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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, | 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. | 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, | 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, | 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 | 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 (Begort al. 2006). Demo-
graphy controls the size and shape of populations, and interacting populations of di erent
species in turn shape the structure and dynamics of ecological communities (Grith et al.
2016). For plants, which generally produce many o spring, 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 in uence 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 (Harmset al. 2000; Greenet 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; Greenet 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 owering, pollination and seed-set (Grubb 1977). The proportion of owers which
produce viable seeds can vary widely between species (Wiens 1984; Sutherland 1986) and both
owers 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 in uence species abundances (Figure 1.1) (Ehrléret al. 2006). Seed limitation is
often demonstrated by seed addition experiments where additional seeds increase recruitment
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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. Rotheret 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 e ects at later stages of
plant development (Crawley 2000; Kolb et al. 2007, e.g. Crawley & Long 1995; Grasst 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
in uence the distribution and abundance of others (Maron & Crone 2006; Forristeret al. 2019).
Plants interact with a diverse range of insects, some of which have life long associations with
their host plant (Kennedy & Southwood 1984; Bassetet 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 (Schoonhoveat 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).



- Chapter 1 Page 3

1.2.1 Pollination

Globally, over 80% of owering 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 (Knighet al. 2005).
Pollinators can limit seed set in two ways: through reduced pollen quantity, whereby an
insu cient 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 in uence the degree of
pollination success (Gomezt al. 2010; Gagicet al. 2021). Although the majority of pollinators
within a community tend to be generalists to some degree, visiting a variety of plant species
(Vazquez & Aizen 2004), shifts in the composition of owering 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 (Alarcéet al. 2008; Petanidouet 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 di erent 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; Gripenberget 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; Gripenberget 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 exibility (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 tness 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 (Lesieet 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 (Luchiet al. 2012), and preventing seed dispersal (Manzur &
Courtney 1984; Garciaet al. 1999).

1.3 Spatial dynamics of plant-insect interactions

The movements and foraging decisions of pollinators, herbivores, and plant predators are often
in uenced by spatial variation in resource densities and this can result in spatial variation in
the reproductive ecology of plants (Maron & Harrison 1997; Gripenberget al. 2014; Wetzelet

al. 2023). The density of reproductive structures such as owers 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-o for plants between
producing many small seeds and fewer large seeds in an e ort 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; Castagneyrokt al.
2013; Pérez-Barraleset al. 2013). Patterns of foraging are likely limited by the typical dispersal
range of individual insects (Delnevoet al. 2020). Whilst the movements of pollinators are
often well characterised thanks to techniques which can identify the parentage of dispersed
pollen (e.g. Nasonet al. 1996; Kamm et al. 2009; O'Connellet 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 di erent 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).
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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 conspeci ¢ 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 o spring 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-speci c 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 nding 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 Lamber®t al. 2002) and have been shown to increase
diversity at the community level (Harms et al. 2000; Bagchiet 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 scienti c 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; Nakagawet al. 2005; Hosakaet al. 2011; Xu et
al. 2015; Hirayamaet al. 2017) and have high levels of host speci city (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 facterode 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 e ects

Plant reproductive success is the outcome of both mutualistic and antagonistic plant-insect
interactions which are resource-mediated and often density-dependent (Grasst al. 2018). A
high resource o ering to pollinators may increase pollination success (Grindelanctt al. 2005;
Ballarin et al. 2022) resulting in a positively density-dependent pattern in seed set (Severns
2003; Dauberet 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 e ect of density on
seed production has varied between systems (Platet al. 1974; Jones & Comita 2010; Ballarin
et al. 2022). If host-speci ¢ antagonists can maintain plant diversity via Janzen-Connell e ects,
we might expect that host-speci ¢ mutualists decrease diversity via ‘reverse Janzen-Connell
e ects' (Zahra et al. 2021). Such patterns of conspeci ¢ positive density dependence enhancing
species local abundance have been reported for plants associated with mutualistic and host-
speci ¢ ectomycorrhizal fungi (Corrales et al. 2016; Delavauxet al. 2023). While pollinators
generally have broader patterns of host use (Vazquez & Aizen 2004) suggesting they might be
unlikely to respond to conspeci ¢ densities, di ering owering phenology between host species
could still generate functional specialisms, counterbalancing any Janzen-Connell e ects caused
by antagonists such as seed predators.
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1.6 Thesis outline

In this thesis | 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), | 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, | use a large data set of seed rain collected over a period of 31
years to quantify interspeci c variation in rates of premature fruit drop for a community of
tropical forest trees. | investigate to what extent this variation can be explained by attributes
hypothesised to be associated with high levels of enemy attack. Additionally, | 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 conspeci cs 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 conspeci ¢ 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 conspeci c tree
individuals is highest. In this chapter, | use the same data set as in the previous chapter to
explore the relationship between premature fruit drop and the density and identity (conspeci c
versus heterospeci c) of neighbouring trees, testing the hypothesis that more fruits are aborted
prematurely in areas of high conspeci c fruit density.
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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 copaiais a tropical canopy tree species which has a known relationship with a pre-
dispersal host speci ¢ 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 conspeci ¢ density, although this
negative density dependence was still outweighed by increased fruit set (likely due to higher
pollination success) in areas where reproductive conspeci cs were abundant. In this chapter, |
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
conspeci ¢ densities.

