three degrees of freedom and scale parameter
of 2.5.

All analyses were conducted in R (version
4.0.5, R Core Team 2021). The Bayesian mod-
els were implemented using the Hamiltonian
Monte Carlo (HMC) sampler Stan (Stan De-
velopment Team 2022), interfaced through the
R package brms (Bürkner 2017, 2018). We used
posterior predictive checks to assess the global
fit of the models to the data (Figures C.5 a, C.6
a, C.7 a, C.8 a). We ran four parallel chains for
each model. The initial values for the chains
were chosen at random within a reasonable
range, as is default in brms. Each chain was
run for 12,500 iterations with a burn-in phase
of 500 iterations. We checked for convergence
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by visually inspecting the chains and verifying
that R̂ was below 1.01 for all parameters of the
fitted models (Figures C.5 b, c, C.6 b, c, C.7
b, c, C.8 b, c). We present median estimates
along with 95% confidence intervals (Highest
Density Interval) for all estimates as measures
of uncertainty.

4.4 Results

Jacaranda copaia trees sampled in this study
produced an estimated average of 171 fruits
(SD 218) per individual and with the exception
of nine individuals which we estimated to have
produced over 400 fruits, there was relatively
little variation in reproductive output between
trees (Figure 4.5). We saw greater variation in
the rate of predispersal seed predation across
the population with a mean of 16% (SD 16%)
of sampled J. copaia capsules showing signs of
predation (Figure 4.5).

Figure 4.5: Summary statistics for fruit set and
pre-dispersal seed predation in Jacaranda copaia
on Barro Colorado Island, Panama (n = 90 indi-
vidual trees). Boxplots display the median value
as a thickened line and the interquartile range as
a box with whiskers extending to minimum and
maximum values.

We found support for a clear positive relation-

ship between the rate of pre-dispersal seed
predation and individual fecundity (0.26 [0.17,
0.34]; Figure 4.6 a) and a negative relation-
ship between the rate of pre-dispersal seed
predation and connectivity to conspecific trees
(-0.13 [-0.25, -0.01]; Figure 4.6 b). The inter-
action between individual fecundity and con-
nectivity had a likely positive effect on rate of
predispersal seed predation (0.19 [0.10, 0.28]).

Neither individual fecundity (-0.12 [-0.32,
0.09]; Figure 4.6 c) nor realised fecundity (-
0.06 [-0.28, 0.18; Figure 4.6 d) had clear rela-
tionships with connectivity to conspecific trees.
No relationships between the size of mature
fruits and individual fecundity (-0.01 [-0.04,
0.02]; Figure 4.6 e), connectivity (0.02 [-0.01,
0.04]; Figure 4.6 f), or their interaction (0.00
[-0.03, 0.04]) were detected.

4.5 Discussion

A key motivation for our study was to test
whether the density-dependent patterns of
seed production and insect-inflicted seed mor-
tality in J. copaia documented in a previous
study covering a small part of BCI (Jones &
Comita 2010) hold when density dependence
is examined across the scale of the entire is-
land. Like in the original study, we detected
density-dependent seed predation, but specific
patterns differed (Figure 4.7). In contrast with
Jones & Comita (2010), we did not find sup-
port for any relationships between tree fecund-
ity (a likely outcome of pollination success)
and the density of conspecifics (Figure 4.7).
Below we discuss our results and potential reas-
ons for the contrasting findings.
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Figure 4.6: Conditional effects of connectivity, fruit set and tree size on the proportion of capsules
predated and fruit counts. Since models depicted in panels (a), (b), (e), and (f) included interaction
terms, these panels show conditional effects where predicted values of each response variable (y axis)
are plotted across each predictor (x axis) whilst the other predictor is held at its mean. Panels (c) and
(d) show model predictions for fitted data. The solid blue line is the median estimate with 50%, 80%
and 95% credible intervals represented by bands in transparent shades of blue. In panels (a) and (b) the
size of the points is scaled by total fruit count. In panels (e) and (f) the smaller points correspond to a
single fruit size measurement, jittered on the x axis, and the larger points correspond to the median
fruit size per individual tree to aid with visualisation.
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Figure 4.7: Schematic comparing effect sizes
between this study and Jones & Comita (2010).
Panels (a), (c), (e), (g) show results from (Jones &
Comita 2010) and panels (b), (d), (f), (h) show res-
ults from the current study. Corresponding tests
are aligned horizontally. Positive relationships are
coloured blue, negative relationships are coloured
red and relationships for which there wasn’t strong
support (95% credible intervals contained zero) are
coloured black.

Seed predation

We found evidence for both negative and posit-
ive density-dependent pre-dispersal seed pred-

ation in the J. copaia population at BCI. Inter-
estingly, the sign of the density-dependent ef-
fect was contingent on spatial scale: seed pred-
ation was positively related to the local abund-
ance of fruits on individual trees, but showed
a negative relationship with the density of
reproductive-sized individuals in the neigh-
bourhood (as defined by our measure of con-
nectivity). The first result supports Janzen’s
(1970) hypothesis that the pre-dispersal pred-
ation of fruits by insects is likely to be highest
in trees bearing many fruits. In terms of
its strength, the positive relationship between
predation and estimated fruit crop size was
strikingly similar to that reported by Jones &
Comita (2010; Figure 4.7 a, b). High predation
in fecund trees suggests that the wasp pred-
ating on J. copaia seeds is attracted to trees
in which resources are locally abundant. As
noted by Jones & Comita (2010), if the same
tree individuals tend to produce high numbers
of fruit from one year to another, this could
allow for large insect populations to build up
close to highly fecund trees if infested fruits
and emerging pupae remain close to the ori-
ginal tree.

In contrast to the results of Jones & Comita
(2010), we found that the relationship between
pre-dispersal seed predation and the density
of conspecifics was negative when examined at
a scale larger than the tree individual (Figure
4.7 c, d). Whilst we had tentatively predicted
that the positive effects of conspecific density
on insect attack might be more pronounced
than in the original study given the wider
range of conspecific densities sampled, this as-
sumes that the responses of predators to small-

45



←↩ Chapter 4 Page 46

scale variation in seed densities is predictive
of their responses across scales up to several
thousand metres. Although little is known of
the movements of pre-dispersal predators, our
result may indicate that the wasp seed pred-
ator does not respond to spatial variation in
J. copaia seed densities through long-distance
dispersal between habitat patches. At a relat-
ively local scale, seed predators might be at-
tracted to areas of high resource density, but at
larger spatial scales, other mechanisms might
come into play. For example, the most optimal
foraging (or oviposition) strategy (Pyke 1984)
of female seed predators in areas of low local
host densities might be to lay their eggs on
locally fecund trees rather than attempt to mi-
grate large distances in search for patches of
higher resource density. Such behaviours could
contribute to the patterns documented in this
study, where a high density of conspecifics ap-
pears to satiate predators, allowing more seeds
to escape enemy attack.

Tree fecundity and fruit size

We found no evidence of the positive density-
dependent pattern in individual fecundity re-
ported by Jones & Comita (2008, 2010; Figure
4.7 e, f), and the pattern we found of reduced
predation at high connectivities (Figure 4.7
d) did not translate to any change in realised
fecundity with increasing connectivity (Figure
4.7 h). For insect-pollinated species, such as
J. copaia, individual fecundity is likely to be
associated with pollination success, and the re-
sponses of pollinators to the density and spa-
tial distribution of flowering trees could result
in density-dependent patterns of fruit set. Al-

though insect pollinators in the tropics have
been reported to disperse pollen >10 km, the
majority of pollen dispersal typically occurs
across local scales (<0.5 km Dick et al. 2008),
especially when flowering individuals are un-
evenly distributed in space (Stacy et al. 1996).
This could perhaps explain why we did not
find a relationship between connectivity and
individual fecundity in the present study.

We did not find any support for our predic-
tion that fruit size might be related to local
fruit crop size and connectivity. The number
of seeds per fruit likely scales with fruit size
in J. copaia (S. J. Wright pers. comm.) and
we predicted increased pollinator attraction at
high conspecific densities would improve fer-
tilisation success and therefore increase seed
set and fruit size. Since we found no evidence
of a density-dependent pattern in individual
fecundity, it follows that actual numbers of
seeds produced (fruit size) did not depend on
the local density of conspecifics. At the local
scale, we might have expected a negative re-
lationship between fruit size and individual
fecundity if individuals have finite resources to
allocate to reproduction, creating a trade-off
between fruit abundance and size (e.g. Aliyu
& Awopetu 2011; Dombroskie et al. 2016), but
we found no evidence of this in our study pop-
ulation.

Methodological & contextual considera-
tions

While the differences in results between our
study and Jones & Comita (2010) could be
due to biological processes operating differ-
ently across spatial scales and ranges of conspe-
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cific densities, some methodological and con-
textual differences could also contribute to the
contrasting patterns of density dependence.

If spatial patterns of density dependence are
linked to the overall abundance of resources,
differences in overall seed abundance could de-
pend on the year of the study. For example,
predators might respond to high seed densit-
ies in years with low resource abundances, but
could be satiated in years when resources are
abundant. Jacaranda copaia exhibits substan-
tial interannual variation in fruit production.
In 2022 when we conducted our study, aver-
age J. copaia fruit production per individual
was 171, which is consistent with a low repro-
ductive year in the population and close to
the range of average fruit production values
recorded by Jones & Comita (2010) (299, 289
and 189 in each of the three years covered by
the study). It should also be noted that the
average rate of pre-dispersal predation exper-
ienced by trees in our study was 16%, which
falls within the range of yearly predation rates
(8% to 38%) documented by Jones & Comita
(2010).

One key methodological difference between
our study and Jones & Comita’s study (2010)
may have contributed to the differences
between our results. Working across a small
spatial area enabled Jones & Comita (2010) to
estimate the individual fecundity of neighbour-
ing trees by sampling fruits of every J. copaia
individual in the 50-ha forest dynamics plot. In
the present study it was not feasible to sample
fruits from every J. copaia tree (∼ 1,000 indi-
viduals) across the island, hence when calculat-
ing our connectivity metric we assumed that

non-focal trees of equivalent size produced the
same amount of fruit. While this is a plausible
assumption (Chapman et al. 1992), it likely
introduces some error to our estimated con-
nectivity values. For example, physiological de-
cline in large, old trees can diminish fecundity
(Qiu et al. 2021), suggesting that very large
individuals could be over represented in our
study. Before this chapter is submitted for pub-
lication in a journal, aerial imagery of flowering
J. copaia crowns collected in 2023 will be com-
bined with our fruit count data, allowing us to
explore the relationship between tree size and
fruit numbers in greater detail and assess the
possibility of reproductive senescence introdu-
cing errors into our estimates of connectivity.

Conclusions

Our study adds to a body of literature suggest-
ing that ecological processes act at a variety
of spatial scales. While it is well known that
fundamental operations at one scale can be-
come entirely obscured when the system is
examined on a different scale (Wiens 1989;
Levin 1992; Chave 2013), the scale depend-
ency of conspecific density dependence in pro-
cesses affecting the reproduction and survival
of tropical trees remains understudied (but see
e.g. Schupp 1992; Xiao et al. 2017). In par-
ticular, studies covering spatial scales larger
than the typical size of mapped forest plots
such as those within the ForestGEO network
(Anderson-Teixeira et al. 2015) are still scarce.
The approach of mapping reproductive-sized
tree individuals across larger landscapes us-
ing remote sensing techniques opens up pos-
sibilities for studies of conspecific density de-
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pendence at spatial scales that would be dif-
ficult to cover using ground-based mapping
methods alone (e.g. Garzon-Lopez et al. 2015;
Kellner & Hubbell 2018). To our knowledge,
our study is one of the first to combine maps
generated from remote sensing products with
ground-based surveys of enemies to investigate
density-dependent enemy attack on tropical
trees.

Adopting an approach near identical to Jones
& Comita (2010), we failed to find evidence
of positive density dependence in fruit set and
the rate of pre-dispersal predation when cov-
ering spatial area over 30 times larger than
in the original study. Our results demonstrate
that density-dependent effects at the scale of
a few metres do not necessarily translate to
larger landscapes, and that these effects can
change direction depending on the scale being
examined. To understand if and how interac-
tions between plants and insects can facilitate
species coexistence through Janzen-Connell ef-
fects, the larger spatial scale should not be
ignored when investigating patterns of seed
production and survival.

48



Chapter 5

Density-dependent effects on the
reproductive ecology of trees in a
temperate woodland

Eleanor E. Jackson1, Matthew P. Greenwell1, James M. Bullock2, Tom H. Oliver1,
Susie Topple1, Christopher W. Foster1, Sofia Gripenberg1

1School of Biological Sciences, University of Reading, Reading, UK

2UK Centre for Ecology and Hydrology, Wallingford, UK

In preparation for publication

49



←↩ Chapter 5 Page 50

5.1 Abstract

Interactions between plants and other organisms can have opposing effects on plant reproduct-
ive success and are often uneven in space. For example, while a high density of flowers can
attract pollinators and improve seed set, a high density of seeds can attract enemies such as
seed predators. It is the joint outcome of positive and negative density-dependent effects which
will determine the spatial distribution of a population, yet they are rarely studied in paral-
lel. We related two contrasting indicators of reproductive success (fruit set and pre-dispersal
fruit drop) to the size and density of neighbouring conspecifics for 32 Crataegus monogyna
(Rosaceae) individuals in a temperate woodland. Overall, we found that 24% of flowers set
seed and 85% of initiated fruits were dropped, with considerable variation among trees. While
there was no pattern of density dependence in fruit set, our results suggest that fruit drop
increases with fruit density in this system, with potential implications for spatial patterns of
seedling recruitment.

5.2 Introduction

Mutualistic and antagonistic interactions
between plants and other organisms are im-
portant determinants of plant fitness, and can
ultimately influence plant demography and
community structure (Harms et al. 2000; Fre-
derickson & Gordon 2007; Rother et al. 2013).
These interactions might be particularly im-
portant at the very earliest stages in the life
of a plant, when interactions between flowers
and pollinators are often crucial for success-
ful reproduction (Steffan-Dewenter et al. 2001;
Karron et al. 2006) and an encounter with
a herbivore can be fatal for developing seeds
(Janzen 1976a).

Interactions between plants, their pollinators,
and plant enemies are rarely uniform in space
(Dupont et al. 2014; Wetzel et al. 2023). Large
and dense areas of flowers, whether due to a
high local abundance of flowering plants or the
large floral display of a single plant, tend to
attract pollinators (Sih & Baltus 1987; Smith-

son & Macnair 1997). More visits from pollin-
ators benefit the fitness of plants when pollen
is limiting, resulting in a positively density-
dependent pattern in seed set (Severns 2003;
Dauber et al. 2010). Higher densities of a
plant species can additionally improve seed set
by increasing outcrossing due to reduced ge-
netic similarity to nearby conspecifics (Ågren
1996). However, a high density of developing
fruits can also attract plant enemies such as
flower and seed predators, especially if they
are host specific (Östergård & Ehrlén 2005).
Such pre-dispersal attack can result in mor-
tality directly through seed predation or in-
directly through premature abscission of dam-
aged fruits (Boucher & Sork 1979; Stephenson
1981; Meyer et al. 2014; Planes et al. 2014;
Jackson et al. 2022; Chapter 2; Chapter 4).

The effects of conspecific density on plant
reproduction and fitness have received con-
siderable attention in the context of forest
trees. Insect pollinated trees and shrubs in isol-
ated forest fragments have been shown to re-
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ceive less pollen and experience lower levels
of outcrossing than individuals in continu-
ous forests, resulting in reduced fruit set for
self-incompatible species (Cunningham 2000;
Ghazoul & McLeish 2001; Chacoff et al. 2008)
and a loss of genetic diversity in the popula-
tion (Vranckx et al. 2012). Fewer studies have
examined pollen limitation in woody plants
within continuous forests (but see e.g. May-
cock et al. 2005; Jones & Comita 2008; Aoy-
agi et al. 2023; Chapter 4). Although the scale
of conspecific isolation between trees within
forests is typically smaller than between forest
fragments, we know that insect pollinators will
often remain foraging in areas of high flower
density rather than travel the full distances
they are capable of (Smithson & Macnair 1997;
Goverde et al. 2002), suggesting that low dens-
ity areas within forests could still be neglected
or less favoured by pollinators.

Reduced plant fitness and reproductive success
in areas of high conspecific density has also
been widely documented in a range of forest
systems (Hille Ris Lambers et al. 2002). A well
studied example is the Janzen-Connell hypo-
thesis, which proposes that host-specific plant
enemies reduce plant recruitment and survival
in areas of high conspecific density (Janzen
1970; Connell 1971). To date, most studies in-
vestigating the effects of conspecific density on
tree performance have focused on the survival
of post-dispersal seeds, seedlings, and saplings,
with relatively few studies having assessed pat-
terns of conspecific density dependence in the
period between successful pollination and seed
dispersal (but see Jones & Comita 2010; Bal-
larin et al. 2022; Chapter 3; Chapter 4).

In this study, we investigated spatial variation
in two elements influencing the reproductive
success of Crataegus monogyna (hawthorn),
initial fruit set (the proportion of flowers turn-
ing into immature fruits) and fruit drop (the
proportion of fruits dropped from the tree
when protected from avian dispersers). We
quantified fruit set and fruit drop on 32 trees
distributed across Wytham Woods, a 4.2 km2

woodland in Oxfordshire, UK, and related
these processes to tree size and connectivity
metrics reflecting the local density of repro-
ductive and non-reproductive hawthorn indi-
viduals in the neighbourhood. Since both pol-
linators and enemies associated with develop-
ing fruits might be attracted to areas of high
hawthorn abundance, we expected larger trees
and trees with high connectivity to reproduct-
ive conspecifics to experience both higher ini-
tial fruit set and greater fruit drop.

5.3 Methods

Site and species description

We conducted our study between 2021 and
2023 in Wytham Woods, Oxfordshire, UK. The
area covers 4.2 km2 and houses a mixture of an-
cient and secondary woodland alongside plant-
ations from the nineteenth and twentieth cen-
turies (Morecroft et al. 2008).

Crataegus monogyna (hawthorn; Rosaceae) is
a deciduous small tree or shrub which is com-
mon throughout Wytham Woods and across
much of Europe (Sorensen 1981; Fichtner &
Wissemann 2021). In 2008, 1,308 C. monogyna
individuals (≥1 cm DBH) were recorded in the
18-ha ForestGEO permanent forest dynamics
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plot in Wytham Woods (Butt et al. 2009) and
local densities of C. monogyna vary through-
out the woodland (Kirby et al. 2014). Cratae-
gus monogyna is characteristically thorny and
densely branched, reaching a height of between
2 and 10 m, with stems of up to ∼ 30 cm
in diameter (Fichtner & Wissemann 2021).
From April to May adult C. monogyna pro-
duce many thousands of white flowers. Im-
mature green fruits appear in June and ripen
from August through September, turning red
(Fichtner & Wissemann 2021). Only one seed
is produced per fruit. Mature fruits can re-
main on the plant for over nine months un-
til they are dispersed by vertebrates (usu-
ally birds) (Sorensen 1981; Guitián & Fuentes
1992). The species has self-incompatible gam-
etes (Raspé & Kohn 2002) and the major-
ity of studies agree that insects are import-
ant for pollination in this species (Guitián &
Fuentes 1992; Chacoff et al. 2008; Jacobs et
al. 2009; Fichtner & Wissemann 2021; but see
Gyan & Woodell 1987b). The white flowers of
hawthorn attract a range of flower visitors, pre-
dominantly Diptera but also various Hymenop-
tera and Coleoptera (Fichtner & Wissemann
2021). Many herbivorous invertebrates are as-
sociated with C. monogyna in the UK, includ-
ing host specific insects which target the repro-
ductive parts of the plant such as flower weevils
(Anthonomus pedicularius and Anthonomus
bituberculatus), Lepidopteran and Dipteran lar-
vae which consume the fleshy pulp of the
fruit (Blastodacna hellerella and Anomoia pur-
munda), and Torymus varians, a Hymenop-
teran seed predator of hawthorn and apple
(Fichtner & Wissemann 2021).

Focal tree selection and estimation of
connectivity to conspecifics

To select C. monogyna individuals for our
study we walked the entire trail network of
Wytham Woods in July 2021, opportunistic-
ally marking 32 focal study individuals which
were easily accessible, reproductive and at
least ∼ 50 m apart from each other (Figure
5.1). From May 2022 to September 2022 we
mapped all hawthorn individuals within a 50
m radius of each of the focal trees using a
differential global positioning system (dGPS,
Emlid Reach RS2+) (see detailed protocol in
Appendix D). The hawthorn individuals sur-
rounding one of the focal trees were mapped
later, in April 2023. In addition to coordin-
ates, we recorded the DBH (diameter at breast
height) and reproductive status (whether the
individual had flowers or fruits at the time of
recording) of each individual.

We used the connectivity index proposed by
Hanski (1994) to estimate how connected our
focal trees were to conspecifics from the per-
spective of pollinators or seed predators visit-
ing C. monogyna. Connectivity was calculated
as

Si =
∑
j ̸=i

exp(−αdistji)Ab
j (5.1)

, where Si is the connectivity of tree i, Aj is the
DBH (in mm) of conspecific tree j, and distji

the distance (in m) from conspecific tree j, to
the focal tree i. α is a measure of dispersal
propensity (1/average migration distance in
m) of a pollinator or seed predator and b is a
parameter which scales the size of surrounding
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trees. Plant size correlates closely with fruit
production in C. monogyna (Sallabanks 1992)
and DBH is therefore a suitable parameter to
describe the ‘size’ of the habitat patch, Aj ,
from the perspective of an insect associated
with C. monogyna. We chose α = 0.02, which
corresponds to an average migration distance
of 50 m. Since the dispersal distances of insects
associated with C. monogyna are unknown
and likely to vary across species, we chose this
value based on empirical data on the average
dispersal distance of a leaf mining moth as-
sociated with oak trees (Gripenberg & Roslin
2005). The maximum possible value of average
migration distance was limited by our study
design (we only mapped trees within a 50 m
radius of our focal trees), but to test if the
average migration distance could be less than
50 m we compared AIC for models fitted with
values ranging from 5 to 50 m (Figure D.1).
It is worth noting that the exact choice of α

has a relatively small impact on Hanski’s con-
nectivity index (Moilanen & Nieminen 2002).
We chose the scaling parameter for emigration,
b, at 0.5 according to the assumptions of Moil-
anen & Nieminen (2002), who suggested that
the ratio of patch edge to patch size decreases
with A0.5. The connectivity of each focal tree
was calculated separately to include all con-
specific individuals within 50 m and includ-
ing reproductive conspecifics only. We refer
to these as total connectivity and reproductive
connectivity, respectively.

Estimation of fruit set and fruit drop

On 31st May 2023 we recorded flower abund-
ance on three to six marked branches of fo-

cal trees (if a marked branch had less than 20
flowers, and an additional flowering branch was
in reach, it was also surveyed). This resulted
in 20,514 flowers surveyed across 101 branches
from 32 trees. On 26th and 29th June 2023 we
recorded initial fruit abundance for each sur-
veyed branch. At this stage fruits were green
and not attractive to avian dispersers.

Figure 5.1: Map of focal C. monogyna trees in
Wytham Woods. Shaded circles show locations of
focal trees with colour denoting total connectivity
and size scaled by DBH (n = 32). The inset map
shows the location of Wytham Woods in the UK.
Map tiles by Stamen Design, under CC BY 3.0 and
map data by OpenStreetMap under ODbL.

On 5th August 2021 we recorded fruit abund-
ance on six marked branches of each of the
32 focal trees and repeated this approximately
every four weeks until 7th March 2022, compris-
ing eight surveys in total. If the branches sur-
veyed in 2021 for fruit drop produced flowers in
2023, they were also selected to be surveyed for
fruit set. To protect fruits from vertebrate re-
moval, three of the six marked branches of each
tree were encased in wire mesh (13 mm mesh
size) before fruits started to ripen (Figure D.2
a). The wire mesh should exclude most verteb-
rate seed consumers but allow entry to all in-
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vertebrate seed predators. Only the branches
protected with mesh cages were used to es-
timate premature fruit drop. In total 4,718
fruits were surveyed across 90 branches. Fruit
dropped per branch was calculated as the fruit
abundance in the first survey minus the fruit
abundance in the final survey. While fruits
may have been exposed to insects for longer
than if vertebrates were not excluded from
branches, insect activity is likely diminished
during the colder months. Additionally, our
aim is to assess spatial patterns of insect at-
tack rather than absolute levels of damage.

Statistical analysis

We analysed the effect of tree size (DBH) and
connectivity (reproductive and total) on fruit
set (the proportion of flowers turning into
immature fruits) using two Bayesian mixed-
effects models with a binomial response dis-
tribution estimated using MCMC sampling.
The number of trials was equal to the num-
ber of flowers and the number of successes was
equal to the total number of green fruits on
a branch. Reproductive or total connectivity,
DBH, and their interaction were included as
predictor variables. Tree ID was included as
a group-level (‘random’) effect to account for
non-independence of branches within trees.

The effect of tree size (DBH) and connectiv-
ity (reproductive and total) on fruit drop was
modelled using the same method as for fruit
set, with the same predictors and where the
number of successes was equal to the number
of dropped fruits and the number of trials was
equal to the initial total number of fruits.

Before model fitting, we assessed spatial auto-

correlation in fruit set and fruit drop using
variograms created with the R package gstat

(Pebesma 2004; Gräler et al. 2016) (Figure
D.3). To facilitate model convergence and in-
terpretation of posterior parameter estimates,
we scaled all predictor variables to a mean
of zero and variance equal to one standard
deviation in all models. The population-level
effects were given weakly informative normal
priors with a mean of zero and standard devi-
ation of one. For the population-level intercept
and the group-level effect of tree ID we used
the default priors provided by the R package
brms (Bürkner 2017, 2018): a half student-t
prior with a location of zero, three degrees of
freedom and scale parameter of 2.5.

All analyses were conducted in R (version 4.2.3)
(R Core Team 2023). The Bayesian models
were implemented in Stan (Carpenter et al.
2017) and run in R through the package brms

(version 2.19.0) (Bürkner 2017, 2018). We ran
four parallel chains for each model. The ini-
tial values for the chains were chosen at ran-
dom within a reasonable range, as is default in
brms. Each chain was run for 2,000 iterations
with a burn-in phase of 1,000 iterations. We
checked for convergence by visually inspecting
the chains (Figure D.4) and verifying that R̂

was below 1.01 for all parameters of the fitted
model (Table D.1).

We used posterior predictive checks to assess
the global fit of the model to the data (Fig-
ure D.5). We present median estimates along
with 95% credible intervals (Highest Density
Interval) for all estimates as measures of un-
certainty.
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Figure 5.2: Effects of connectivity and plant size on fruit set (the proportion of flowers turning into
fruits). Panels (a - c) correspond to the model which included total connectivity as a predictor and
panels (d - f) correspond to the model which included reproductive connectivity as a predictor. Panels
(a, d) show the posterior parameter distributions with white points depicting posterior medians and
lines 95% credible intervals. Panels (b, e) show conditional effects of connectivity and panels (c, f) show
conditional effects of tree size (DBH) on fruit set. Predicted values of fruit set are plotted across each
predictor whilst the other predictor is held at its mean. Each point corresponds to a single branch with
point size scaled by the original number of flowers. The solid line represents the median of 500 draws
from the expected value of the posterior predictive distribution with transparency corresponding to
the density of draws.
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Figure 5.3: Effects of connectivity and plant size on the proportion of fruits dropped. Panels (a - c)
correspond to the model which included total connectivity as a predictor and panels (d - f) correspond
to the model which included reproductive connectivity as a predictor. Panels (a, d) show the pos-
terior parameter distributions with white points depicting posterior medians and lines to 95% credible
intervals. Panels (b, e) show conditional effects of reproductive connectivity and panels (c, f) show
conditional effects of tree size (DBH) on the proportion of fruits dropped. Predicted values of the rate
of fruit drop are plotted across each predictor whilst the other predictor is held at its mean. Each point
corresponds to a single tree branch with point size scaled by the maximum fruit count. The solid lines
represent the median of 500 draws from the expected value of the posterior predictive distribution with
transparency corresponding to the density of draws.
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5.4 Results

On average, 24% of sampled flowers turned
into green fruits and 85% of fruits were
dropped without being dispersed (Figure 5.4).
There was considerable variation among indi-
vidual trees in rates of both fruit set and fruit
drop (Figure 5.4) and this appears larger than
variation among branches within trees (Figure
5.2; Figure 5.3). We found no evidence of spa-
tial autocorrelation in fruit set or fruit drop
(Figure D.3).

Figure 5.4: Summary statistics for fruit drop and
fruit set in C. monogyna. Boxplots display the me-
dian value as a thickened line and the interquartile
range as a grey box with whiskers extending to
minimum and maximum values, n = 32.

The proportion of flowers turning into fruits
(fruit set) did not depend on tree size and there
was also no relationship between fruit set and
total or reproductive connectivity (Figure 5.2;
Table D.1).

There was no evidence to support a relation-
ship between total connectivity and fruit drop
(Figure 5.3 a, b; Table D.1), but the proportion
of fruit dropped showed a positive relationship
with both reproductive connectivity (Figure
5.3 d, e; Table D.1) and tree size (Figure 5.3 d,
f; Table D.1). The interaction effect between
connectivity and tree size was not significantly
different from zero (Figure 5.3 d; Table D.1).

5.5 Discussion

Our study of the reproductive ecology of
hawthorn in Wytham Woods did not yield
any clear evidence to support our hypothesis
that flower to fruit transition would be posit-
ively density-dependent. In line with our pre-
dictions, we did find that initiated fruits in
larger trees and in trees in areas with a high
local hawthorn density were less likely to reach
the stage at which they would typically be dis-
persed from the mother tree. Below we discuss
some potential explanations for and implica-
tions of these findings.

No evidence of density dependence in
fruit set

A relatively small proportion of flowers resul-
ted in immature fruits. On average, we found
that 24% of an individual’s flowers resulted
in green immature fruits, most of which are
likely to have matured into red fruits later
in the season. Abortion of green immature
fruits soon after flowering, which is common
in some other systems (e.g. Jackson et al.
2022; Chapter 2), does not seem to happen in
hawthorn (pers. obs.). A flower to fruit conver-
sion rate of 24% agrees with reported rates of
fruit set from hawthorn populations in north-
ern Spain, which vary between 20% and 50%
under natural conditions (Guitián & Fuentes
1992; Chacoff et al. 2008).

While the flower-to-fruit transition rates var-
ied considerably across the surveyed trees, this
variation could not be explained by the size of
the trees and their location in respect to the
density of conspecifics in the neighbourhood.
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The lack of density dependence in fruit set
contrasts with a previous study on hawthorn
populations (García & Chacoff 2007) and a
number of studies conducted in other systems
(Augspurger 1980; Sih & Baltus 1987; Ghazoul
2005; Grindeland et al. 2005; Aizen & Harder
2007; Ballarin et al. 2022) which have shown
that pollinators might be attracted to large
plants or highly fecund individuals and to
areas in which there are many flowering in-
dividuals.

Whilst we included individuals from across
the extent of Wytham Woods, it is possible
that the scale of density covered is not relev-
ant from the perspective of pollinators. Garcia
& Chacoff’s (2007) study which found density-
dependent fruit set in hawthorn was conduc-
ted across similar spatial scales (20 - 100 m)
as our study, but was assessing populations
fragmented by pasture and heathland. Forest
patches surrounded by matrix habitat presum-
ably present a less attractive resource to pol-
linators than an equally valuable resource at
a similar distance away connected by continu-
ous forest habitat. We surveyed only a few
trees which were highly connected to repro-
ductive conspecifics (reproductive connectiv-
ity >500) due to their rarity in the wood-
land. It is possible that the scale of conspecific
hawthorn densities present within continuous
forests does not elicit density-dependent for-
aging patterns in pollinators, but this would
need to be confirmed with targeted surveys of
highly connected trees.

It could perhaps be argued that the broad pat-
terns of host use shown by many pollinators
in the UK (e.g. Memmott 1999) will make

it unlikely to pick up conspecific density ef-
fects. However, many of the insects visiting
hawthorn flowers could be considered func-
tional specialists. Hawthorn flowers in early
spring when insects are scarce and at Wytham
Woods it is likely to be the most abundant
floral resource at the time of flowering (Gyan &
Woodell 1987a,b). Prunus spinosa (Rosaceae)
shares a similar flower morphology and is at-
tractive to a similar range of pollinators as
hawthorn, but the two species have sharply
differentiated flowering phenology (Gyan &
Woodell 1987b).

Some evidence of density dependence in
fruit drop

Fruit drop can be triggered by damage to the
fruit or seed (caused by enemy attack or abi-
otic factors), or through selective abscission of
undamaged fruits by the parent tree (Stephen-
son 1981). Selective abscission is often due to
limiting resources or pollination failure, and
usually happens soon after flowering (Tromp
& Wertheim 2005; Jackson 2010). Although re-
source availability and pollination success are
likely to vary across space, it is unlikely that
fruit drop due to these factors was captured
in our study, since we began monitoring fruits
as they were beginning to ripen. Abiotic dam-
age to fruits, while a potential cause of fruit
drop, is unlikely to occur in density-dependent
patterns. Whilst we did not quantify enemy
attack, it seems likely that some fruit drop
was caused by insect fruit and seed predat-
ors. Adult Anomoia purmunda (Diptera: Teph-
ritidae), a hawthorn specific fruit predator,
was observed at focal trees and we found many
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fruits infested with Dipteran and Lepidopteran
larvae (likely hawthorn specific Blastodacna
hellerella as reported by Manzur & Court-
ney (1984)). Other studies in Europe have
measured infestation of Anomoia purmunda
in hawthorn fruits at 52% and 40% (Guitián
& Fuentes 1992; Teodoru et al. 2015), Lepid-
opteran larvae infestation at 22% (Guitián &
Fuentes 1992), and overall insect damage at
37% (Manzur & Courtney 1984). Tephritid
flies have been reported to cause fruit drop
in many agriculturally important crops (e.g.
Stonehouse et al. 2002; Dutta et al. 2022),
so it seems plausible that some of the fruit
drop observed in our study could indeed have
been triggered by Tephritidae. Whilst fruits
dropped due to insect attack could still con-
tain viable seeds, the probability that they will
germinate and mature is low. Birds often re-
ject insect infested hawthorn fruits making dis-
persal unlikely (Manzur & Courtney 1984) and
seeds which remain under the canopy of their
parent tree may experience increased rates of
attack from enemies and higher intraspecific
competition if they were to successfully ger-
minate (Howe 1989; Murphy et al. 2017).

Conclusions

In this study we aimed to understand the spa-
tial density dependence of mutualistic and ant-
agonistic interactions associated with tree re-
production in a temperate woodland. Despite
reproductive success being a function of these
opposing processes they are rarely studied in
parallel. While it was not possible to follow
the same cohorts of flowers and fruits through
to maturation in this study, our results point

towards a pattern of net negative conspecific
density dependence in the pre-dispersal repro-
ductive success of hawthorn trees, with indi-
viduals in areas with few reproductive con-
specifics at an advantage. Although it would
be premature to hypothesise on the broader
implications of the patterns documented in
our study, they align with predictions from
the Janzen-Connell hypothesis whereby spe-
cialist plant enemies promote plant species co-
existence through conspecific density depend-
ence (Janzen 1970; Connell 1971). While the
joint outcome of positive and negative density-
dependent processes is what will ultimately
influence species’ distributions in space, un-
derstanding how different components (e.g. en-
hanced pollination versus higher pressure from
enemies under high local densities) shape pat-
terns of recruitment will give us a better un-
derstanding of diversity maintenance in plant
communities and the likely implications of po-
tential perturbations in these interactions.
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Chapter 6

General discussion

The pre-dispersal stages of seed production and development are perhaps the most hazardous
periods in the life cycle of a plant, as in many species only a very small proportion of ovules
eventually mature into viable seeds (Fenner & Thompson 2005). Interactions with insects — as
pollinators, herbivores and predators — can play an important role in determining the fate of
an ovule. These interactions can vary with the density of flowers, fruits and seeds, potentially
causing spatial patterns in the number of mature seeds available for dispersal from the mother
plant (Crawley 2000; Dauber et al. 2010). If patterns of seed production and pre-dispersal
seed survival are conspecifically density-dependent, they could have important implications
for plant community dynamics and species coexistence (Gillett 1962; Janzen 1970). Yet, the
conspecific density dependence of pre-dispersal seed production and seed survival remains
critically understudied in comparison to post-dispersal processes (Gripenberg 2018).

The main aim of this thesis was to explore patterns of density dependence in seed production
and pre-dispersal seed development to further our understanding of the potential role plant-
insect interactions play in plant community dynamics. The majority of the thesis focuses on
trees in tropical forests — a habitat in which host-specific plant enemies have been hypothesised
to play a particularly important role in promoting the high local diversity of tree species (Janzen
1970; Connell 1971). In Chapter 2 (Jackson et al. 2022), I analysed a unique long-term data
set of seed rain to investigate the poorly studied phenomenon of premature fruit drop in
a community of tropical forest trees. The proportion of fruits dropped prematurely was a
significant cause of seed mortality and varied substantially between species. Species known to
be attacked by pre-dispersal insect seed predators and species which were locally abundant
in the community had higher rates of premature fruit drop. In Chapter 3, I utilised the same
data set to investigate spatial variation in premature fruit drop. In line with predictions, my
analyses revealed clear positive conspecific density dependence in premature fruit drop, but
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this positive relationship levelled off at high conspecific densities. Through field based studies
targeting single species in a tropical (Jacaranda copaia, Chapter 4) and a temperate (Crataegus
monogyna, Chapter 5) tree, I then explored conspecific density dependence in the parallel
processes of fruit set and fruit drop. In both systems, I found conspecific density-dependent
patterns of fruit drop but no evidence to suggest that fruit set varied with conspecific density.

In the following sections I synthesise the results of these studies and explore the wider implic-
ations of my findings before highlighting some priorities for further research.

6.1 Discussion of main findings

6.1.1 Premature fruit drop is widespread and might be caused by enemies

Premature fruit drop is a phenomenon reported in many plant species which has the potential
to cause significant mortality of developing seeds (reviewed in Stephenson 1981). While fruit
abscission can be triggered through several means, including resource limitation (Bawa &
Webb 1984; Goubitz et al. 2002), genetic or developmental abnormalities in the fruit (Kraus
1915; Bradbury 1929; Forino et al. 1987) and damage caused by abiotic factors (Rodrigo
2000; Rodrigo et al. 2006; Tagliasacchi et al. 2006), abscission triggered by enemy attack is
of particular interest to the study of mechanisms promoting plant species coexistence (e.g.
Boucher & Sork 1979; Planes et al. 2014; Akinsanmi et al. 2016). Premature fruit drop has
rarely been studied in the context of tropical forest plants (but see Bawa & Webb 1984; Jones
& Comita 2010; Aoyagi et al. 2023), and never before in the context of entire woody plant
communities.

Results from Chapter 2 demonstrated that premature fruit drop is a widespread phenomenon
in the forest of Barro Colorado Island and that the rates of associated seed mortality can
be very high, with an estimated average of 40% across species. While the specific causes of
the documented premature fruit drop remain unknown, the observed link between species-
specific fruit drop rates and previously documented patterns of attack by pre-dispersal seed
predators suggests that insects likely contribute to at least some of the premature fruit drop.
Further studies (e.g. experimental exclusion of pre-dispersal seed predators) would be needed
to fully establish whether the phenomenon of enemy-triggered premature fruit drop observed
in Jacaranda copaia (Chapter 4) is likely to be more widespread. Given that Chapter 2 has
shown rates of premature fruit drop to be nonrandom across the community of tree species
and a large source of mortality, premature fruit drop has the potential to alter the relative
abundance of species where populations are seed limited (Green et al. 2014), meriting further
study as a contributor to plant community dynamics.
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6.1.2 Premature fruit drop is density-dependent both within and among species

If premature fruit drop is indeed caused by host-specific enemies (Chapters 2 & 4, Jackson
et al. 2022) and if enemies are more abundant where their food resources are locally abundant
(Janzen 1970; Connell 1971), we might expect rates of premature fruit drop to be density-
dependent both within and across species. Findings from Chapter 2 suggested that locally
common plant species in the community exhibit higher levels of premature fruit drop than rare
species. If high rates of premature fruit drop translate to population growth rates being lower
for common species than for rare species, this would imply that pre-dispersal seed mortality
is a stabilising force for species coexistence (Chesson 2000).