Chapter 5: Density-dependent e ects 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 conspeci ¢ density dependence of these interactions are rarely studied in
parallel. In this chapter, | 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 conspeci cs 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 | discuss the
broader implications of my ndings.
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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.

10
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2.2 Introduction 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

ing rise to the next generation and mediat- fruit drop across species. The ecological and
ing population- and community-level dynam-

ics (Turnbull et al. 2000; Maron & Crone 2006
Clark et al. 2007; Greenet al. 2014). Mortal-
ity events that happen in early life can be
a bottleneck for the recruitment of individu-

Seed production and seed survival are crit-
ical elements in the life cycle of a plant, giv-

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
als j[o a population, with sometimes di.s!oro- drought (Pérez-Pérezet al. 2008; Nussbaumer
portionate e ects on community COMPOSItion ¢ 5 5020; Reichardtet al. 2020), can trigger
(Roughgardenet al. 1988; Turnbull et al. 2000; premature fruit drop due to competition for re-
Fenner & Thompson 2005; Jameset al. 2011; ., rcas among fruits (Stephenson 1981; Bawa
Rother et al. 2013). A number of processes g \vapp 1984; Goubitz et al. 2002). Develop-

contri.bute to th? SUCFGSS or.failure _Of e.l.de— mental or genetic abnormalities (Kraus 1915;
veloping seed, including nutrient availability Bradbury 1929; Forino et al. 1987), pollen
(Bertamini & Nedunchezhian 2005; Martinez-

Alcantara et al. 2012), microclimatic condi-

quality (Goubitz et al. 2002) and damage to
fruits through abiotic means, for example frost

tion.s (Einhorn & Arrin.gton 2018), weather (Rodrigo 2000; Rodrigoet al. 2006; Tagliasac-
(Najeeb et al. 2017; Reichardtet al. 2020) and chi et al. 2006), can trigger an individual to

interactions between the plant and other or- drop fruits which are unlikely to reach matur-

ganisms. For plant species relying on biotic ity and thereby minimise the cost to the parent
pollination, visits from pollinators are crucial plant (Stephenson 1981). Damage by natural
for reproductive success, often manifesting 8S anemies can also lead to premature drop, often
a direct positive correlation between pollinator through seed/fruit predation or pathogen at-
visitation rate and seed set (Ste an-Dewenter tack (Boucher & Sork 1979; Planeset al. 2014;

et al. 2001, .Kar.ron et al. 2006). .Following S'UC' Akinsanmi et al. 2016). Regardless of the exact
cessful pollination, the developing seed might mechanism causing premature fruit drop, the
be a target for a range of enemies, including resulting seed mortality could

pre-dispersal insect seed predators (Fenner &
Thompson 2005), with deleterious e ects on
tness.

if it reduces
the number of viable seeds produced by the
plant have important e ects on plant popula-
tion and community dynamics (Turnbull et al.

A commonly observed phenomenon in plants 2000).

is that some fruits are prematurely abscised,

i.e., they drop from the mother plant prior to The phenomenon of premature fruit drop, in-
completing their development. Plant species cluding its causes and wider consequences, re-
which regularly abscise a large proportion of mains largely unexplored in the context of

11
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tropical forest plants (but see Bawa & Webb enemy-group (insect seed predators) known
1984; Jones & Comita 2010). Of particular to trigger premature fruit drop in other set-
interest is the potential for enemy-triggered tings (Tzanakakis et al. 1997; Follett 2002).
premature fruit drop which, if wide-spread Through this approach, we assess whether en-
and showing patterns of positive density- emies such as pre-dispersal seed predators are
dependence (e.g., locally abundant species exlikely contributors to premature fruit drop and
periencing higher levels of premature fruit explore the potential consequences for plant

drop), could be a mechanism that contributes biodiversity maintenance in tropical forests.

to the co-existence of plant species in these
highly diverse systems (Chesson 2000). Al-
though the role of plant enemies in maintain-

If pre-dispersal seed enemies are important
contributors to premature fruit drop, we pre-

dict the following relationships between plant

ing high local diversity of plant species has
received substantial attention in the context

species traits (or population attributes) and

levels of premature fruit drop:

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

12

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 (Fenneret 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).