Chapters 3, 4 and 5 provided evidence for spatial density dependence in premature fruit drop
within tree species, with the rate of premature fruit drop increasing (Chapters 3 & 5) or
decreasing (Chapter 4) with the local density of conspecific trees. Fruit drop was also related
to the fecundity (Chapter 4) or size (Chapter 5) of individual trees, with highly fecund trees
and large trees dropping a larger proportion of their fruits. These results add to the large body
of literature which has demonstrated conspecific density dependence in post-dispersal seed
survival and the survival of seedlings, often in tropical forest systems (e.g. Hille Ris Lambers
et al. 2002; Comita et al. 2014).

Implications of the documented conspecific density-dependent patterns of fruit drop on species
coexistence are still unknown. Conspecific negative density-dependent patterns of seedling
recruitment have been demonstrated to increase plant diversity (Harms et al. 2000; Bagchi
et al. 2014), but whether similar processes operate for pre-dispersal seed survivorship remains
open to speculation. Substantial levels of enemy-inflicted seed mortality at the pre-dispersal
stage has the potential to suppress the number of seeds dispersed per unit area (Janzen 1970,
1971b; Crawley 2000; Hulme & Benkman 2002). Whilst it might seem logical that a reduced
number of dispersed seeds would reduce the number of seedlings recruited to the population,
lower densities of dispersed seeds could reduce intraspecific competition (Paine et al. 2008) and
post-dispersal enemy attack (e.g. Bell et al. 2006) theoretically increasing recruitment. While
the longer term effects are unknown, it seems likely that patterns of density-dependent survival
at the pre-dispersal stage will have a non-negligible effect on plant recruitment and should not
be ignored when investigating mechanisms for the maintenance of species coexistence.

6.1.3 Pre-dispersal seed mortality shows conspecific density dependence at mul-
tiple scales

Most existing studies of distance and density dependence in the survival of seeds and seedlings
have been conducted at small spatial scales of a few metres (e.g. Harms et al. 2000; Comita et
al. 2010; Metz et al. 2010; Bagchi et al. 2014). This is problematic, because species coexistence
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plays out at a landscape scale (>km2), relevant to understanding forest-level patterns of
diversity. Since ecological processes have often been shown to be scale-dependent (Wiens 1989;
Levin 1992; Chave 2013), patterns and processes observed at one spatial scale should not
be uncritically assumed to hold at other spatial scales. In this thesis, effects of density on
pre-dispersal seed mortality were evident across scales, from the fruits of an individual tree
(Chapters 4 & 5) to the densities of conspecific trees across landscapes measuring 0.5 km2

(Chapter 3), 4.2 km2 (Chapter 5) and 15.6 km2 (Chapter 4).

I found that density dependence in pre-dispersal seed mortality was not uniform across spatial
scales, becoming weaker or even changing direction across areas involving a larger range of
densities (Chapters 3 & 4). These findings highlight that density-dependent patterns of survival
on the scale of a few metres need not translate into density-dependent survival on the scale
of a larger population. The exact reasons behind scale-dependent patterns in seed mortality
remain unknown, but may be linked to processes driving the behaviours of individual enemies
or factors structuring the enemy populations as a whole. Little is known about the typical
foraging patterns of enemies associated with seeds of trees in natural forest systems. It seems
likely that over small spatial scales enemies might actively be attracted to areas of high resource
densities, whereas at larger spatial scales populations of plant enemies may instead be governed
by other processes (Schupp 1992; Hanski 1998).

6.1.4 Density dependence of antagonistic and mutualistic plant-insect interac-
tions can differ

Whilst the reproductive success of plants is determined by both antagonistic and mutualistic
density-dependent interactions with insects (Grass et al. 2018), they are rarely studied in
parallel (but see Maycock et al. 2005; Jones & Comita 2010; Ballarin et al. 2022; Aoyagi
et al. 2023). The findings of this thesis consistently demonstrate support for conspecific density
dependence in premature fruit drop (Chapters 2, 3, 4 & 5) which is, to some degree, likely caused
by antagonistic interactions with insects (Chapters 2 & 4). However, in the two populations
in which we assessed mutualistic plant-insect interactions (measured as successful fruit set in
the study species, which are both insect-pollinated), we failed to find any evidence for density-
dependent effects (Chapters 4 & 5). The reasons behind the lack of density dependence in
fruit set can only be speculated on. Since populations of both Jacaranda copaia and Crataegus
monogyna produce large, synchronous floral displays (Croat 1978; Fichtner & Wissemann
2021), one possibility is that pollinators may be satiated at the large spatial scales under study
(>km2). Additionally, pollinators tend to be less specialised than pre-dispersal seed predators,
perhaps indicating that conspecific density dependence is not as common in plant-pollinator
interactions. Although in this thesis density dependence in mutualistic plant-insect interactions
was not detected, it seems possible that mutualistic and antagonistic interactions might be
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acting across different scales of resource density, especially given that flower abundance can
be more than double the abundance of immature fruits produced by the same tree (Chapters
4 & 5). As mutualistic and antagonistic interactions jointly determine reproductive success
it is important to consider them concurrently when thinking about how patterns of density
dependence might translate to plant recruitment.

6.2 Future research priorities

In the space of a PhD project it is not possible to generate a complete understanding of
the role of pre-dispersal plant-insect interactions in plant community dynamics and there are
many questions remaining which would benefit from further study. One of these concerns
a critical assessment of the population-level consequences of premature fruit drop on plant
recruitment. As demonstrated in this thesis, and has been reported elsewhere (Stephenson
1981), the proportion of fruits dropped prematurely can often be high. Yet this does not
necessarily translate into reduced population growth rates. A reduction in the number of
dispersed mature seeds might only influence population growth rates where recruitment is
seed-limited (Turnbull et al. 2000), and this is likely to be context-dependent, differing among
sites and species (Crawley 2000). A growing number of studies suggest a potential role of
pre-dispersal seed predation on plant population dynamics (Kolb et al. 2007) and while seed
limitation has been demonstrated for several species on Barro Colorado Island (Svenning
& Wright 2005), experiments in which levels of seed addition are informed by known levels
of insect-triggered premature fruit drop could be informative for assessing the longer-term
consequences of pre-dispersal seed mortality in plant populations.

In this thesis I have frequently noted how patterns of density dependence in seed production
and pre-dispersal seed survival can be dependent on spatial scale. A key component to un-
derstanding the scales at which the effects of insects on plant recruitment might be apparent
rests on understanding the movements and foraging behaviours of plant-associated insects
in response to the spatial distribution and densities of resources (Lewis & Gripenberg 2008).
Assessing the dispersal distances and movements of insects associated with seeds in the canopy
presents a challenge as, for trees, these structures are difficult to observe and manipulate. This
makes it logistically challenging to adopt methods successfully used to study dispersal distances
of post-dispersal seed predators using sentinel seeds (e.g. Wright 1983). As an alternative,
recent advances in monitoring insect movement through the use of radiotelemetry (Růžičková
& Elek 2023) or fluorophore tags (Hagler et al. 2021) could potentially be leveraged to assess
the distances predators travel from an infested host tree. Additionally, further exploration
of density dependence in seed production and seed survival across different spatial scales, as
touched upon in this thesis, will be of value in identifying the scales at which enemies such as
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insect seed predators might contribute to plant species coexistence. Remote sensing techniques
used to identify conspicuous canopy trees (e.g. Garzon-Lopez et al. 2013; Kellner & Hubbell
2017) could be extended to spatial scales even larger than those assessed in this thesis.

Finally, I would recommend that researchers take a more comprehensive approach when
investigating the role of density-dependent plant-insect interactions in driving plant population
and community dynamics in tropical forests and more widely. The majority of studies focus on
patterns of mortality at the post-dispersal seed to seedling stage and the action of specific groups
of plant enemies (Gripenberg 2018). In this thesis I have focused on interactions occurring
at the pre-dispersal stage. However, the interplay between these two stages is rarely studied
(but see Crawley & Long 1995; Sunyer et al. 2015; Aoyagi et al. 2023) and could be central
to determining the limitation or promotion of plant recruitment (Kolb et al. 2007). Exploring
patterns of density dependence across multiple life stages of a tree (from pollination to adult
recruitment) has the potential to provide important insights into the relative importance of
processes operating at each stage and the ways in which they are interconnected.

65



Reference list

Ågren, J. (1996). ‘Population size, pollinator limitation, and seed set in the self- incompatible
herb Lythrum salicaria’. Ecology 77.6, pp. 1779–1790. doi: 10.2307/2265783.

Aizen, M. A. & L. D. Harder (2007). ‘Expanding the limits of the pollen-limitation concept:
effects of pollen quantity and quality’. Ecology 88.2, pp. 271–281. doi: 10.1890/06-1017.

Akinsanmi, O., A. Miles & A. Drenth (2016). ‘Fruit abscission in macadamia due to husk spot
disease’. Acta Horticulturae 1109, pp. 209–214. doi: 10.17660/ActaHortic.2016.1109.

34.
Alarcón, R., N. M. Waser & J. Ollerton (2008). ‘Year-to-year variation in the topology of a

plant–pollinator interaction network’. Oikos 117.12, pp. 1796–1807. doi: 10.1111/j.0030-

1299.2008.16987.x.
Aliyu, O. M. & J. A. Awopetu (2011). ‘Variability study on nut size and number trade-

off identify a threshold level for optimum yield in cashew (Anacardium occidentale L.)’
International Journal of Fruit Science 11.4, pp. 342–363. doi: 10.1080/15538362.2011.

630297.
Anderson-Teixeira, K. J., S. J. Davies, A. C. Bennett, E. B. Gonzalez-Akre, H. C. Muller-

Landau, S. Joseph Wright, K. Abu Salim, A. M. Almeyda Zambrano, A. Alonso, J. L.
Baltzer, Y. Basset, N. A. Bourg, E. N. Broadbent, W. Y. Brockelman, S. Bunyavejchewin,
D. F. R. P. Burslem, N. Butt, M. Cao, D. Cardenas, G. B. Chuyong, K. Clay, S. Cordell, H. S.
Dattaraja, X. Deng, M. Detto, X. Du, A. Duque, D. L. Erikson, C. E. Ewango, G. A. Fischer,
C. Fletcher, R. B. Foster, C. P. Giardina, G. S. Gilbert, N. Gunatilleke, S. Gunatilleke, Z.
Hao, W. W. Hargrove, T. B. Hart, B. C. Hau, F. He, F. M. Hoffman, R. W. Howe, S. P.
Hubbell, F. M. Inman-Narahari, P. A. Jansen, M. Jiang, D. J. Johnson, M. Kanzaki, A. R.
Kassim, D. Kenfack, S. Kibet, M. F. Kinnaird, L. Korte, K. Kral, J. Kumar, A. J. Larson,
Y. Li, X. Li, S. Liu, S. K. Lum, J. A. Lutz, K. Ma, D. M. Maddalena, J.-R. Makana, Y.
Malhi, T. Marthews, R. Mat Serudin, S. M. McMahon, W. J. McShea, H. R. Memiaghe,
X. Mi, T. Mizuno, M. Morecroft, J. A. Myers, V. Novotny, A. A. de Oliveira, P. S. Ong,
D. A. Orwig, R. Ostertag, J. den Ouden, G. G. Parker, R. P. Phillips, L. Sack, M. N. Sainge,
W. Sang, K. Sri-ngernyuang, R. Sukumar, I.-F. Sun, W. Sungpalee, H. S. Suresh, S. Tan,

66

https://doi.org/10.2307/2265783
https://doi.org/10.1890/06-1017
https://doi.org/10.17660/ActaHortic.2016.1109.34
https://doi.org/10.17660/ActaHortic.2016.1109.34
https://doi.org/10.1111/j.0030-1299.2008.16987.x
https://doi.org/10.1111/j.0030-1299.2008.16987.x
https://doi.org/10.1080/15538362.2011.630297
https://doi.org/10.1080/15538362.2011.630297


←↩ Page 67

S. C. Thomas, D. W. Thomas, J. Thompson, B. L. Turner, M. Uriarte, R. Valencia, M. I.
Vallejo, A. Vicentini, T. Vrška, X. Wang, X. Wang, G. Weiblen, A. Wolf, H. Xu, S. Yap &
J. Zimmerman (2015). ‘CTFS-ForestGEO: a worldwide network monitoring forests in an
era of global change’. Global Change Biology 21.2, pp. 528–549. doi: 10.1111/gcb.12712.

Aoyagi, R., N. Imai, H. Samejima & K. Kitayama (2023). ‘Density-dependent reproductive
success among sympatric dipterocarps during a major mast fruiting event’. Biotropica 55.4,
pp. 742–754. doi: 10.1111/btp.13225.

Ashman, T.-L., T. M. Knight, J. A. Steets, P. Amarasekare, M. Burd, D. R. Campbell, M. R.
Dudash, M. O. Johnston, S. J. Mazer, R. J. Mitchell, M. T. Morgan & W. G. Wilson
(2004). ‘Pollen limitation of plant reproduction: Ecological and evolutionary causes and
consequences’. Ecology 85.9, pp. 2408–2421. doi: 10.1890/03-8024.

Augspurger, C. K. (1980). ‘Mass-flowering of a tropical shrub (Hybanthus prunifolius): in-
fluence on pollinator attraction and movement’. Evolution 34.3, p. 475. doi: 10.2307/

2408217.
Augspurger, C. K. & K. Kitajima (1992). ‘Experimental studies of seedling recruitment from

contrasting seed distributions’. Ecology 73.4, pp. 1270–1284. doi: 10.2307/1940675.
Bachelot, B., M. Uríarte, J. Thompson & J. K. Zimmerman (2016). ‘The advantage of the

extremes: tree seedlings at intermediate abundance in a tropical forest have the highest
richness of above-ground enemies and suffer the most damage’. Journal of Ecology 104.1,
pp. 90–103. doi: 10.1111/1365-2745.12488.

Bagchi, R., R. E. Gallery, S. Gripenberg, S. J. Gurr, L. Narayan, C. E. Addis, R. P. Freckleton
& O. T. Lewis (2014). ‘Pathogens and insect herbivores drive rainforest plant diversity and
composition’. Nature 506.7486, pp. 85–88. doi: 10.1038/nature12911.

Ballarin, C. S., L. Hachuy-Filho, F. E. Fontúrbel & F. W. Amorim (2022). ‘Density-dependent
effects on the reproductive outcome of a native tree at tropical restored habitats’. Forest
Ecology and Management 520, p. 120391. doi: 10.1016/j.foreco.2022.120391.

Basset, Y., L. R. Jorge, P. T. Butterill, G. P. A. Lamarre, C. Dahl, R. Ctvrtecka, S. Gripenberg,
O. T. Lewis, H. Barrios, J. W. Brown, S. Bunyavejchewin, B. A. Butcher, A. I. Cognato,
S. J. Davies, O. Kaman, P. Klimes, M. Knížek, S. E. Miller, G. E. Morse, V. Novotny, N.
Pongpattananurak, P. Pramual, D. L. J. Quicke, W. Sakchoowong, R. Umari, E. J. Vesterinen,
G. Weiblen, S. J. Wright & S. T. Segar (2021). ‘Host specificity and interaction networks of
insects feeding on seeds and fruits in tropical rainforests’. Oikos. doi: 10.1111/oik.08152.

Basset, Y., G. Samuelson, A. Allison & S. Miller (1996). ‘How many species of host-specific
insects feed on a species of tropical tree?’ Biological Journal of the Linnean Society 59.2,
pp. 201–216. doi: 10.1111/j.1095-8312.1996.tb01461.x.

Bates, D., M. Mächler, B. Bolker & S. Walker (2015). ‘Fitting linear mixed-effects models
using lme4’. Journal of Statistical Software 67.1. doi: 10.18637/jss.v067.i01.

67

https://doi.org/10.1111/gcb.12712
https://doi.org/10.1111/btp.13225
https://doi.org/10.1890/03-8024
https://doi.org/10.2307/2408217
https://doi.org/10.2307/2408217
https://doi.org/10.2307/1940675
https://doi.org/10.1111/1365-2745.12488
https://doi.org/10.1038/nature12911
https://doi.org/10.1016/j.foreco.2022.120391
https://doi.org/10.1111/oik.08152
https://doi.org/10.1111/j.1095-8312.1996.tb01461.x
https://doi.org/10.18637/jss.v067.i01


←↩ Page 68

Bawa, K. S. & C. J. Webb (1984). ‘Flower, fruit and seed abortion in tropical forest trees:
implications for the evolution of paternal and maternal reproductive patterns’. American
Journal of Botany 71.5, pp. 736–751. doi: 10.1002/j.1537-2197.1984.tb14181.x.

Begon, M., C. R. Townsend & J. L. Harper (2006). Ecology: From Individuals to Ecosystems.
4th ed. Malden, MA: Blackwell Pub. isbn: 978-1-4051-1117-1.

Bell, T., R. P. Freckleton & O. T. Lewis (2006). ‘Plant pathogens drive density-dependent
seedling mortality in a tropical tree’. Ecology Letters 9.5, pp. 569–574. doi: 10.1111/j.

1461-0248.2006.00905.x.
Bertamini, M. & N. Nedunchezhian (2005). ‘Grapevine Growth and Physiological Responses

to Iron Deficiency’. Journal of Plant Nutrition 28.5, pp. 737–749. doi: 10.1081/PLN-

200055522.
Blomberg, S. P., T. Garland & A. R. Ives (2003). ‘Testing for phylogenetic signal in comparative

data: behavioral traits are more labile’. Evolution 57.4, pp. 717–745. doi: 10.1111/j.0014-

3820.2003.tb00285.x.
Blundell, A. G. & D. R. Peart (1998). ‘Distance-dependence in herbivory and foliar condition

for juvenile Shorea trees in Bornean dipterocarp rain forest’. Oecologia 117.1, pp. 151–160.
doi: 10.1007/s004420050643.

Bonal, R., A. Muñoz & M. Díaz (2007). ‘Satiation of predispersal seed predators: the import-
ance of considering both plant and seed levels’. Evolutionary Ecology 21.3, pp. 367–380.
doi: 10.1007/s10682-006-9107-y.

Boucher, D. H. & V. L. Sork (1979). ‘Early drop of nuts in response to insect infestation’.
Oikos 33.3, pp. 440–443. doi: 10.2307/3544331.

Bradbury, D. (1929). ‘A comparative study of the developing and aborting fruits of Prunus
cerasus’. American Journal of Botany 16.7, pp. 525–542. doi: 10.1002/j.1537-2197.

1929.tb09500.x.
Brokaw, N. V. L. (1987). ‘Gap-phase regeneration of three pioneer tree species in a tropical

forest’. Journal of Ecology 75.1, pp. 9–19. doi: 10.2307/2260533.
Brooks E., M., K. Kristensen, K. J. van Benthem, A. Magnusson, C. W. Berg, A. Nielsen,

H. J. Skaug, M. Mächler & B. M. Bolker (2017). ‘glmmTMB balances speed and flexibility
among packages for zero-inflated generalized linear mixed modeling’. The R Journal 9.2,
p. 378. doi: 10.32614/RJ-2017-066.

Bürkner, P.-C. (2017). ‘Brms: an R package for Bayesian multilevel models using Stan’. Journal
of Statistical Software 80.1, pp. 1–28. doi: 10.18637/jss.v080.i01.

– (2018). ‘Advanced bayesian multilevel modeling with the R package brms’. The R Journal
10.1, p. 395. doi: 10.32614/RJ-2018-017.

Butt, N., G. Campbell, Y. Malhi, M. Morecroft, K. Fenn & M. Thomas (2009). ‘Initial results
from establishment of a long-term broadleaf monitoring plot at Wytham Woods, Oxford,
UK’. University Oxford, Oxford, UK.

68

https://doi.org/10.1002/j.1537-2197.1984.tb14181.x
https://doi.org/10.1111/j.1461-0248.2006.00905.x
https://doi.org/10.1111/j.1461-0248.2006.00905.x
https://doi.org/10.1081/PLN-200055522
https://doi.org/10.1081/PLN-200055522
https://doi.org/10.1111/j.0014-3820.2003.tb00285.x
https://doi.org/10.1111/j.0014-3820.2003.tb00285.x
https://doi.org/10.1007/s004420050643
https://doi.org/10.1007/s10682-006-9107-y
https://doi.org/10.2307/3544331
https://doi.org/10.1002/j.1537-2197.1929.tb09500.x
https://doi.org/10.1002/j.1537-2197.1929.tb09500.x
https://doi.org/10.2307/2260533
https://doi.org/10.32614/RJ-2017-066
https://doi.org/10.18637/jss.v080.i01
https://doi.org/10.32614/RJ-2018-017


←↩ Page 69

Campbell, D. R. (1987). ‘Interpopulational variation in fruit production: the role of pollination-
limitation in the olympic mountains’. American Journal of Botany 74.2, pp. 269–273. doi:
10.1002/j.1537-2197.1987.tb08605.x.

Campbell, J. F. (2002). ‘Influence of seed size on exploitation by the rice weevil, Sitophilus
oryzae’. Journal of Insect Behavior 15.3, pp. 429–445. doi: 10.1023/A:1016225427886.

Cárdenas, R. E., R. Valencia, N. J. B. Kraft, A. Argoti & O. Dangles (2014). ‘Plant traits predict
inter- and intraspecific variation in susceptibility to herbivory in a hyperdiverse Neotropical
rain forest tree community’. Journal of Ecology 102.4, pp. 939–952. doi: 10.1111/1365-

2745.12255.
Carpenter, B., A. Gelman, M. D. Hoffman, D. Lee, B. Goodrich, M. Betancourt, M. Brubaker,

J. Guo, P. Li & A. Riddell (2017). ‘Stan: a probabilistic programming language’. Journal
of Statistical Software 76.1, pp. 1–32. doi: 10.18637/jss.v076.i01.

Carson, W. P., J. T. Anderson, E. G. Leigh & S. A. Schnitzer (2008). ‘Challenges associated
with testing and falsifying the Janzen-Connell hypothesis: a review and critique’. Tropical
Forest Community Ecology. Chichester, UK: Wiley-Blackwell, pp. 210–241.

Castagneyrol, B., B. Giffard, C. Péré & H. Jactel (2013). ‘Plant apparency, an overlooked
driver of associational resistance to insect herbivory’. Journal of Ecology 101.2, pp. 418–429.
doi: 10.1111/1365-2745.12055.

Chacoff, N. P., D. García & J. R. Obeso (2008). ‘Effects of pollen quality and quantity on
pollen limitation in Crataegus monogyna (Rosaceae) in NW Spain’. Flora - Morphology,
Distribution, Functional Ecology of Plants 203.6, pp. 499–507. doi: 10.1016/j.flora.

2007.08.005.
Chapman, C. A., L. J. Chapman, R. Wangham, K. Hunt, D. Gebo & L. Gardner (1992).

‘Estimators of fruit abundance of tropical trees’. Biotropica 24.4, pp. 527–531. doi: 10.

2307/2389015.
Chave, J. (2013). ‘The problem of pattern and scale in ecology: what have we learned in 20

years?’ Ecology Letters 16.s1, pp. 4–16. doi: 10.1111/ele.12048.
Chesson, P. (2000). ‘Mechanisms of maintenance of species diversity’. Annual Review of Ecology

and Systematics 31.1, pp. 343–366. doi: 10.1146/annurev.ecolsys.31.1.343.
Clark, C. J., J. R. Poulsen, D. J. Levey & C. W. Osenberg (2007). ‘Are plant populations

seed limited? A critique and meta-analysis of seed addition experiments’. The American
Naturalist 170.1, pp. 128–142. doi: 10.1086/518565.

Coley, P. D. (1983). ‘Herbivory and defensive characteristics of tree species in a lowland
tropical forest’. Ecological Monographs 53.2, pp. 209–234. doi: 10.2307/1942495.

– (1988). ‘Effects of plant growth rate and leaf lifetime on the amount and type of anti-herbivore
defense’. Oecologia 74.4, pp. 531–536. doi: 10.1007/BF00380050.

69

https://doi.org/10.1002/j.1537-2197.1987.tb08605.x
https://doi.org/10.1023/A:1016225427886
https://doi.org/10.1111/1365-2745.12255
https://doi.org/10.1111/1365-2745.12255
https://doi.org/10.18637/jss.v076.i01
https://doi.org/10.1111/1365-2745.12055
https://doi.org/10.1016/j.flora.2007.08.005
https://doi.org/10.1016/j.flora.2007.08.005
https://doi.org/10.2307/2389015
https://doi.org/10.2307/2389015
https://doi.org/10.1111/ele.12048
https://doi.org/10.1146/annurev.ecolsys.31.1.343
https://doi.org/10.1086/518565
https://doi.org/10.2307/1942495
https://doi.org/10.1007/BF00380050


←↩ Page 70

Comita, L. S., H. C. Muller-Landau, S. Aguilar & S. P. Hubbell (2010). ‘Asymmetric density
dependence shapes species abundances in a tropical tree community’. Science 329.5989,
pp. 330–332. doi: 10.1126/science.1190772.

Comita, L. S., S. A. Queenborough, S. J. Murphy, J. L. Eck, K. Xu, M. Krishnadas, N. Beckman
& Y. Zhu (2014). ‘Testing predictions of the Janzen-Connell hypothesis: a meta-analysis
of experimental evidence for distance- and density-dependent seed and seedling survival’.
Journal of Ecology 102.4. Ed. by L. Gómez-Aparicio, pp. 845–856. doi: 10.1111/1365-

2745.12232.
Comita, L. S. & S. M. Stump (2020). ‘Natural enemies and the maintenance of tropical tree

diversity: recent insights and implications for the future of biodiversity in a changing world’.
Annals of the Missouri Botanical Garden 105.3, pp. 377–392. doi: 10.3417/2020591.

Condit, R. (1998). Tropical Forest Census Plots: Methods and Results from Barro Colorado
Island, Panama and a Comparison with Other Plots. Springer Science & Business Media.
isbn: 978-3-540-64144-5.

Condit, R., S. P. Hubbell & R. B. Foster (1995). ‘Mortality rates of 205 neotropical tree and
shrub species and the impact of a severe drought’. Ecological Monographs 65.4, pp. 419–439.
doi: 10.2307/2963497.

Condit, R., R. Pérez, S. Aguilar, S. Lao, R. Foster & S. Hubbell (2019). Complete Data from the
Barro Colorado 50-Ha Plot: 423617 Trees, 35 Years, 2019 Version. doi: 10.15146/5XCP-

0D46.
Connell, J. H. (1971). ‘On the role of natural enemies in preventing competitive exclusion

in some marine animals and in rain forest trees’. Dynamics of Populations. Ed. by P. J.
Den Boer & G. R. Gradwell. Wageningen: PUDOC, pp. 298–312.

Cope, J. M. & C. W. Fox (2003). ‘Oviposition decisions in the seed beetle, Callosobruchus
maculatus (Coleoptera: Bruchidae): effects of seed size on superparasitism’. Journal of
Stored Products Research 39.4, pp. 355–365. doi: 10.1016/S0022-474X(02)00028-0.

Corrales, A., S. A. Mangan, B. L. Turner & J. W. Dalling (2016). ‘An ectomycorrhizal nitrogen
economy facilitates monodominance in a neotropical forest’. Ecology Letters 19.4, pp. 383–
392. doi: 10.1111/ele.12570.

Crawley, M. J. (2000). ‘Seed predators and plant population dynamics’. Seeds: The Ecology of
Regeneration in Plant Communities. 2nd ed. CABI Books. CABI Publishing, pp. 167–182.
isbn: 978-0-85199-432-1. doi: 10.1079/9780851994321.0167.

Crawley, M. J. & C. R. Long (1995). ‘Alternate bearing, predator satiation and seedling
recruitment in Quercus robur L.’ Journal of Ecology 83.4, pp. 683–696. doi: 10.2307/

2261636.
Croat, T. B. (1978). Flora of Barro Colorado Island. Stanford University Press. isbn: 978-0-

8047-0950-7.

70

https://doi.org/10.1126/science.1190772
https://doi.org/10.1111/1365-2745.12232
https://doi.org/10.1111/1365-2745.12232
https://doi.org/10.3417/2020591
https://doi.org/10.2307/2963497
https://doi.org/10.15146/5XCP-0D46
https://doi.org/10.15146/5XCP-0D46
https://doi.org/10.1016/S0022-474X(02)00028-0
https://doi.org/10.1111/ele.12570
https://doi.org/10.1079/9780851994321.0167
https://doi.org/10.2307/2261636
https://doi.org/10.2307/2261636


←↩ Page 71

Cunningham, S. A. (2000). ‘Depressed pollination in habitat fragments causes low fruit set’.
Proceedings of the Royal Society of London. Series B: Biological Sciences 267.1448, pp. 1149–
1152. doi: 10.1098/rspb.2000.1121.

Dauber, J., J. C. Biesmeijer, D. Gabriel, W. E. Kunin, E. Lamborn, B. Meyer, A. Nielsen,
S. G. Potts, S. P. M. Roberts, V. Sõber, J. Settele, I. Steffan-Dewenter, J. C. Stout, T. Teder,
T. Tscheulin, D. Vivarelli & T. Petanidou (2010). ‘Effects of patch size and density on flower
visitation and seed set of wild plants: a pan-european approach’. Journal of Ecology 98.1,
pp. 188–196. doi: 10.1111/j.1365-2745.2009.01590.x.

De Oliveira, A. A. & S. A. Mori (1999). ‘A central Amazonian terra firme forest. I. High
tree species richness on poor soils’. Biodiversity & Conservation 8.9, pp. 1219–1244. doi:
10.1023/A:1008908615271.

Delavaux, C. S., J. A. LaManna, J. A. Myers, R. P. Phillips, S. Aguilar, D. Allen, A. Alonso,
K. J. Anderson-Teixeira, M. E. Baker, J. L. Baltzer, P. Bissiengou, M. Bonfim, N. A. Bourg,
W. Y. Brockelman, D. F. R. P. Burslem, L.-W. Chang, Y. Chen, J.-M. Chiang, C. Chu, K.
Clay, S. Cordell, M. Cortese, J. den Ouden, C. Dick, S. Ediriweera, E. C. Ellis, A. Feistner,
A. L. Freestone, T. Giambelluca, C. P. Giardina, G. S. Gilbert, F. He, J. Holík, R. W.
Howe, W. Huaraca Huasca, S. P. Hubbell, F. Inman, P. A. Jansen, D. J. Johnson, K. Kral,
A. J. Larson, C. M. Litton, J. A. Lutz, Y. Malhi, K. McGuire, S. M. McMahon, W. J.
McShea, H. Memiaghe, A. Nathalang, N. Norden, V. Novotny, M. J. O’Brien, D. A. Orwig,
R. Ostertag, G. G. Parker, R. Pérez, G. Reynolds, S. E. Russo, L. Sack, P. Šamonil, I.-F.
Sun, M. E. Swanson, J. Thompson, M. Uriarte, J. Vandermeer, X. Wang, I. Ware, G. D.
Weiblen, A. Wolf, S.-H. Wu, J. K. Zimmerman, T. Lauber, D. S. Maynard, T. W. Crowther
& C. Averill (2023). ‘Mycorrhizal feedbacks influence global forest structure and diversity’.
Communications Biology 6.1, pp. 1–11. doi: 10.1038/s42003-023-05410-z.

Delnevo, N., E. J. van Etten, M. Byrne, A. Petraglia, M. Carbognani & W. D. Stock (2020).
‘Habitat fragmentation restricts insect pollinators and pollen quality in a threatened Pro-
teaceae species’. Biological Conservation 252, p. 108824. doi: 10.1016/j.biocon.2020.

108824.
Detto, M., M. D. Visser, S. J. Wright & S. W. Pacala (2019). ‘Bias in the detection of

negative density dependence in plant communities’. Ecology Letters 22.11, pp. 1923–1939.
doi: 10.1111/ele.13372.

Dick, C. W., O. J. Hardy, F. A. Jones & R. J. Petit (2008). ‘Spatial scales of pollen and
seed-mediated gene flow in tropical rain forest trees’. Tropical Plant Biology 1.1, pp. 20–33.
doi: 10.1007/s12042-007-9006-6.

Dombroskie, S. L., A. J. Tracey & L. W. Aarssen (2016). ‘Leafing intensity and the fruit
size/number trade-off in woody angiosperms’. Journal of Ecology 104.6, pp. 1759–1767.
doi: 10.1111/1365-2745.12622.

71

https://doi.org/10.1098/rspb.2000.1121
https://doi.org/10.1111/j.1365-2745.2009.01590.x
https://doi.org/10.1023/A:1008908615271
https://doi.org/10.1038/s42003-023-05410-z
https://doi.org/10.1016/j.biocon.2020.108824
https://doi.org/10.1016/j.biocon.2020.108824
https://doi.org/10.1111/ele.13372
https://doi.org/10.1007/s12042-007-9006-6
https://doi.org/10.1111/1365-2745.12622


←↩ Page 72

Dulaurent, A.-M., A. J. Porté, I. van Halder, F. Vétillard, P. Menassieu & H. Jactel (2012). ‘Hide
and seek in forests: colonization by the pine processionary moth is impeded by the presence of
nonhost trees’. Agricultural and Forest Entomology 14.1, pp. 19–27. doi: 10.1111/j.1461-

9563.2011.00549.x.
Dupont, Y. L., K. Trøjelsgaard, M. Hagen, M. V. Henriksen, J. M. Olesen, N. M. E. Pedersen

& W. D. Kissling (2014). ‘Spatial structure of an individual-based plant–pollinator network’.
Oikos 123.11, pp. 1301–1310. doi: 10.1111/oik.01426.

Dutta, S. K., G. Gurung, A. Yadav, R. Laha & V. K. Mishra (2022). ‘Factors associated with
citrus fruit abscission and management strategies developed so far: a review’. New Zealand
Journal of Crop and Horticultural Science 0.0, pp. 1–22. doi: 10.1080/01140671.2022.

2040545.
Ehrlén, J., Z. Münzbergova, M. Diekmann & O. Eriksson (2006). ‘Long-term assessment of

seed limitation in plants: results from an 11-year experiment’. Journal of Ecology 94.6,
pp. 1224–1232. doi: 10.1111/j.1365-2745.2006.01169.x.

Einhorn, T. C. & M. Arrington (2018). ‘ABA and shading induce ’bartlett’ pear abscission
and inhibit photosynthesis but are not additive’. Journal of Plant Growth Regulation 37.1,
pp. 300–308. doi: 10.1007/s00344-017-9729-z.

Endara, M.-J. & P. D. Coley (2011). ‘The resource availability hypothesis revisited: a meta-
analysis’. Functional Ecology 25.2, pp. 389–398. doi: 10.1111/j.1365-2435.2010.01803.

x.
Feeny, P. (1976). ‘Plant apparency and chemical defense’. Biochemical Interaction between

Plants and Insects. Ed. by J. W. Wallace & R. L. Mansell. Boston, MA: Springer US, pp. 1–
40. isbn: 978-1-4684-2648-9 978-1-4684-2646-5. doi: 10.1007/978-1-4684-2646-5_1.

Fenner, M. K., J. Cresswell, R. Hurley & T. Baldwin (2002). ‘Relationship between capitulum
size and pre-dispersal seed predation by insect larvae in common Asteraceae’. Oecologia
130.1, pp. 72–77. doi: 10.1007/s004420100773.

Fenner, M. K. & K. Thompson (2005). The Ecology of Seeds. Cambridge University Press.
isbn: 978-0-521-65368-8.

Fichtner, A. & V. Wissemann (2021). ‘Biological flora of the British Isles: Crataegus monogyna’.
Journal of Ecology 109.1, pp. 541–571. doi: 10.1111/1365-2745.13554.

Floater, G. J. & M. P. Zalucki (2000). ‘Habitat structure and egg distributions in the pro-
cessionary caterpillar Ochrogaster lunifer: lessons for conservation and pest management’.
Journal of Applied Ecology 37.1, pp. 87–99. doi: 10.1046/j.1365-2664.2000.00468.x.

Follett, P. A. (2002). ‘Mango seed weevil (Coleoptera: Curculionidae) and premature fruit
drop in mangoes’. Journal of Economic Entomology 95.2, pp. 336–339. doi: 10.1603/0022-

0493-95.2.336.
Forino, L., A. Tagliasacchi & S. Avanzi (1987). ‘Embryo-sacs frequency in ovules of abscission

affected fruits in Malus domestica Borkh’. Advances in Horticultural Science 1.2, pp. 65–67.

72

https://doi.org/10.1111/j.1461-9563.2011.00549.x
https://doi.org/10.1111/j.1461-9563.2011.00549.x
https://doi.org/10.1111/oik.01426
https://doi.org/10.1080/01140671.2022.2040545
https://doi.org/10.1080/01140671.2022.2040545
https://doi.org/10.1111/j.1365-2745.2006.01169.x
https://doi.org/10.1007/s00344-017-9729-z
https://doi.org/10.1111/j.1365-2435.2010.01803.x
https://doi.org/10.1111/j.1365-2435.2010.01803.x
https://doi.org/10.1007/978-1-4684-2646-5_1
https://doi.org/10.1007/s004420100773
https://doi.org/10.1111/1365-2745.13554
https://doi.org/10.1046/j.1365-2664.2000.00468.x
https://doi.org/10.1603/0022-0493-95.2.336
https://doi.org/10.1603/0022-0493-95.2.336


←↩ Page 73

Forrister, D. L., M.-J. Endara, G. C. Younkin, P. D. Coley & T. A. Kursar (2019). ‘Herbivores
as drivers of negative density dependence in tropical forest saplings’. Science 363.6432,
pp. 1213–1216. doi: 10.1126/science.aau9460.

Frederickson, M. E. & D. M. Gordon (2007). ‘The devil to pay: a cost of mutualism with
Myrmelachista schumanni ants in ‘devil’s gardens’ is increased herbivory on Duroia hirsuta
trees’. Proceedings of the Royal Society B: Biological Sciences 274.1613, pp. 1117–1123. doi:
10.1098/rspb.2006.0415.

Fricke, E. C. & S. J. Wright (2016). ‘The mechanical defence advantage of small seeds’. Ecology
Letters 19.8, pp. 987–991. doi: 10.1111/ele.12637.

Gagic, V., L. Kirkland, L. K. Kendall, J. Jones, J. Kirkland, C. Spurr & R. Rader (2021). ‘Un-
derstanding pollinator foraging behaviour and transition rates between flowers is important
to maximize seed set in hybrid crops’. Apidologie 52.1, pp. 89–100. doi: 10.1007/s13592-

020-00800-2.
García, D. & N. P. Chacoff (2007). ‘Scale-dependent effects of habitat fragmentation on

hawthorn pollination, frugivory, and seed predation’. Conservation Biology 21.2, pp. 400–
411. doi: 10.1111/j.1523-1739.2006.00593.x.

García, D., R. Zamora, J. M. Gómez & J. A. Hódar (1999). ‘Bird rejection of unhealthy fruits
reinforces the mutualism between juniper and its avian dispersers’. Oikos 85.3, pp. 536–544.
doi: 10.2307/3546703.

Garzon-Lopez, C. X., L. Ballesteros-Mejia, A. Ordoñez, S. A. Bohlman, H. Olff & P. A.
Jansen (2015). ‘Indirect interactions among tropical tree species through shared rodent seed
predators: a novel mechanism of tree species coexistence’. Ecology Letters 18.8. Ed. by M.
Rejmanek, pp. 752–760. doi: 10.1111/ele.12452.

Garzon-Lopez, C. X., S. A. Bohlman, H. Olff & P. A. Jansen (2013). ‘Mapping tropical forest
trees using high-resolution aerial digital photographs’. Biotropica 45.3, pp. 308–316. doi:
10.1111/btp.12009.

Gelman, A. & D. B. Rubin (1992). ‘Inference from iterative simulation using multiple se-
quences’. Statistical Science 7.4, pp. 457–472. doi: 10.1214/ss/1177011136.

Gentry, A. H. (1974). ‘Flowering phenology and diversity in tropical Bignoniaceae’. Biotropica
6.1, p. 64. doi: 10.2307/2989698.

Ghazoul, J. (2005). ‘Pollen and seed dispersal among dispersed plants’. Biological Reviews
80.3, pp. 413–443. doi: 10.1017/S1464793105006731.

Ghazoul, J. & M. McLeish (2001). ‘Reproductive ecology of tropical forest trees in logged and
fragmented habitats in Thailand and Costa Rica’. Plant Ecology 153.1/2, pp. 335–345. doi:
10.1023/A:1017542124699.