. 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; Castagneyroét al.
2013; Gripenberget al. 2019a).

. Negative relationship between in-

vestment in mechanical seed de-
fences and the proportion of seeds
prematurely abscised. Species thatin-
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vest large amounts of resources in seedooked for, but not detected (Gripenberget al.
protection are less vulnerable to seed 2019a).
predation (e.g. Kuprewicz & Garcia-

Robledo 2010). 2.3 Methods

4. Negative relationship between tem-
poral crop size variation and the
proportion of seeds prematurely ab-
scised. Species with more stable fruit-

Barro Colorado Island (BCI; 9°9'N, 79°51'W)
is a 16 kn? island situated in Gatun Lake
in the Panama Canal, which supports semide-
ciduous tropical forest with a 35-m tall can-

to seed enemy attack, since they provide opy. The Smithsonian Tropical Research In-

a more stable resource for seed enemiegtltute is custodian of the Barro Colorado
Nature Monument and Barro Colorado Island
(Janzen 1976D).

on behalf of the Republic of Panama. The BCI

ing patterns over time are more prone

5. Positive relationship between tem- 50-ha forest dynamics plot was the rst to
poral overlap in fruit production by be established within the CTFS-ForestGEO
other species and the proportion of plot network in 1982 (Anderson-Teixeira et

seeds prematurely abscised. Species al. 2015). Since 1987, weekly censuses of seed
fruiting at times of the year when many rain have been conducted within the 50-ha
other species fruit experience lower seedplot as part of a research project coordinated
predation due to satiation of generalist py S. J. Wright (e.g. Wright & Calderén 1995;
seed enemies (Toy 1991; Togt al. 1992; Wright et al. 1999, 2003, 2005b). A rst set of
Kelly 1994). seed traps i = 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
tack since the abundance of resources ) )

, . . , been monitored since. A nal set of 200 traps
available to host-speci ¢ enemies will be ) ]
higher (Pacala & Crawley 1992: Hanski vvgre establl.shed 2 m from each of the 200 ori-
2001). ginal traps in 2011 and were censused for 23

months. Each trap consists of a 0.8 m tall
Finally, we predict that levels of premature PVC frame and 1 mm mesh covering 0.5 rf
fruit drop will be higher in plant species known of forest oor. In weekly censuses, all fruits

6. Positive relationship between the
local abundance of conspeci cs 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-

to be attacked by pre-dispersal insect seedand seeds encountered in each trap are iden-
predators at our study site than for plant tied to species, counted, and categorised as
species for which such interactions have beenmature orimmature. In the context of the long-

13
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term seed rain study very young fruits collec- all seed traps. This was done separately for
ted in the traps immediately or shortly after each full calendar year in the dataset. Since
owering are termed “aborted. These were not 90% of species fruit only once during a cal-
included in this study. Fruits labelled as ‘im- endar year, and since few species fruit in the
mature' were dropped several weeks to months December-January period, this approach will
later. The distinction between immature and typically generate data on overall fruit drop
mature fruits was based on the examination rates for individual fruiting events. Not all spe-
of endocarps: If the endocarp of seeds within acies were encountered in every single year, but
fruitis lled with material that is solid (rather  in total there were 5,295 unique specie§ year
than hollow or lled with liquid or soft sub- combinations in the original dataset. Species
stances), the fruit was considered mature. Our O year combinations with fewer than 10 fruits
species-speci ¢ estimates of rates of prematureor individual seeds were omitted to ensure a
seed abscission are based on the relative frerepresentative sample size, yielding a total of
guencies of mature and immature fruits. Since 3,286 observations in the nal dataset.

we did not conduct systematic germination tri- o
. To assess whether enemy attack is likely to
als across the full range of species, we cannot

rule out the possibility that some of the seeds have contributed to observed rates of prema-
scored as immature would be able to germin-
ate. We are still con dent 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.

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-
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 Rv 4.0.5 (R Core Team 2021).
Counts of fruit in the traps were multiplied

by species-speci ¢ average seed-to-fruit ratios
(S. J. Wright; unpublished data) and added To assess the relationship between rates of pre-
to the number of seeds. For each species, themature fruit drop and each variable of interest,

weekly counts (0 = 1615 censuses) of mature we constructed generalised linear mixed mod-
and immature seeds were then summed acrosels (GLMMs) with binomial distributions us-

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.
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Table 2.1: Plant traits and population attributes which are hypothesised to in uence 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-speci ¢ seed masses were available in the form of mean
dry seed mass (g) where a “seed' is de ned 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 6G

(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-speci ¢ protective tissue content was used as a meas-
ure of the degree of investment in mechanical seed defences, which re ected
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 C\eor 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 rst 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 conspecics