Ghazoul, J. & A. Satake (2009). ‘Nonviable seed set enhances plant fitness: the sacrificial
sibling hypothesis’. Ecology 90.2, pp. 369–377. doi: 10.1890/07-1436.1.

73

https://doi.org/10.1126/science.aau9460
https://doi.org/10.1098/rspb.2006.0415
https://doi.org/10.1111/ele.12637
https://doi.org/10.1007/s13592-020-00800-2
https://doi.org/10.1007/s13592-020-00800-2
https://doi.org/10.1111/j.1523-1739.2006.00593.x
https://doi.org/10.2307/3546703
https://doi.org/10.1111/ele.12452
https://doi.org/10.1111/btp.12009
https://doi.org/10.1214/ss/1177011136
https://doi.org/10.2307/2989698
https://doi.org/10.1017/S1464793105006731
https://doi.org/10.1023/A:1017542124699
https://doi.org/10.1890/07-1436.1


←↩ Page 74

Gillett, J. B. (1962). ‘Pest pressure, an underestimated factor in evolution’. Taxonomy and
Geography. Ed. by D. Nichols. Vol. 4. London: The Systematics Association, pp. 37–46.

Gómez, J. M., M. Abdelaziz, J. Lorite, A. Jesús Muñoz-Pajares & F. Perfectti (2010). ‘Changes
in pollinator fauna cause spatial variation in pollen limitation: Pollinator assemblage and
pollen limitation’. Journal of Ecology 98.5, pp. 1243–1252. doi: 10.1111/j.1365-2745.

2010.01691.x.
Goubitz, S., M. J. A. Werger, A. Shmida & G. Ne’eman (2002). ‘Cone abortion in Pinus

halepensis: the role of pollen quantity, tree size and cone location’. Oikos 97.1, pp. 125–133.
doi: 10.1034/j.1600-0706.2002.970113.x.

Goverde, M., K. Schweizer, B. Baur & A. Erhardt (2002). ‘Small-scale habitat fragmentation
effects on pollinator behaviour: experimental evidence from the bumblebee Bombus veteranus
on calcareous grasslands’. Biological Conservation 104.3, pp. 293–299. doi: 10.1016/S0006-

3207(01)00194-X.
Gräler, B., E. Pebesma & G. Heuvelink (2016). ‘Spatio-temporal interpolation using gstat’.

The R Journal 8.1, p. 204. doi: 10.32614/RJ-2016-014.
Grass, I., V. Bohle, T. Tscharntke & C. Westphal (2018). ‘How plant reproductive success

is determined by the interplay of antagonists and mutualists’. Ecosphere 9.2, e02106. doi:
10.1002/ecs2.2106.

Green, P. T., K. E. Harms & J. H. Connell (2014). ‘Nonrandom, diversifying processes are
disproportionately strong in the smallest size classes of a tropical forest’. Proceedings of the
National Academy of Sciences 111.52, pp. 18649–18654. doi: 10.1073/pnas.1321892112.

Greig, N. (1993). ‘Predispersal seed predation on five Piper species in tropical rainforest’.
Oecologia 93.3, pp. 412–420. doi: 10.1007/BF00317886.

Griffith, A. B., R. Salguero-Gómez, C. Merow & S. McMahon (2016). ‘Demography beyond
the population’. Journal of Ecology 104.2, pp. 271–280. doi: 10.1111/1365-2745.12547.

Grindeland, J. M., N. Sletvold & R. A. Ims (2005). ‘Effects of floral display size and plant
density on pollinator visitation rate in a natural population of Digitalis purpurea’. Functional
Ecology 19.3, pp. 383–390. doi: 10.1111/j.1365-2435.2005.00988.x.

Gripenberg, S. (2018). ‘Do pre-dispersal insect seed predators contribute to maintaining
tropical forest plant diversity?’ Biotropica 50.6, pp. 839–845. doi: 10.1111/btp.12602.

Gripenberg, S., R. Bagchi, R. E. Gallery, R. P. Freckleton, L. Narayan & O. T. Lewis (2014).
‘Testing for enemy-mediated density-dependence in the mortality of seedlings: field experi-
ments with five Neotropical tree species’. Oikos 123.2, pp. 185–193. doi: 10.1111/j.1600-

0706.2013.00835.x.
Gripenberg, S., Y. Basset, O. T. Lewis, J. C. D. Terry, S. J. Wright, I. Simón, D. C. Fernández,

M. Cedeño-Sanchez, M. Rivera, H. Barrios, J. W. Brown, O. Calderón, A. I. Cognato, J.
Kim, S. E. Miller, G. E. Morse, S. Pinzón-Navarro, D. L. J. Quicke, R. K. Robbins, J.-P.

74

https://doi.org/10.1111/j.1365-2745.2010.01691.x
https://doi.org/10.1111/j.1365-2745.2010.01691.x
https://doi.org/10.1034/j.1600-0706.2002.970113.x
https://doi.org/10.1016/S0006-3207(01)00194-X
https://doi.org/10.1016/S0006-3207(01)00194-X
https://doi.org/10.32614/RJ-2016-014
https://doi.org/10.1002/ecs2.2106
https://doi.org/10.1073/pnas.1321892112
https://doi.org/10.1007/BF00317886
https://doi.org/10.1111/1365-2745.12547
https://doi.org/10.1111/j.1365-2435.2005.00988.x
https://doi.org/10.1111/btp.12602
https://doi.org/10.1111/j.1600-0706.2013.00835.x
https://doi.org/10.1111/j.1600-0706.2013.00835.x


←↩ Page 75

Salminen & E. Vesterinen (2019a). ‘A highly resolved food web for insect seed predators in a
species-rich tropical forest’. Ecology Letters 22.10, pp. 1638–1649. doi: 10.1111/ele.13359.

Gripenberg, S., Y. Basset, O. T. Lewis, J. C. D. Terry, S. J. Wright, I. Simón, D. C. Fernández,
M. Cedeño-Sanchez, M. Rivera, H. Barrios, J. W. Brown, O. Calderón, A. I. Cognato, J.
Kim, S. E. Miller, G. E. Morse, S. Pinzón-Navarro, D. L. J. Quicke, R. K. Robbins, J.-P.
Salminen & E. Vesterinen (2019b). Data from: A Highly-Resolved Food Web for Insect Seed
Predators in a Species-Rich Tropical Forest. doi: 10.5061/DRYAD.230J5CH.

Gripenberg, S. & T. Roslin (2005). ‘Host plants as islands: Resource quality and spatial setting
as determinants of insect distribution’. Annales Zoologici Fennici 42.4, pp. 335–345.

Gripenberg, S., J. Rota, J. Kim, S. J. Wright, N. C. Garwood, E. C. Fricke, P.-C. Zalamea &
J.-P. Salminen (2018). ‘Seed polyphenols in a diverse tropical plant community’. Journal of
Ecology 106.1. Ed. by G. Bielefeld Nardoto, pp. 87–100. doi: 10.1111/1365-2745.12814.

Grubb, P. J. (1977). ‘The maintenance of species-richness in plant communities: the importance
of the regeneration niche’. Biological Reviews 52.1, pp. 107–145. doi: 10.1111/j.1469-

185X.1977.tb01347.x.
Guitián, J. & M. Fuentes (1992). ‘Reproductive biology of Crataegus monogyna in northwestern

Spain’. Acta Oecologica 13, pp. 3–11.
Gyan, K. Y. & S. R. J. Woodell (1987a). ‘Analysis of insect pollen loads and pollination

efficiency of some common insect visitors of four species of woody Rosaceae’. Functional
Ecology 1.3, pp. 269–274. doi: 10.2307/2389430.

– (1987b). ‘Flowering phenology, flower colour and mode of reproduction of Prunus spinosa
L. (Blackthorn); Crataegus monogyna Jacq. (Hawthorn); Rosa canina L. (Dog Rose); and
Rubus fruticosus L. (Bramble) in Oxfordshire, England’. Functional Ecology 1.3, pp. 261–
268. doi: 10.2307/2389429.

Hagler, J. R., A. M. Hull, M. T. Casey & S. A. Machtley (2021). ‘Use of a fluorophore to tag
arthropods for mark-release-recapture type research’. Journal of Insect Science 21.6, p. 20.
doi: 10.1093/jisesa/ieab099.

Hammond, D. S. & V. K. Brown (1998). ‘Disturbance, phenology and life-history characterist-
ics: factors influencing distance/density-dependent attack on tropical seeds and seedlings’.
Dynamics of Tropical Communities: 37th Symposium of the British Ecological Society, Cam-
bridge University, 1996. Ed. by D. M. Newbery, H. H. T. Prins & N. D. Brown. Oxford:
Blackwell Science, pp. 51–78. isbn: 978-0-632-04944-8.

Hanski, I. (1994). ‘A practical model of metapopulation dynamics’. Journal of Animal Ecology
63.1, pp. 151–162. doi: 10.2307/5591.

– (1998). ‘Metapopulation dynamics’. Nature 396.6706, pp. 41–49. doi: 10.1038/23876.
– (2001). ‘Spatially realistic theory of metapopulation ecology’. Naturwissenschaften 88.9,

pp. 372–381. doi: 10.1007/s001140100246.

75

https://doi.org/10.1111/ele.13359
https://doi.org/10.5061/DRYAD.230J5CH
https://doi.org/10.1111/1365-2745.12814
https://doi.org/10.1111/j.1469-185X.1977.tb01347.x
https://doi.org/10.1111/j.1469-185X.1977.tb01347.x
https://doi.org/10.2307/2389430
https://doi.org/10.2307/2389429
https://doi.org/10.1093/jisesa/ieab099
https://doi.org/10.2307/5591
https://doi.org/10.1038/23876
https://doi.org/10.1007/s001140100246


←↩ Page 76

Hardin, G. (1960). ‘The competitive exclusion principle’. Science 131.3409, pp. 1292–1297.
doi: 10.1126/science.131.3409.1292.

Harman, H. M. (1999). ‘The effect of variability in the phenology of the reproductive stages
of scotch broom (Cytisus scoparius) on the synchronization of the life stages of broom seed
beetle (Bruchidius villosus) in New Zealand’. Biological Control 15.3, pp. 228–234. doi:
10.1006/bcon.1999.0715.

Harms, K. E., S. J. Wright, O. Calderón, A. Hernández & E. A. Herre (2000). ‘Pervasive density-
dependent recruitment enhances seedling diversity in a tropical forest’. Nature 404.6777,
pp. 493–495. doi: 10.1038/35006630.

Hartig, F. (2020). DHARMa: Residual Diagnostics for Hierarchical (Multi-Level / Mixed)
Regression Models. Version 0.3.1. url: https://cran.r-project.org/package=DHARMa.

Heinen, R., S. E. Hannula, J. R. De Long, M. Huberty, R. Jongen, A. Kielak, K. Steinauer,
F. Zhu & T. M. Bezemer (2020). ‘Plant community composition steers grassland vegetation
via soil legacy effects’. Ecology Letters 23.6, pp. 973–982. doi: 10.1111/ele.13497.

Hille Ris Lambers, J., J. S. Clark & B. Beckage (2002). ‘Density-dependent mortality and
the latitudinal gradient in species diversity’. Nature 417.6890, pp. 732–735. doi: 10.1038/

nature00809.
Hirayama, K., T. Imai, K. Enomoto & C. Tachikawa (2017). ‘Annual variability in acorn

production and pre-dispersal damage to acorns of four fagaceous species in two adjacent
forest stands with different mixed ratios in western Japan’. Population Ecology 59.4, pp. 343–
354. doi: 10.1007/s10144-017-0595-0.

Holl, K. D. & M. E. Lulow (1997). ‘Effects of species, habitat, and distance from edge on
post-dispersal seed predation in a tropical rainforest’. Biotropica 29.4, pp. 459–468. doi:
10.1111/j.1744-7429.1997.tb00040.x.

Hosaka, T., T. Yumoto, Y.-Y. Chen, I.-F. Sun, S. J. Wright & N. S. M. Noor (2011). ‘Abundance
of insect seed predators and intensity of seed predation on Shorea (Dipterocarpaceae) in
two consecutive masting events in Peninsular Malaysia’. Journal of Tropical Ecology 27.6,
pp. 651–655. doi: 10.1017/S0266467411000393.

Howe, H. F. (1989). ‘Scatter-and clump-dispersal and seedling demography: hypothesis and
implications’. Oecologia 79.3, pp. 417–426. doi: 10.1007/BF00384323.

Hubbell, S. P., J. A. Ahumada, R. Condit & R. B. Foster (2001). ‘Local neighborhood effects
on long-term survival of individual trees in a neotropical forest: Local effects on survival of
tropical trees’. Ecological Research 16.5, pp. 859–875. doi: 10.1046/j.1440-1703.2001.

00445.x.
Hughes, A. R. (2012). ‘A neighboring plant species creates associational refuge for consumer

and host’. Ecology 93.6, pp. 1411–1420. doi: 10.1890/11-1555.1.

76

https://doi.org/10.1126/science.131.3409.1292
https://doi.org/10.1006/bcon.1999.0715
https://doi.org/10.1038/35006630
https://cran.r-project.org/package=DHARMa
https://doi.org/10.1111/ele.13497
https://doi.org/10.1038/nature00809
https://doi.org/10.1038/nature00809
https://doi.org/10.1007/s10144-017-0595-0
https://doi.org/10.1111/j.1744-7429.1997.tb00040.x
https://doi.org/10.1017/S0266467411000393
https://doi.org/10.1007/BF00384323
https://doi.org/10.1046/j.1440-1703.2001.00445.x
https://doi.org/10.1046/j.1440-1703.2001.00445.x
https://doi.org/10.1890/11-1555.1


←↩ Page 77

Hulme, P. E. & C. W. Benkman (2002). ‘Granivory’. Plant Animal Interactions: An Evolu-
tionary Approach. Ed. by C. M. Herrera & O. Pellmyr. John Wiley & Sons, Incorporated,
pp. 132–154. isbn: 978-1-4443-1229-4.

Jackson, D. (2010). ‘Flowers and fruit’. Temperate and Subtropical Fruit Production. 3rd ed.
CABI, pp. 33–43. doi: 10.1079/9781845935016.0000.

Jackson, E. E., P. G. Cannon, M. P. Greenwell & S. Gripenberg (2024a). ‘Fallen fruit counts
for 90 Jacaranda copaia individuals’. doi: 10.5281/zenodo.10599499.

Jackson, E. E., M. P. Greenwell, J. M. Bullock, T. H. Oliver, S. Topple, C. W. Foster & S.
Gripenberg (2024b). ‘Fruit set, fruit drop and conspecific mapping of 32 Crataegus monogyna
individuals in a temperate woodland’. doi: 10.5281/zenodo.10599207.

Jackson, E. E., S. J. Wright, O. Calderón, J. M. Bullock, T. Oliver & S. Gripenberg (2022).
‘Pre-dispersal seed predation could help explain premature fruit drop in a tropical forest’.
Journal of Ecology 110.4, pp. 751–761. doi: 10.1111/1365-2745.13867.

Jacobs, J. H., S. J. Clark, I. Denholm, D. Goulson, C. Stoate & J. L. Osborne (2009). ‘Pol-
lination biology of fruit-bearing hedgerow plants and the role of flower-visiting insects in
fruit-set’. Annals of Botany 104.7, pp. 1397–1404. doi: 10.1093/aob/mcp236.

Jactel, H., G. Birgersson, S. Andersson & F. Schlyter (2011). ‘Non-host volatiles mediate
associational resistance to the pine processionary moth’. Oecologia 166.3, pp. 703–711. doi:
10.1007/s00442-011-1918-z.

James, J. J., T. J. Svejcar & M. J. Rinella (2011). ‘Demographic processes limiting seedling
recruitment in arid grassland restoration’. Journal of Applied Ecology 48.4, pp. 961–969.
doi: 10.1111/j.1365-2664.2011.02009.x.

Janzen, D. H. (1968). ‘Host plants as islands in evolutionary and contemporary time’. The
American Naturalist 102.928, pp. 592–595. doi: 10.1086/282574.

– (1970). ‘Herbivores and the number of tree species in tropical forests’. The American Nat-
uralist 104.940, pp. 501–528. doi: 10.1086/282687.

– (1971a). ‘Escape of Cassia grandis l. beans from predators in time and space’. Ecology 52.6,
pp. 964–979. doi: 10.2307/1933802.

– (1971b). ‘Seed predation by animals’. Annual review of ecology and systematics 2.1, pp. 465–
492. doi: 10.1146/annurev.es.02.110171.002341.

– (1973). ‘Host plants as islands. II. Competition in evolutionary and contemporary time’.
The American Naturalist 107.958, pp. 786–790. doi: 10.1086/282876.

– (1976a). ‘Reduction of Mucuna andreana (Leguminosae) seedling fitness by artifical seed
damage’. Ecology 57.4, pp. 826–828. doi: 10.2307/1936197.

– (1976b). ‘Why bamboos wait so long to flower’. Annual Review of Ecology and systematics
7.1, pp. 347–391. doi: 10.1146/annurev.es.07.110176.002023.

77

https://doi.org/10.1079/9781845935016.0000
https://doi.org/10.5281/zenodo.10599499
https://doi.org/10.5281/zenodo.10599207
https://doi.org/10.1111/1365-2745.13867
https://doi.org/10.1093/aob/mcp236
https://doi.org/10.1007/s00442-011-1918-z
https://doi.org/10.1111/j.1365-2664.2011.02009.x
https://doi.org/10.1086/282574
https://doi.org/10.1086/282687
https://doi.org/10.2307/1933802
https://doi.org/10.1146/annurev.es.02.110171.002341
https://doi.org/10.1086/282876
https://doi.org/10.2307/1936197
https://doi.org/10.1146/annurev.es.07.110176.002023


←↩ Page 78

Johnson, D. J., W. T. Beaulieu, J. D. Bever & K. Clay (2012). ‘Conspecific negative density
dependence and forest diversity’. Science 336.6083, pp. 904–907. doi: 10.1126/science.

1220269.
Jones, F. A., J. Chen, G.-J. Weng & S. P. Hubbell (2005). ‘A genetic evaluation of seed

dispersal in the neotropical tree Jacaranda copaia (Bignoniaceae).’ The American Naturalist
166.5, pp. 543–555. doi: 10.1086/491661.

Jones, F. A. & L. S. Comita (2008). ‘Neighbourhood density and genetic relatedness interact to
determine fruit set and abortion rates in a continuous tropical tree population’. Proceedings
of the Royal Society B: Biological Sciences 275.1652, pp. 2759–2767. doi: 10.1098/rspb.

2008.0894.
– (2010). ‘Density-dependent pre-dispersal seed predation and fruit set in a tropical tree’.

Oikos 119.11, pp. 1841–1847. doi: 10.1111/j.1600-0706.2010.18547.x.
Jones, F. A. & H. C. Muller-Landau (2008). ‘Measuring long-distance seed dispersal in com-

plex natural environments: an evaluation and integration of classical and genetic methods’.
Journal of Ecology 96.4, pp. 642–652. doi: 10.1111/j.1365-2745.2008.01400.x.

Kamm, U., P. Rotach, F. Gugerli, M. Siroky, P. Edwards & R. Holderegger (2009). ‘Frequent
long-distance gene flow in a rare temperate forest tree (Sorbus domestica) at the landscape
scale’. Heredity 103.6, pp. 476–482. doi: 10.1038/hdy.2009.70.

Karron, J. D., R. J. Mitchell & J. M. Bell (2006). ‘Multiple pollinator visits to Mimulus ringens
(Phrymaceae) flowers increase mate number and seed set within fruits’. American Journal
of Botany 93.9, pp. 1306–1312. doi: 10.3732/ajb.93.9.1306.

Kellner, J. R. & S. P. Hubbell (2017). ‘Adult mortality in a low-density tree population using
high-resolution remote sensing’. Ecology 98.6, pp. 1700–1709. doi: 10.1002/ecy.1847.

– (2018). ‘Density-dependent adult recruitment in a low-density tropical tree’. Proceedings
of the National Academy of Sciences 115.44, pp. 11268–11273. doi: 10 . 1073 / pnas .

1800353115.
Kelly, D. (1994). ‘The evolutionary ecology of mast seeding’. Trends in Ecology & Evolution

9.12, pp. 465–470. doi: 10.1016/0169-5347(94)90310-7.
Kelly, D. & V. L. Sork (2002). ‘Mast seeding in perennial plants: why, how, where?’ Annual

Review of Ecology and Systematics 33.1, pp. 427–447. doi: 10.1146/annurev.ecolsys.

33.020602.095433.
Kennedy, C. E. J. & T. R. E. Southwood (1984). ‘The number of species of insects associated

with british trees: a re-analysis’. Journal of Animal Ecology 53.2, pp. 455–478. doi: 10.

2307/4528.
Kingsland, S. E. (1991). ‘Defining ecology as a science’. Foundations of Ecology: Classic Papers

with Commentaries. Ed. by L. A. Real & J. H. Brown. Chicago: University of Chicago Press,
pp. 1–13.

78

https://doi.org/10.1126/science.1220269
https://doi.org/10.1126/science.1220269
https://doi.org/10.1086/491661
https://doi.org/10.1098/rspb.2008.0894
https://doi.org/10.1098/rspb.2008.0894
https://doi.org/10.1111/j.1600-0706.2010.18547.x
https://doi.org/10.1111/j.1365-2745.2008.01400.x
https://doi.org/10.1038/hdy.2009.70
https://doi.org/10.3732/ajb.93.9.1306
https://doi.org/10.1002/ecy.1847
https://doi.org/10.1073/pnas.1800353115
https://doi.org/10.1073/pnas.1800353115
https://doi.org/10.1016/0169-5347(94)90310-7
https://doi.org/10.1146/annurev.ecolsys.33.020602.095433
https://doi.org/10.1146/annurev.ecolsys.33.020602.095433
https://doi.org/10.2307/4528
https://doi.org/10.2307/4528


←↩ Page 79

Kirby, K. J., D. R. Bazely, E. A. Goldberg, J. E. Hall, R. Isted, S. C. Perry & R. C.
Thomas (2014). ‘Changes in the tree and shrub layer of Wytham Woods (Southern Eng-
land) 1974–2012: local and national trends compared’. Forestry: An International Journal
of Forest Research 87.5, pp. 663–673. doi: 10.1093/forestry/cpu026.

Knight, T. M., J. A. Steets, J. C. Vamosi, S. J. Mazer, M. Burd, D. R. Campbell, M. R.
Dudash, M. O. Johnston, R. J. Mitchell & T.-L. Ashman (2005). ‘Pollen limitation of plant
reproduction: Pattern and process’. Annual Review of Ecology, Evolution, and Systematics
36.1, pp. 467–497. doi: 10.1146/annurev.ecolsys.36.102403.115320.

Kolb, A., J. Ehrlén & O. Eriksson (2007). ‘Ecological and evolutionary consequences of spatial
and temporal variation in pre-dispersal seed predation’. Perspectives in Plant Ecology,
Evolution and Systematics 9.2, pp. 79–100. doi: 10.1016/j.ppees.2007.09.001.

Kraus, E. J. (1915). ‘The self-sterility problem’. Journal of Heredity 6.12, pp. 549–557. doi:
10.1093/oxfordjournals.jhered.a109047.

Kuprewicz, E. K. & C. García-Robledo (2010). ‘Mammal and insect predation of chemically
and structurally defended Mucuna holtonii (Fabaceae) seeds in a Costa Rican rain forest’.
Journal of Tropical Ecology 26.3, pp. 263–269. doi: 10.1017/S0266467410000039.

LaManna, J. A., F. A. Jones, D. M. Bell, R. J. Pabst & D. C. Shaw (2022). ‘Tree species
diversity increases with conspecific negative density dependence across an elevation gradient’.
Ecology Letters 25.5, pp. 1237–1249. doi: 10.1111/ele.13996.

Lesieur, V., A. Yart, S. Guilbon, P. Lorme, M.-A. Auger-Rozenberg & A. Roques (2014). ‘The
invasive Leptoglossus seed bug, a threat for commercial seed crops, but for conifer diversity?’
Biological Invasions 16.9, pp. 1833–1849. doi: 10.1007/s10530-013-0630-9.

Levi, T., M. Barfield, S. Barrantes, C. Sullivan, R. D. Holt & J. Terborgh (2019). ‘Tropical
forests can maintain hyperdiversity because of enemies’. Proceedings of the National Academy
of Sciences 116.2, pp. 581–586. doi: 10.1073/pnas.1813211116.

Levin, S. A. (1992). ‘The problem of pattern and scale in ecology: the Robert H. Macarthur
Award lecture’. Ecology 73.6, pp. 1943–1967. doi: 10.2307/1941447.

Levine, J. M. & D. J. Murrell (2003). ‘The community-level consequences of seed dispersal
patterns’. Annual Review of Ecology, Evolution, and Systematics 34.1, pp. 549–574. doi:
10.1146/annurev.ecolsys.34.011802.132400.

Lewis, O. T. & S. Gripenberg (2008). ‘Insect seed predators and environmental change’. Journal
of Applied Ecology 45.6, pp. 1593–1599. doi: 10.1111/j.1365-2664.2008.01575.x.

Luchi, N., V. Mancini, M. Feducci, A. Santini & P. Capretti (2012). ‘Leptoglossus occidentalis
and Diplodia pinea: a new insect-fungus association in Mediterranean forests’. Forest Patho-
logy 42.3, pp. 246–251. doi: 10.1111/j.1439-0329.2011.00750.x.

Mack, A. L. (1998). ‘An advantage of large seed size: Tolerating rather than succumbing to seed
predators’. Biotropica 30.4, pp. 604–608. doi: 10.1111/j.1744-7429.1998.tb00100.x.

79

https://doi.org/10.1093/forestry/cpu026
https://doi.org/10.1146/annurev.ecolsys.36.102403.115320
https://doi.org/10.1016/j.ppees.2007.09.001
https://doi.org/10.1093/oxfordjournals.jhered.a109047
https://doi.org/10.1017/S0266467410000039
https://doi.org/10.1111/ele.13996
https://doi.org/10.1007/s10530-013-0630-9
https://doi.org/10.1073/pnas.1813211116
https://doi.org/10.2307/1941447
https://doi.org/10.1146/annurev.ecolsys.34.011802.132400
https://doi.org/10.1111/j.1365-2664.2008.01575.x
https://doi.org/10.1111/j.1439-0329.2011.00750.x
https://doi.org/10.1111/j.1744-7429.1998.tb00100.x


←↩ Page 80

Manzur, M. I. & S. P. Courtney (1984). ‘Influence of insect damage in fruits of hawthorn on
bird foraging and seed dispersal’. Oikos 43.3, pp. 265–270. doi: 10.2307/3544142.

Maron, J. L. & E. Crone (2006). ‘Herbivory: effects on plant abundance, distribution and pop-
ulation growth’. Proceedings of the Royal Society B: Biological Sciences 273.1601, pp. 2575–
2584. doi: 10.1098/rspb.2006.3587.

Maron, J. L. & S. Harrison (1997). ‘Spatial pattern formation in an insect host-parasitoid
system’. Science 278.5343, pp. 1619–1621. doi: 10.1126/science.278.5343.1619.

Martinez-Alcantara, B., A. Quinones, F. Legaz & E. Primo-Millo (2012). ‘Nitrogen-use effi-
ciency of young citrus trees as influenced by the timing of fertilizer application’. Journal of
Plant Nutrition and Soil Science 175.2, pp. 282–292. doi: 10.1002/jpln.201100223.

Maués, M. M., P. E. A. M. de Oliveira & M. Kanashiro (2008). ‘Pollination biology in
Jacaranda copaia (Aubl.) D. Don. (Bignoniaceae) at the "Floresta Nacional do Tapajós",
Central Amazon, Brazil’. Brazilian Journal of Botany 31, pp. 517–527. doi: 10.1590/S0100-

84042008000300015.
Maycock, C. R., R. N. Thewlis, J. Ghazoul, R. Nilus & D. F. Burslem (2005). ‘Reproduction

of dipterocarps during low intensity masting events in a Bornean rain forest’. Journal of
Vegetation Science 16.6, pp. 635–646. doi: 10.1111/j.1654-1103.2005.tb02406.x.

McNair, C., G. Gries & R. Gries (2000). ‘Cherry bark tortrix, Enarmonia formosana: olfactory
recognition of and behavioral deterrence by nonhost angio- and gymnosperm volatiles’.
Journal of Chemical Ecology 26.4, pp. 809–821. doi: 10.1023/A:1005443822030.

Mehouachi, J., D. Serna, S. Zaragoza, M. Agusti, M. Talon & E. Primo-Millo (1995). ‘Defo-
liation increases fruit abscission and reduces carbohydrate levels in developing fruits and
woody tissues of Citrus unshiu’. Plant Science 107.2, pp. 189–197. doi: 10.1016/0168-

9452(95)04111-7.
Memmott, J. (1999). ‘The structure of a plant-pollinator food web’. Ecology Letters 2.5,

pp. 276–280. doi: 10.1046/j.1461-0248.1999.00087.x.
Metz, M. R., W. P. Sousa & R. Valencia (2010). ‘Widespread density-dependent seedling

mortality promotes species coexistence in a highly diverse Amazonian rain forest’. Ecology
91.12, pp. 3675–3685. doi: 10.1890/08-2323.1.

Meyer, K. M., L. L. Soldaat, H. Auge & H.-H. Thulke (2014). ‘Adaptive and selective seed
abortion reveals complex conditional decision making in plants’. The American Naturalist
183.3, pp. 376–383. doi: 10.1086/675063.

Moilanen, A. & M. Nieminen (2002). ‘Simple connectivity measures in spatial ecology’. Ecology
83.4, pp. 1131–1145. doi: 10.1890/0012-9658(2002)083[1131:SCMISE]2.0.CO;2.

Moles, A. T., D. I. Warton & M. Westoby (2003). ‘Do small-seeded species have higher
survival through seed predation than large-seeded species?’ Ecology 84.12, pp. 3148–3161.
doi: 10.1890/02-0662.

80

https://doi.org/10.2307/3544142
https://doi.org/10.1098/rspb.2006.3587
https://doi.org/10.1126/science.278.5343.1619
https://doi.org/10.1002/jpln.201100223
https://doi.org/10.1590/S0100-84042008000300015
https://doi.org/10.1590/S0100-84042008000300015
https://doi.org/10.1111/j.1654-1103.2005.tb02406.x
https://doi.org/10.1023/A:1005443822030
https://doi.org/10.1016/0168-9452(95)04111-7
https://doi.org/10.1016/0168-9452(95)04111-7
https://doi.org/10.1046/j.1461-0248.1999.00087.x
https://doi.org/10.1890/08-2323.1
https://doi.org/10.1086/675063
https://doi.org/10.1890/0012-9658(2002)083[1131:SCMISE]2.0.CO;2
https://doi.org/10.1890/02-0662


←↩ Page 81

Moles, A. T. & M. Westoby (2003). ‘Latitude, seed predation and seed mass’. Journal of
Biogeography 30.1, pp. 105–128. doi: 10.1046/j.1365-2699.2003.00781.x.

Morecroft, M. D., V. J. Stokes, M. E. Taylor & J. I. Morison (2008). ‘Effects of climate and
management history on the distribution and growth of sycamore (Acer pseudoplatanus
L.) in a southern British woodland in comparison to native competitors’. Forestry: An
International Journal of Forest Research 81.1, pp. 59–74. doi: 10.1093/forestry/cpm045.

Mucunguzi, P. (1995). ‘Bruchids and survival of Acacia seeds’. African Journal of Ecology
33.3, pp. 175–183. doi: 10.1111/j.1365-2028.1995.tb00795.x.

Muller-Landau, H. C. & S. J. Wright, eds. (In press). The First 100 Years of Research on Barro
Colorado Island: Plant and Ecosystem Science. Washington, DC: Smithsonian Institution
Scholarly Press.

Murphy, S. J., T. Wiegand & L. S. Comita (2017). ‘Distance-dependent seedling mortality
and long-term spacing dynamics in a neotropical forest community’. Ecology Letters 20.11,
pp. 1469–1478. doi: 10.1111/ele.12856.

Najeeb, U., M. Sarwar, B. J. Atwell, M. P. Bange & D. K. Y. Tan (2017). ‘Endogenous
ethylene concentration is not a major determinant of fruit abscission in heat-stressed cotton
(Gossypium hirsutum)’. Frontiers in Plant Science 8, p. 1615. doi: 10.3389/fpls.2017.

01615.
Nakagawa, M., Y. Takeuchi, T. Kenta & T. Nakashizuka (2005). ‘Predispersal seed predation

by insects vs. vertebrates in six dipterocarp species in Sarawak, Malaysia’. Biotropica 37.3,
pp. 389–396. doi: 10.1111/j.1744-7429.2005.00051.x.

Nason, J. D., E. A. Herre & J. L. Hamrick (1996). ‘Paternity analysis of the breeding structure
of strangler fig populations: evidence for substantial long-distance wasp dispersal’. Journal
of Biogeography 23.4, pp. 501–512. doi: 10.1111/j.1365-2699.1996.tb00012.x.

Norghauer, J. M., J. R. Malcolm & B. L. Zimmerman (2006). ‘Juvenile mortality and attacks
by a specialist herbivore increase with conspecific adult basal area of Amazonian Swietenia
macrophylla (Meliaceae)’. Journal of Tropical Ecology 22.4, pp. 451–460. doi: 10.1017/

S0266467406003257.
Novotny, V. & Y. Basset (2005). ‘Host specificity of insect herbivores in tropical forests’.

Proceedings of the Royal Society B: Biological Sciences 272.1568, pp. 1083–1090. doi:
10.1098/rspb.2004.3023.

Nussbaumer, A., K. Meusburger, M. Schmitt, P. Waldner, R. Gehrig, M. Haeni, A. Rigling,
I. Brunner & A. Thimonier (2020). ‘Extreme summer heat and drought lead to early fruit
abortion in European beech’. Scientific Reports 10.1, p. 5334. doi: 10.1038/s41598-020-

62073-0.
O’Connell, M. C., A. R. Castilla, L. X. Lee & S. Jha (2018). ‘Bee movement across hetero-

geneous tropical forests: multi-paternal analyses reveal the importance of neighborhood
composition for pollen dispersal’. Biotropica 50.6, pp. 908–918. doi: 10.1111/btp.12603.

81

https://doi.org/10.1046/j.1365-2699.2003.00781.x
https://doi.org/10.1093/forestry/cpm045
https://doi.org/10.1111/j.1365-2028.1995.tb00795.x
https://doi.org/10.1111/ele.12856
https://doi.org/10.3389/fpls.2017.01615
https://doi.org/10.3389/fpls.2017.01615
https://doi.org/10.1111/j.1744-7429.2005.00051.x
https://doi.org/10.1111/j.1365-2699.1996.tb00012.x
https://doi.org/10.1017/S0266467406003257
https://doi.org/10.1017/S0266467406003257
https://doi.org/10.1098/rspb.2004.3023
https://doi.org/10.1038/s41598-020-62073-0
https://doi.org/10.1038/s41598-020-62073-0
https://doi.org/10.1111/btp.12603


←↩ Page 82

Ollerton, J., R. Winfree & S. Tarrant (2011). ‘How many flowering plants are pollinated by
animals?’ Oikos 120.3, pp. 321–326. doi: 10.1111/j.1600-0706.2010.18644.x.

Ospina, R. & S. L. P. Ferrari (2008). ‘Inflated beta distributions’. Statistical Papers 51.1,
p. 111. doi: 10.1007/s00362-008-0125-4.

– (2012). ‘A general class of zero-or-one inflated beta regression models’. Computational
Statistics & Data Analysis 56.6, pp. 1609–1623. doi: 10.1016/j.csda.2011.10.005.

Östergård, H. & J. Ehrlén (2005). ‘Among population variation in specialist and generalist seed
predation – the importance of host plant distribution, alternative hosts and environmental
variation’. Oikos 111.1, pp. 39–46. doi: 10.1111/j.0030-1299.2005.13902.x.

Pacala, S. W. & M. J. Crawley (1992). ‘Herbivores and plant diversity’. The American Natur-
alist 140.2, pp. 243–260. doi: 10.1086/285411.

Packer, A. & K. Clay (2000). ‘Soil pathogens and spatial patterns of seedling mortality in a
temperate tree’. Nature 404.6775, pp. 278–281. doi: 10.1038/35005072.

Pagel, M. (1997). ‘Inferring evolutionary processes from phylogenies’. Zoologica Scripta 26.4,
pp. 331–348. doi: 10.1111/j.1463-6409.1997.tb00423.x.

– (1999). ‘Inferring the historical patterns of biological evolution’. Nature 401.6756, pp. 877–
884. doi: 10.1038/44766.

Paine, C. E. T., K. E. Harms, S. A. Schnitzer & W. P. Carson (2008). ‘Weak competition
among tropical tree seedlings: implications for species coexistence’. Biotropica 40.4, pp. 432–
440. doi: 10.1111/j.1744-7429.2007.00390.x.

Pebesma, E. J. (2004). ‘Multivariable geostatistics in S: the gstat package’. Computers &
Geosciences 30.7, pp. 683–691. doi: 10.1016/j.cageo.2004.03.012.

Pérez-Barrales, R., G. H. Bolstad, C. Pélabon, T. F. Hansen & W. S. Armbruster (2013).
‘Pollinators and seed predators generate conflicting selection on Dalechampia blossoms’.
Oikos 122.10, pp. 1411–1428. doi: 10.1111/j.1600-0706.2013.20780.x.

Pérez-Pérez, J. G., P. Romero, J. M. Navarro & P. Botía (2008). ‘Response of sweet orange cv
‘Lane late’ to deficit-irrigation strategy in two rootstocks. II: Flowering, fruit growth, yield
and fruit quality’. Irrigation Science 26.6, pp. 519–529. doi: 10.1007/s00271-008-0113-4.

Petanidou, T., A. S. Kallimanis, J. Tzanopoulos, S. P. Sgardelis & J. D. Pantis (2008). ‘Long-
term observation of a pollination network: fluctuation in species and interactions, relative
invariance of network structure and implications for estimates of specialization’. Ecology
Letters 11.6, pp. 564–575. doi: 10.1111/j.1461-0248.2008.01170.x.

Peters, H. A. (2003). ‘Neighbour-regulated mortality: the influence of positive and negative
density dependence on tree populations in species-rich tropical forests’. Ecology Letters 6.8,
pp. 757–765. doi: 10.1046/j.1461-0248.2003.00492.x.

Petzold, J., C. Brownie & F. Gould (2009). ‘Effect of Heliothis subflexa herbivory on fruit ab-
scission by Physalis species: the roles of mechanical damage and chemical factors’. Ecological
Entomology 34.5, pp. 603–613. doi: 10.1111/j.1365-2311.2009.01109.x.

82

https://doi.org/10.1111/j.1600-0706.2010.18644.x
https://doi.org/10.1007/s00362-008-0125-4
https://doi.org/10.1016/j.csda.2011.10.005
https://doi.org/10.1111/j.0030-1299.2005.13902.x
https://doi.org/10.1086/285411
https://doi.org/10.1038/35005072
https://doi.org/10.1111/j.1463-6409.1997.tb00423.x
https://doi.org/10.1038/44766
https://doi.org/10.1111/j.1744-7429.2007.00390.x
https://doi.org/10.1016/j.cageo.2004.03.012
https://doi.org/10.1111/j.1600-0706.2013.20780.x
https://doi.org/10.1007/s00271-008-0113-4
https://doi.org/10.1111/j.1461-0248.2008.01170.x
https://doi.org/10.1046/j.1461-0248.2003.00492.x
https://doi.org/10.1111/j.1365-2311.2009.01109.x


←↩ Page 83

Planes, L., J. Catalan, A. Urbaneja & A. Tena (2014). ‘Within-tree and temporal distribution
of Pezothrips kellyanus (Thysanoptera: Thripidae) nymphs in citrus canopies and their
influence on premature fruit abscission’. Environmental Entomology 43.3, pp. 689–695. doi:
10.1603/EN13002.

Platt, W. J., G. R. Hill & S. Clark (1974). ‘Seed production in a prairie legume (Astragalus
canadensis L.): Interactions between pollination, predispersal seed predation, and plant
density’. Oecologia 17.1, pp. 55–63. doi: 10.1007/BF00345095.

Poorter, L. (2007). ‘Are species adapted to their regeneration niche, adult niche, or both?’
The American Naturalist 169.4, pp. 433–442. doi: 10.1086/512045.

Pyke, G. H. (1984). ‘Optimal foraging theory: a critical review’. Annual Review of Ecology
and Systematics 15.1, pp. 523–575. doi: 10.1146/annurev.es.15.110184.002515.

Qiu, T., M.-C. Aravena, R. Andrus, D. Ascoli, Y. Bergeron, R. Berretti, M. Bogdziewicz, T.
Boivin, R. Bonal, T. Caignard, R. Calama, J. Julio Camarero, C. J. Clark, B. Courbaud, S.
Delzon, S. Donoso Calderon, W. Farfan-Rios, C. A. Gehring, G. S. Gilbert, C. H. Greenberg,
Q. Guo, J. Hille Ris Lambers, K. Hoshizaki, I. Ibanez, V. Journé, C. L. Kilner, R. K. Kobe,
W. D. Koenig, G. Kunstler, J. M. LaMontagne, M. Ledwon, J. A. Lutz, R. Motta, J. A. Myers,
T. A. Nagel, C. L. Nuñez, I. S. Pearse, Ł. Piechnik, J. R. Poulsen, R. Poulton-Kamakura,
M. D. Redmond, C. D. Reid, K. C. Rodman, C. L. Scher, H. Schmidt Van Marle, B. Seget, S.
Sharma, M. Silman, J. J. Swenson, M. Swift, M. Uriarte, G. Vacchiano, T. T. Veblen, A. V.
Whipple, T. G. Whitham, A. P. Wion, S. J. Wright, K. Zhu, J. K. Zimmerman, M. Żywiec
& J. S. Clark (2021). ‘Is there tree senescence? The fecundity evidence’. Proceedings of the
National Academy of Sciences 118.34, e2106130118. doi: 10.1073/pnas.2106130118.

Quimbayo, J. P., V. J. Giglio, C. E. L. Ferreira, A. Fraga, J. A. C. C. Nunes & T. C. Mendes
(2020). ‘Contrasting feeding and agonistic behaviour of two blenny species on a small and
remote island in the equatorial Atlantic Ocean’. Journal of Fish Biology 96.1, pp. 74–82.
doi: 10.1111/jfb.14180.

R Core Team (2021). R: A Language and Environment for Statistical Computing. R Foundation
for Statistical Computing. Version 4.0.5. Vienna, Austria.

– (2023). R: A Language and Environment for Statistical Computing. R Foundation for Stat-
istical Computing. Version 4.2.3. Vienna, Austria.

Raspé, O. & J. R. Kohn (2002). ‘S-allele diversity in Sorbus aucuparia and Crataegus monogyna
(Rosaceae: Maloideae)’. Heredity 88.6, pp. 458–465. doi: 10.1038/sj.hdy.6800079.

Reichardt, S., H.-P. Piepho, A. Stintzi & A. Schaller (2020). ‘Peptide signaling for drought-
induced tomato flower drop’. Science 367.6485, pp. 1482–1485. doi: 10.1126/science.

aaz5641.
Revell, L. J. (2020). Phytools: Phylogenetic Tools for Comparative Biology (and Other Things).

83

https://doi.org/10.1603/EN13002
https://doi.org/10.1007/BF00345095
https://doi.org/10.1086/512045
https://doi.org/10.1146/annurev.es.15.110184.002515
https://doi.org/10.1073/pnas.2106130118
https://doi.org/10.1111/jfb.14180
https://doi.org/10.1038/sj.hdy.6800079
https://doi.org/10.1126/science.aaz5641
https://doi.org/10.1126/science.aaz5641


←↩ Page 84

Rodrigo, J. (2000). ‘Spring frosts in deciduous fruit trees — morphological damage and flower
hardiness’. Scientia Horticulturae 85.3, pp. 155–173. doi: 10.1016/S0304-4238(99)00150-

8.
Rodrigo, J., C. Julian & M. Herrero (2006). ‘Spring frost damage in buds, flowers and developing

fruits in apricot’. Acta Horticulturae 717, pp. 87–88. doi: 10.17660/ActaHortic.2006.

717.15.
Rother, D. C., P. Jordano, R. R. Rodrigues & M. A. Pizo (2013). ‘Demographic bottlenecks

in tropical plant regeneration: A comparative analysis of causal influences’. Perspectives in
Plant Ecology, Evolution and Systematics 15.2, pp. 86–96. doi: 10.1016/j.ppees.2012.

12.004.
Rouault, G., J. Turgeon, J.-N. Candau, A. Roques & P. von Aderkas (2004). ‘Oviposition

strategies of conifer seed chalcids in relation to host phenology’. Naturwissenschaften 91.10,
pp. 472–480. doi: 10.1007/s00114-004-0554-4.

Roughgarden, J., S. Gaines & H. Possingham (1988). ‘Recruitment dynamics in complex life
cycles’. Science 241.4872, pp. 1460–1466. doi: 10.1126/science.11538249.

Rowell, T. E. & B. J. Mitchell (1991). ‘Comparison of seed dispersal by guenons in Kenya
and capuchins in Panama’. Journal of Tropical Ecology 7.2, pp. 269–274. doi: 10.1017/

S0266467400005435.
Růžičková, J. & Z. Elek (2023). ‘Beetles on the move: Not-just-a-technical review of beetles’

radio-tracking’. Entomologia Experimentalis et Applicata 171.2, pp. 82–93. doi: 10.1111/

eea.13260.
Sallabanks, R. (1992). ‘Fruit fate, frugivory, and fruit characteristics: a study of the hawthorn,

Crataegus monogyna (Rosaceae)’. Oecologia 91.2, pp. 296–304. doi: 10.1007/BF00317800.
Savill, P., C. Perrins, K. Kirby & N. Fisher, eds. (2011). Wytham Woods: Oxford’s Ecological

Laboratory. Oxford University Press. isbn: 978-0-19-960518-7. doi: 10.1093/acprof:

osobl/9780199605187.001.0001.
Schoonhoven, L. M., J. J. A. van Loon & M. Dicke (2005). Insect-Plant Biology. 2nd ed. Oxford

; New York: Oxford University Press. isbn: 978-0-19-852595-0 978-0-19-852594-3.
Schuldt, A., H. Bruelheide, W. Durka, D. Eichenberg, M. Fischer, W. Kröber, W. Härdtle,

K. Ma, S. G. Michalski, W.-U. Palm, B. Schmid, E. Welk, H. Zhou & T. Assmann (2012).
‘Plant traits affecting herbivory on tree recruits in highly diverse subtropical forests’. Ecology
Letters 15.7, pp. 732–739. doi: 10.1111/j.1461-0248.2012.01792.x.

Schupp, E. W. (1992). ‘The Janzen-Connell model for tropical tree diversity: population
implications and the importance of spatial scale’. The American Naturalist 140.3, pp. 526–
530. doi: 10.1086/285426.

Sedio, B. E. & A. M. Ostling (2013). ‘How specialised must natural enemies be to facilitate
coexistence among plants?’ Ecology Letters 16.8, pp. 995–1003. doi: 10.1111/ele.12130.

84

https://doi.org/10.1016/S0304-4238(99)00150-8
https://doi.org/10.1016/S0304-4238(99)00150-8
https://doi.org/10.17660/ActaHortic.2006.717.15
https://doi.org/10.17660/ActaHortic.2006.717.15
https://doi.org/10.1016/j.ppees.2012.12.004
https://doi.org/10.1016/j.ppees.2012.12.004
https://doi.org/10.1007/s00114-004-0554-4
https://doi.org/10.1126/science.11538249
https://doi.org/10.1017/S0266467400005435
https://doi.org/10.1017/S0266467400005435
https://doi.org/10.1111/eea.13260
https://doi.org/10.1111/eea.13260
https://doi.org/10.1007/BF00317800
https://doi.org/10.1093/acprof:osobl/9780199605187.001.0001
https://doi.org/10.1093/acprof:osobl/9780199605187.001.0001
https://doi.org/10.1111/j.1461-0248.2012.01792.x
https://doi.org/10.1086/285426
https://doi.org/10.1111/ele.12130


←↩ Page 85

Severns, P. (2003). ‘Inbreeding and small population size reduce seed set in a threatened
and fragmented plant species, Lupinus sulphureus ssp. kincaidii (Fabaceae)’. Biological
Conservation 110.2, pp. 221–229. doi: 10.1016/S0006-3207(02)00191-X.

Sih, A. & M.-S. Baltus (1987). ‘Patch size, pollinator behavior, and pollinator limitation in
catnip’. Ecology 68.6, pp. 1679–1690. doi: 10.2307/1939860.

Smith, D. J. B. (2022). ‘The functional form of specialised predation affects whether Jan-
zen–Connell effects can prevent competitive exclusion’. Ecology Letters. Ed. by H. Muller-
Landau, ele.14014. doi: 10.1111/ele.14014.

Smithson, A. & M. R. Macnair (1997). ‘Density-dependent and frequency-dependent selection
by bumblebees Bombus terrestris (L.) (Hymenoptera: Apidae)’. Biological Journal of the
Linnean Society 60.3, pp. 401–417. doi: 10.1111/j.1095-8312.1997.tb01503.x.

Sorensen, A. E. (1981). ‘Interactions between birds and fruit in a temperate woodland’.
Oecologia 50.2, pp. 242–249. doi: 10.1007/BF00348046.

Stacy, E. A., J. L. Hamrick, J. D. Nason, S. P. Hubbell, R. B. Foster & R. Condit (1996).
‘Pollen dispersal in low-density populations of three neotropical tree species’. The American
Naturalist 148.2, pp. 275–298. doi: 10.1086/285925.

Stan Development Team (2022). Stan Modeling Language Users Guide and Reference Manual.
Version 2.32. url: https://mc-stan.org.

Steffan-Dewenter, I., U. Münzenberg & T. Tscharntke (2001). ‘Pollination, seed set and seed
predation on a landscape scale’. Proceedings of the Royal Society of London. Series B:
Biological Sciences 268.1477, pp. 1685–1690. doi: 10.1098/rspb.2001.1737.

Stephenson, A. G. (1980). ‘Fruit set, herbivory, fruit reduction, and the fruiting strategy of
Catalpa speciosa (Bignoniaceae)’. Ecology 61.1, pp. 57–64. doi: 10.2307/1937155.

– (1981). ‘Flower and fruit abortion: Proximate causes and ultimate functions’. Annual Review
of Ecology and Systematics 12.1, pp. 253–279. doi: 10.1146/annurev.es.12.110181.

001345.
Stonehouse, J., R. Mahmood, A. Poswal, J. Mumford, K. N. Baloch, Z. M. Chaudhary, A. H.

Makhdum, G. Mustafa & D. Huggett (2002). ‘Farm field assessments of fruit flies (Diptera:
Tephritidae) in Pakistan: distribution, damage and control’. Crop Protection 21.8, pp. 661–
669. doi: 10.1016/S0261-2194(02)00018-2.

Stump, S. M. & P. Chesson (2015). ‘Distance-responsive predation is not necessary for the
Janzen–Connell hypothesis’. Theoretical Population Biology 106, pp. 60–70. doi: 10.1016/

j.tpb.2015.10.006.
Sunyer, P., E. Boixadera, A. Muñoz, R. Bonal & J. M. Espelta (2015). ‘The interplay among

acorn abundance and rodent behavior drives the spatial pattern of seedling recruitment in
mature mediterranean oak forests’. PLoS ONE 10.6, e0129844. doi: 10.1371/journal.

pone.0129844.

85

https://doi.org/10.1016/S0006-3207(02)00191-X
https://doi.org/10.2307/1939860
https://doi.org/10.1111/ele.14014
https://doi.org/10.1111/j.1095-8312.1997.tb01503.x
https://doi.org/10.1007/BF00348046
https://doi.org/10.1086/285925
https://mc-stan.org
https://doi.org/10.1098/rspb.2001.1737
https://doi.org/10.2307/1937155
https://doi.org/10.1146/annurev.es.12.110181.001345
https://doi.org/10.1146/annurev.es.12.110181.001345
https://doi.org/10.1016/S0261-2194(02)00018-2
https://doi.org/10.1016/j.tpb.2015.10.006
https://doi.org/10.1016/j.tpb.2015.10.006
https://doi.org/10.1371/journal.pone.0129844
https://doi.org/10.1371/journal.pone.0129844


←↩ Page 86

Sutherland, S. (1986). ‘Patterns of fruit-set: What controls fruit-flower ratios in plants?’
Evolution 40.1, pp. 117–128. doi: 10.1111/j.1558-5646.1986.tb05723.x.

Svenning, J.-C. & S. J. Wright (2005). ‘Seed limitation in a Panamanian forest’. Journal of
Ecology 93.5, pp. 853–862. doi: 10.1111/j.1365-2745.2005.01016.x.

Tagliasacchi, A. M., E. Giraldi, F. Ruberti, R. Costantino & L. M. C. Forino (2006). ‘Cyto-
histological and cytochemical features of the seeds of Malus domestica Borkh exposed to
spring frosts’. Caryologia 59.1, pp. 75–87. doi: 10.1080/00087114.2006.10797901.

Teodoru, A., A. Chiriloaie & C. Chireceanu (2015). ‘The hawthorn fruit fly, Anomoia purmunda
Harris - a less known species in Romania’. Romanian Journal for Plant Protection, p. 7.
doi: 10.54574/RJPP.

Terborgh, J. (2020). ‘At 50, Janzen–Connell has come of age’. BioScience 70.12, pp. 1082–1092.
doi: 10.1093/biosci/biaa110.

Toy, R. J. (1991). ‘Interspecific flowering patterns in the Dipterocarpaceae in West Malaysia:
implications for predator satiation’. Journal of Tropical Ecology 7.1, pp. 49–57. doi: 10.

1017/S0266467400005058.
Toy, R. J., A. G. Marshall, T. Yow Pong, A. G. Marshall & M. D. Swaine (1992). ‘Fruiting

phenology and the survival of insect fruit predators: a case study from the South-east Asian
Dipterocarpaceae’. Philosophical Transactions of the Royal Society of London. Series B:
Biological Sciences 335.1275, pp. 417–423. doi: 10.1098/rstb.1992.0033.

Trad, M., B. Gaaliche, C. M. G. C. Renard & M. Mars (2013). ‘Inter- and intra-tree variability
in quality of figs. Influence of altitude, leaf area and fruit position in the canopy’. Scientia
Horticulturae 162, pp. 49–54. doi: 10.1016/j.scienta.2013.07.032.

Tromp, J. & S. J. Wertheim (2005). ‘Fruit growth and development’. Fundamentals of Temper-
ate Zone Tree Fruit Production. Ed. by A. D. Webster, S. J. Wertheim & J. Tromp. Leiden:
Backhuys, pp. 240–246. isbn: 978-90-5782-152-3.

Turnbull, L. A., M. J. Crawley & M. Rees (2000). ‘Are plant populations seed-limited? A
review of seed sowing experiments’. Oikos 88.2, pp. 225–238. doi: 10.1034/j.1600-

0706.2000.880201.x.
Tzanakakis, M. E., N. T. Papadopoulos, B. I. Katsoyannos, G. N. Drakos & E. Manolakis

(1997). ‘Premature fruit drop caused by Eurytoma amygdali (Hymenoptera: Eurytomidae)
on three almond varieties’. Journal of Economic Entomology 90.6, pp. 1635–1640. doi:
10.1093/jee/90.6.1635.

Valencia, R., H. Balslev & G. Paz Y Miño C (1994). ‘High tree alpha-diversity in Amazonian
Ecuador’. Biodiversity & Conservation 3.1, pp. 21–28. doi: 10.1007/BF00115330.

Vázquez, D. P. & M. A. Aizen (2004). ‘Asymmetric specialization: A pervasive feature of
plant–pollinator interactions’. Ecology 85.5, pp. 1251–1257. doi: 10.1890/03-3112.

86

https://doi.org/10.1111/j.1558-5646.1986.tb05723.x
https://doi.org/10.1111/j.1365-2745.2005.01016.x
https://doi.org/10.1080/00087114.2006.10797901
https://doi.org/10.54574/RJPP
https://doi.org/10.1093/biosci/biaa110
https://doi.org/10.1017/S0266467400005058
https://doi.org/10.1017/S0266467400005058
https://doi.org/10.1098/rstb.1992.0033
https://doi.org/10.1016/j.scienta.2013.07.032
https://doi.org/10.1034/j.1600-0706.2000.880201.x
https://doi.org/10.1034/j.1600-0706.2000.880201.x
https://doi.org/10.1093/jee/90.6.1635
https://doi.org/10.1007/BF00115330
https://doi.org/10.1890/03-3112


←↩ Page 87

Vehtari, A., J. Gabry, M. Magnusson, Y. Yao, P.-C. Bürkner, T. Paananen & A. Gelman (2023).
Loo: Efficient Leave-One-out Cross-Validation and WAIC for Bayesian Models. Version 2.6.0.
url: https://mc-stan.org/loo/.

Vehtari, A., A. Gelman & J. Gabry (2017). ‘Practical Bayesian model evaluation using leave-
one-out cross-validation and WAIC’. Statistics and Computing 27.5, pp. 1413–1432. doi:
10.1007/s11222-016-9696-4.

Visser, M. D., M. Bruijning, S. J. Wright, H. C. Muller-Landau, E. Jongejans, L. S. Comita
& H. de Kroon (2016). ‘Functional traits as predictors of vital rates across the life cycle of
tropical trees’. Functional Ecology 30.2, pp. 168–180. doi: 10.1111/1365-2435.12621.

Vranckx, G., H. Jacquemyn, B. Muys & O. Honnay (2012). ‘Meta-analysis of susceptibility
of woody plants to loss of genetic diversity through habitat fragmentation’. Conservation
Biology 26.2, pp. 228–237. doi: 10.1111/j.1523-1739.2011.01778.x.

Wetzel, W. C., B. D. Inouye, P. G. Hahn, S. R. Whitehead & N. Underwood (2023). ‘Variability
in plant–herbivore interactions’. Annual Review of Ecology, Evolution, and Systematics 54.1.
doi: 10.1146/annurev-ecolsys-102221-045015.

Wickham, H. (2016). Ggplot2: Elegant Graphics for Data Analysis. 2nd ed. 2016. Use R!
Cham: Springer International Publishing : Imprint: Springer. isbn: 978-3-319-24277-4.
doi: 10.1007/978-3-319-24277-4.

Wiens, D. (1984). ‘Ovule survivorship, brood size, life history, breeding systems,and repro-
ductive success in plants’. Oecologia 64.1, pp. 47–53. doi: 10.1007/BF00377542.

Wiens, J. A. (1989). ‘Spatial scaling in ecology’. Functional Ecology 3.4, pp. 385–397. doi:
10.2307/2389612.

Windsor, D. M. (1990). ‘Climate and moisture variability in a tropical forest: long-term records
from Barro Colorado Island, Panama’. Smithsonian Contributions to the Earth Sciences 29,
pp. 1–145. doi: 10.5479/si.00810274.29.1.

Wright, S. J. (1983). ‘The dispersion of eggs by a bruchid beetle among scheelea palm seeds
and the effect of distance to the parent palm’. Ecology 64.5, pp. 1016–1021. doi: 10.2307/

1937808.
– (2002). ‘Plant diversity in tropical forests: a review of mechanisms of species coexistence’.

Oecologia 130.1, pp. 1–14. doi: 10.1007/s004420100809.
Wright, S. J. & O. Calderón (1995). ‘Phylogenetic patterns among tropical flowering phenolo-

gies’. The Journal of Ecology 83.6, p. 937. doi: 10.2307/2261176.
Wright, S. J., O. Calderón, A. Hernandéz, M. Detto & P. A. Jansen (2016). ‘Interspecific

associations in seed arrival and seedling recruitment in a Neotropical forest’. Ecology 97.10,
pp. 2780–2790. doi: 10.1002/ecy.1519.

Wright, S. J., C. Carrasco, O. Calderón & S. Paton (1999). ‘The el niño southern oscillation,
variable fruit production, and famine in a tropical forest’. Ecology 80.5, pp. 1632–1647. doi:
10.1890/0012-9658(1999)080[1632:TENOSO]2.0.CO;2.

87

https://mc-stan.org/loo/
https://doi.org/10.1007/s11222-016-9696-4
https://doi.org/10.1111/1365-2435.12621
https://doi.org/10.1111/j.1523-1739.2011.01778.x
https://doi.org/10.1146/annurev-ecolsys-102221-045015
https://doi.org/10.1007/978-3-319-24277-4
https://doi.org/10.1007/BF00377542
https://doi.org/10.2307/2389612
https://doi.org/10.5479/si.00810274.29.1
https://doi.org/10.2307/1937808
https://doi.org/10.2307/1937808
https://doi.org/10.1007/s004420100809
https://doi.org/10.2307/2261176
https://doi.org/10.1002/ecy.1519
https://doi.org/10.1890/0012-9658(1999)080[1632:TENOSO]2.0.CO;2


←↩ Page 88

Wright, S. J., M. A. Jaramillo, J. Pavon, R. Condit, S. P. Hubbell & R. B. Foster (2005a).
‘Reproductive size thresholds in tropical trees: variation among individuals, species and
forests’. Journal of Tropical Ecology 21.3, pp. 307–315. doi: 10.1017/S0266467405002294.

Wright, S. J., K. Kitajima, N. J. B. Kraft, P. B. Reich, I. J. Wright, D. E. Bunker, R. Condit,
J. W. Dalling, S. J. Davies, S. Díaz, B. M. J. Engelbrecht, K. E. Harms, S. P. Hubbell,
C. O. Marks, M. C. Ruiz-Jaen, C. M. Salvador & A. E. Zanne (2010). ‘Functional traits
and the growth–mortality trade-off in tropical trees’. Ecology 91.12, pp. 3664–3674. doi:
10.1890/09-2335.1.

Wright, S. J., H. C. Muller-Landau, O. Calderón & A. Hernandéz (2005b). ‘Annual and spatial
variation in seedfall and seedling recruitment in a neotropical forest’. Ecology 86.4, pp. 848–
860. doi: 10.1890/03-0750.

Wright, S. J., H. C. Muller-Landau, R. Condit & S. P. Hubbell (2003). ‘Gap-dependent
recruitment, realized vital rates, and size distributions of tropical trees’. Ecology 84.12,
pp. 3174–3185. doi: 10.1890/02-0038.

Wright, S. J., A. Trakhtenbrot, G. Bohrer, M. Detto, G. G. Katul, N. Horvitz, H. C. Muller-
Landau, F. A. Jones & R. Nathan (2008). ‘Understanding strategies for seed dispersal by
wind under contrasting atmospheric conditions’. Proceedings of the National Academy of
Sciences of the United States of America 105.49, pp. 19084–19089. doi: 10.1073/pnas.

0802697105.
Xiao, Z., X. Mi, M. Holyoak, W. Xie, K. Cao, X. Yang, X. Huang & C. J. Krebs (2017).

‘Seed–predator satiation and Janzen–Connell effects vary with spatial scales for seed-feeding
insects’. Annals of Botany 119.1, pp. 109–116. doi: 10.1093/aob/mcw224.

Xu, Y., Z. Shen, D. Li & Q. Guo (2015). ‘Pre-dispersal seed predation in a species-rich forest
community: Patterns and the interplay with determinants’. PLOS ONE 10.11, e0143040.
doi: 10.1371/journal.pone.0143040.

Yao, Y., A. Vehtari, D. Simpson & A. Gelman (2018). ‘Using stacking to average bayesian
predictive distributions (with discussion)’. Bayesian Analysis 13.3, pp. 917–1007. doi:
10.1214/17-BA1091.

Zahra, S., V. Novotny & T. M. Fayle (2021). ‘Do reverse Janzen-Connell effects reduce species
diversity?’ Trends in Ecology & Evolution 36.5, pp. 387–390. doi: 10.1016/j.tree.2021.

02.002.

88

https://doi.org/10.1017/S0266467405002294
https://doi.org/10.1890/09-2335.1
https://doi.org/10.1890/03-0750
https://doi.org/10.1890/02-0038
https://doi.org/10.1073/pnas.0802697105
https://doi.org/10.1073/pnas.0802697105
https://doi.org/10.1093/aob/mcw224
https://doi.org/10.1371/journal.pone.0143040
https://doi.org/10.1214/17-BA1091
https://doi.org/10.1016/j.tree.2021.02.002
https://doi.org/10.1016/j.tree.2021.02.002


Appendix A

Supporting information for Chapter 2

0.44 −0.04 0.17 −0.65 0.4 −0.08

0.23 0.19 −0.25 −0.28 −0.33

0.33 −0.09 0.13 −0.36

−0.09 0.26 −0.04

−0.3 0.08

0.22

Temporal overlap in
fruit production

Local Abundance
of conspecifics

Seed mass

Mean proportion of
seeds abscised

Temporal crop
size variation

Tree height

Lo
ca

l A
bu

nd
an

ce
of

 c
on

sp
ec

ifi
cs

S
ee

d 
m

as
s

M
ea

n 
pr

op
or

tio
n 

of
se

ed
s 

ab
sc

is
ed

Te
m

po
ra

l c
ro

p
si

ze
 v

ar
ia

tio
n

Tr
ee

 h
ei

gh
t

In
ve

st
m

en
t i

n 
m

ec
ha

ni
ca

l
se

ed
 d

ef
en

ce
s

Figure A.1: Pairwise correlations between plant population attributes. Numbers and colours show
Spearman’s rank correlation coefficient (red = positive, blue = negative), tiles which are crossed
indicate correlations for which p <0.05.
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Table A.1: Results from seven generalised linear mixed effects models. Each model assesses the rela-
tionship between premature seed abscission rates and a single plant population attribute, where year
and trap are random effects. Shown are the coefficient estimates and their 95% confidence intervals for
the fixed effects. The estimates correspond to the number of units of change in seed abscission rates
for one unit change in the plant population attribute. For each plant population attribute, data were
only available for a subset of plant species and so sample size differs between models where n = the
number of unique species × year combinations.

Plant population at-
tribute

n Estimate ± CI [95%] z p

Investment in mechanical
seed defences

2660 -0.26 (-0.58, 0.06) -1.61 0.11

Local abundance of con-
specifics

2039 0.42 (0.07, 0.77) 2.35 0.02

Presence of insect seed
predator

2726 0.84 (0.12, 1.55) 2.22 0.02

Seed mass 2657 0.62 (0.33, 0.92) 4.10 <0.01
Temporal crop size vari-
ation

2609 -0.29 (-0.55, -0.02) -2.11 0.03

Temporal overlap in fruit
production by other spe-
cies

2704 0.28 (0.04, 0.52) 2.33 0.02

Tree height 2036 0.39 (0.00, 0.78) 1.94 0.05

Figure A.2: The relationship between temporal overlap in fruit production and fruiting season duration.
Each data point corresponds to a specific plant species.
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Table B.1: A list of the 64 species included in the study. Abundance is the me-
dian count of reproductive-sized individuals in the 50-ha plot across 30 years of
ForestGEO survey data.

Family Genus Species Abundance

Achariaceae Lindackeria laurina 27

Annonaceae Xylopia macrantha 64

Apocynaceae Aspidosperma spruceanum 13.5

Apocynaceae Tabernaemontana arborea 107.5

Arecaceae Astrocaryum standleyanum 174.5

Arecaceae Attalea butyracea 32.5

Arecaceae Oenocarpus mapora 1476

Arecaceae Socratea exorrhiza 311.5

Bignoniaceae Jacaranda copaia 87

Bignoniaceae Tabebuia rosea 15.5

Boraginaceae Cordia alliodora 19.5

Capparaceae Morisonia frondosa 371

Clusiaceae Chrysochlamys eclipes 67.5

Combretaceae Terminalia oblonga 23.5

Elaeocarpaceae Sloanea terniflora 7

Euphorbiaceae Hura crepitans 23.5

Euphorbiaceae Sapium glandulosum 7.5

Continued on next page
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Table B.1: A list of the 64 species included in the study. Abundance is the me-
dian count of reproductive-sized individuals in the 50-ha plot across 30 years of
ForestGEO survey data. (Continued)

Fabaceae Dipteryx oleifera 19

Fabaceae Erythrina costaricensis 32.5

Fabaceae Inga marginata 43

Fabaceae Inga acuminata 25

Fabaceae Inga ruiziana 4.5

Fabaceae Inga sapindoides 32

Fabaceae Inga thibaudiana 22.5

Fabaceae Lonchocarpus heptaphyllus 31.5

Fabaceae Platymiscium pinnatum 26

Fabaceae Platypodium elegans 12.5

Fabaceae Pterocarpus rohrii 4

Fabaceae Tachigali versicolor 10.5

Lauraceae Aiouea montana 8

Lauraceae Nectandra cissiflora 12.5

Lythraceae Lafoensia punicifolia 3

Malvaceae Cavanillesia platanifolia 11

Malvaceae Ochroma pyramidale 3.5

Malvaceae Pachira sessilis 5

Malvaceae Sterculia apetala 7

Meliaceae Cedrela odorata 2.5

Rubiaceae Alseis blackiana 90

Rubiaceae Macrocnemum roseum 10

Salicaceae Casearia guianensis 9.5

Salicaceae Laetia procera 5.5

Salicaceae Laetia thamnia 38.5

Sapindaceae Cupania rufescens 3.5

Sapindaceae Cupania seemannii 63.5

Violaceae Pombalia prunifolia 915.5

Vochysiaceae Vochysia ferruginea 4
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Figure B.1: Comparison of models with differing values for the average dispersal distance of a hypo-
thetical seed predator. Connectivity was calculated including reproductive-sized conspecifics only and
with varying values of α (α = 1 / average dispersal distance, see Section 3.3). Models were compared
using approximate Leave-one-out cross-validation (LOO-CV). The Expected Log Predictive Density
(ELPD) is higher when new observations are well-accounted for by the posterior predictive distribution.
Points indicate the difference in ELPD from the model with the largest ELPD (model_10m) and lines
depict the standard error.

Figure B.2: Posterior parameters estimated by models with differing values for the average dispersal
distance of a hypothetical seed predator. Connectivity was calculated including reproductive conspecifics
only and with varying values of α (α = 1 / average dispersal distance, see Section 3.3). Points indicate
posterior medians and lines are 95% credible intervals. ‘mu’ is the mean of the beta distribution, ‘phi’
is the beta distribution’s precision, ‘zoi’ refers to the probability of being a zero or a one and ‘coi’ refers
to the conditional probability of being a one (given an observation is a zero or a one).
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Figure B.3: Output for the model where the predictors included connectivity to reproductive-sized
conspecifics only. Panel (a) is a posterior predictive check where the observed data is in dark blue
(y) and simulated samples from the posterior distribution are in light blue (yrep, 500 draws). Panel (b)
is a table of model output which includes: posterior medians, 95% credible intervals, R̂ and Effective
Sample Size (ESS) for population-level parameters in the model. Parameter names starting with ‘b’
indicate population-level parameters and ‘sc’ indicates variables which were centred with a mean of
zero. ‘zoi’ refers to the probability of being a zero or a one, ‘coi’ refers to the conditional probability of
being a one (given an observation is a zero or a one), and ‘phi’ is the precision parameter of zero-one
inflated beta distribution. Panel (c) shows trace plots of MCMC draws for population level parameters.
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Figure B.4: Output for the model where the predictors included connectivity to all conspecifics.
Panel (a) is a posterior predictive check where the observed data is in dark blue (y) and simulated
samples from the posterior distribution are in light blue (yrep, 500 draws). Panel (b) is a table of model
output which includes: posterior medians, 95% credible intervals, R̂ and Effective Sample Size (ESS) for
population-level parameters in the model. Parameter names starting with ‘b’ indicate population-level
parameters and ‘sc’ indicates variables which were centred with a mean of zero. ‘zoi’ refers to the
probability of being a zero or a one, ‘coi’ refers to the conditional probability of being a one (given an
observation is a zero or a one), and ‘phi’ is the precision parameter of zero-one inflated beta distribution.
Panel (c) shows trace plots of MCMC draws for population level parameters.

95



←↩ Page 96

Figure B.5: Output for the model where the predictors included connectivity to reproductive-sized
heterospecifics only. Panel (a) is a posterior predictive check where the observed data is in dark blue
(y) and simulated samples from the posterior distribution are in light blue (yrep, 500 draws). Panel (b)
is a table of model output which includes: posterior medians, 95% credible intervals, R̂ and Effective
Sample Size (ESS) for population-level parameters in the model. Parameter names starting with ‘b’
indicate population-level parameters and ‘sc’ indicates variables which were centred with a mean of
zero. ‘zoi’ refers to the probability of being a zero or a one, ‘coi’ refers to the conditional probability of
being a one (given an observation is a zero or a one), and ‘phi’ is the precision parameter of zero-one
inflated beta distribution. Panel (c) shows trace plots of MCMC draws for population level parameters.
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Appendix C

Supporting information for Chapter 4

Figure C.1: The relationship between crown radius and DBH for Jacaranda copaia on Barro Colorado
Island. Data is diameter at breast height (DBH /mm) and crown radius /m of 115 adult J. copaia
provided by H. C. Muller-Landau. Grey area denotes the 95% confidence interval. (Linear model, slope
estimate = 0.009, intercept estimate = 0.630, p = 8.41e-12).
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Figure C.2: Distribution of J. copaia non-predated capsule lengths. n = 4,598 non-predated capsules
sampled across all trees. Capsules which were found open on the forest floor are in blue and capsules
which were closed are in orange. There are a small number of capsules that are open but are compar-
atively small, causing the open capsules to have a bimodal distribution. These are probably immature
capsules that opened on the forest floor. We used these data to determine a cut-off point for when
capsules were classed as immature (<55mm indicated by dotted line, this is the median value between
the two peaks).

Figure C.3: AIC values for models fit with different buffer radii, r (r = 1/α). Models were binomial
general linear models fit using the R package lme4. The number of successes was equal to the number
of predated fruits and the number of trials was equal to the total number of fruits. The predictor was
connectivity. The dotted red line indicates the buffer radius used in the model with the lowest AIC.
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Figure C.4: Variogram of predation rate. The x axis represents the distance between trees (km)
and each point represents a pair of observations. The semivariance stays flat indicating that spatial
autocorrelation does not occur at the measured distances used in the experiment.
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Figure C.5: Output for the model predicting predated fruit count. Panel (a) is a posterior predictive
check where the observed data is in dark blue (y) and simulated samples from the posterior distribution
are in light blue (yrep, 500 draws). Panel (b) is a table of model output which includes: posterior
medians, 95% credible intervals, R̂ and Effective Sample Size (ESS) for population-level parameters in
the model. Names starting with ‘b’ indicate population-level parameters and ‘sc’ indicates variables
which were centred with a mean of zero and scaled with variance equal to one standard deviation. Panel
(c) shows trace plots of MCMC draws for population level parameters.
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Figure C.6: Output for the model predicting individual fecundity. Panel (a) is a posterior predictive
check where the observed data is in dark blue (y) and simulated samples from the posterior distribution
are in light blue (yrep, 500 draws). Panel (b) is a table of model output which includes: posterior
medians, 95% credible intervals, R̂ and Effective Sample Size (ESS) for population-level parameters in
the model. Names starting with ‘b’ indicate population-level parameters and ‘sc’ indicates variables
which were centred with a mean of zero and scaled with variance equal to one standard deviation. Panel
(c) shows trace plots of MCMC draws for population level parameters.
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Figure C.7: Output for the model predicting realised fecundity. Panel (a) is a posterior predictive check
where the observed data is in dark blue (y) and simulated samples from the posterior distribution are
in light blue (yrep, 500 draws). Panel (b) is a table of model output which includes: posterior medians,
95% credible intervals, R̂ and Effective Sample Size (ESS) for population-level parameters in the model.
Names starting with ‘b’ indicate population-level parameters and ‘sc’ indicates variables which were
centred with a mean of zero and scaled with variance equal to one standard deviation. Panel (c) shows
trace plots of MCMC draws for population level parameters.
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Figure C.8: Output for the model predicting fruit size. Panel (a) is a posterior predictive check where
the observed data is in dark blue (y) and simulated samples from the posterior distribution are in light
blue (yrep, 500 draws). Panel (b) is a table of model output which includes: posterior medians, 95%
credible intervals, R̂ and Effective Sample Size (ESS) for population-level parameters in the model.
Names starting with ‘b’ indicate population-level parameters and ‘sc’ indicates variables which were
centred with a mean of zero and scaled with variance equal to one standard deviation. Panel (c) shows
trace plots of MCMC draws for population level parameters.
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Appendix D

Supporting information for Chapter 5

dGPS mapping protocol

From May 2022 to September 2022 the locations of all observed C. monogyna stems were
recorded within a 50 m radius of each of the focal individuals using a differential global
positioning system (dGPS, Emlid Reach RS2+). The RS2+ provides three levels of accuracy
which vary depending on multiple factors, including the number of satellites available and the
sky view around points. We only recorded location points (latitude and longitude) when the
dGPS was recording in one of the two highest accuracy modes (FLOAT and FIX), proving sub-
meter and cm level accuracy respectively. Since the dispersal distances of insects associated
with C. monogyna are unknown and likely to be variable between species, we chose a 50
m radius based on empirical data on the average dispersal distance of a leaf mining moth
associated with oak trees (Gripenberg & Roslin 2005).

For each focal tree, we measured the diameter at breast height (DBH = 1.3 m) of all established
stems with a DBH greater than 10 mm within the 50 m radius, following Condit (1998). Stems
with DBH <10 mm were classified as saplings and had their location recorded, but DBH was
not measured. Established (non-sapling) trees were classified as either single stem or multiple
stem trees. Where trees had multiple stems the DBH of each stem was recorded. Where
single stems divided from a main stem into multiple, secondary stems, the height at which
the division occurred on the main stem was recorded and the diameter was measured at that
height. The DBH of each secondary stem was also recorded. We also noted whether stems
were dead, leaning or horizontal, or if they were broken above or below breast height.

In addition to coordinates and DBH we recorded the reproductive status (whether the indi-
vidual had flowers or fruits at the time of recording) of each individual.
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Figure D.1: AIC values for models fit with different buffer radii /m (r = 1/α). Models were binomial
general linear models fit using the R package lme4. The number of successes was equal to the number
of dropped fruits and the number of trials was equal to the total number of fruits. The predictor was
total connectivity.

Figure D.2: Image (a) shows branches of hawthorn encased in wire mesh to protect fruits from removal
by vertebrates. The figure in (b) demonstrates the relatively higher rate of fruit loss from branches
which were not protected with cages. Each point corresponds to a single branch at that time point.
This suggests our exclusion cages were effective in protecting fruits from removal by vertebrates and
that most of the fruit removal by vertebrates happens from December onwards, in line with temporal
patterns documented by Sorensen (1981).
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Figure D.3: Variogram for fruit drop and fruit-set. The x axis represents the distance between trees
and each point represents a pair of observations.

Figure D.4: Trace plots of MCMC draws for population level parameters for each fitted model.
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Table D.1: Output from four models, including posterior medians, 95% credible intervals, R̂ and Effective
Sample Size (ESS) for population-level parameters in each model.

Response Parameter median 95% CI R̂ ESS

Fruit set

Intercept -1.25 -1.52, -0.96 1.001 899.52
Total connectivity 0.002 -0.48, 0.50 1.001 1066.44
DBH 0.002 -0.32, 0.30 1.000 938.10
Total connectivity * DBH -0.02 -0.44, 0.45 1.000 1096.31

Fruit set

Intercept -1.25 -1.53, -0.99 1.004 864.96
Reproductive connectivity -0.10 -0.47, 0.34 1.000 1195.04
DBH -0.03 -0.29, 0.29 1.004 852.46
Reproductive connectivity * DBH -0.05 -0.44, 0.34 1.001 1583.10

Fruit drop

Intercept 2.15 1.75, 2.61 1.003 752.99
Total connectivity 0.49 -0.20, 1.17 1.002 1022.92
DBH 0.50 0.05, 0.95 1.001 1035.38
Total connectivity * DBH 0.16 -0.48, 0.86 1.002 1065.53

Fruit drop

Intercept 2.19 1.78, 2.54 1.001 828.71
Reproductive connectivity 0.67 0.09, 1.29 1.001 1370.82
DBH 0.49 0.13, 0.86 1.005 1035.74
Reproductive connectivity * DBH 0.35 -0.20, 0.99 1.002 1312.19

Figure D.5: Posterior predictive checks for each fitted model. The observed data is in dark blue (y)
and simulated samples from the posterior distribution are in light blue (yrep, 50 draws).
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