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-speci c maximum diameter at breast height (DBHnax) was ex-
tracted and individuals with a DBH larger than 0.5 O DBH nax (the known
size threshold for tree reproduction (Visseret al. 2016)) were counted.
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ing the Ime4 package (Bateset al. 2015). The lated species to be more similar than species
number of prematurely abscised seeds and thedrawn at random from the phylogenetic tree)
number of viable seeds were combined intoin the proportion of seeds prematurely ab-
a single two-column binomial response vari- scised. We used a previously archived phylo-
able. The explanatory variable was plant at- geny (Gripenberget al. 2019b), which included
tribute (listed in Table 2.1) or the presence of 184 of the 201 plant species in our dataset,
insect seed predators, with plant species and and species-speci ¢ mean proportions of seeds
year as random e ects. Since for most explan- prematurely abscised for the phylogenetic ana-
atory variables, data were only available for lyses. Both Pagel's lambda (Pagel 1997, 1999)
a subset of plant species, each was tested inand Blomberg's K (Blomberg et al. 2003) were
dependently (i.e., as continuous covariates in estimated using phylosig in the R package
separate models). Two of the explanatory vari- phytools (Revell 2020). The contMap func-
ables (local abundance of conspeci cs and seedion was used to visualise phylogenetic signal
mass) were log-transformed and all explanat- in mean premature seed abscission as a con-
ory variables were standardised (mean = 0, SD tinuous trait mapped onto the phylogenetic

= 1) to aid model tting and interpretation.  tree.

The packageDHARMg@dartig 2020), was used

to generate scaled residuals by simulation from

the t models. The scaled residuals were plot- 2.4 Results

ted with DHARMa verify the models were spe-
ci ed correctly. The Durbin Watson statistic
was used to test for temporal autocorrelation

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-speci )
mean numbers of seeds per fruit, this corres-
ponds to 3,159,062 (39%) out of a total of

. . ,062,517 i f h
We assessed pairwise correlations between ex§ 062,517 seeds being dropped from the tree

. . . as either immature single diaspores or as part
planatory variables with Spearman's rank cor- ) ] i
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).

in the scaled model residuals for each plant
species. The models were additionally t with
an AR(1) covariance structure usinggilmmTMB
(Brooks et al. 2017) to assess the e ect of po-
tential temporal autocorrelation on the results.

relation coe cient, to test for multicollinearity.
Results were visualised usingygplot2 (Wick-
ham 2016) as model coe cient estimates and
95% con dence intervals.

To explore if shared ancestry contributes to
similarities in premature fruit drop among
species within the community, we estimated Correlations between the explanatory vari-
the phylogenetic signal (the tendency for re- ables were relatively weak (Figure A.1). Of

16



- Chapter 2

Page 17

867 speciesO model combinations, 47 (5%) year when many other species are fruiting) and

showed signi cant positive temporal autocor-
relation (Durbin-Watson statistic <1 and p
<0.05) and 29 (3%) showed signi cant 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 e ect on our res-

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

ults. Other than investment in mechanical seed one species of insect seed predator abscised a

defences, all the investigated plant attributes larger proportion of their seeds prematurely.
demonstrated a relationship with the propor-
tion of seeds prematurely abscised ap <0.05

(Figure 2.3, Table A.1).

Estimates of phylogenetic signal in the mean
proportion of seeds abscised were low (K =
0.002,p = 0.10; | = 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 (Greenret al. 2014), survival at the very

earliest stages when developing seeds are

Figure 2.1: Average rates of premature seed abscis—sti” attached to their mother plant has
sion for 201 woody plant species on Barro Color- o . ]
ado Island. The proportion of seeds prematurely rarely been studied in tropical forests (Gripen-

abscised per year for each plant species is averagedherg 2018 but see Bawa & Webb 1984; Jones
across 31 years to give the means presented here.& Comita 2010). Our analysis of premature
fruit drop in 201 woody plant species in the
All observed relationships with premature seed 50-ha forest dynamics plot on Barro Colorado
abscission rate, other than temporal overlap Island, Panama, reveals that premature fruit
in fruit production, were in line with our pre- drop is a widespread phenomenon at this site
dictions. We saw a clear positive e ect on pro- and likely to be an important source of seed
portion of seeds prematurely abscised by four mortality in the plant community, responsible
of the plant attributes: local abundance, seed for the deaths of up to 39% of all seeds initi-
mass, temporal overlap in fruit production (i.e. ated. Rates of seed abscission showed a weak
whether a plant species fruits at a time of the 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 abscisedn(= 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 The association between rates of premature

variation observed across plant species. 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 interspeci c variation in enemy at-
tack can be explained by variation in defensive
traits (Coley 1983, 1988; Schuldtet al. 2012;
Céardenaset 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

Figure 2.3: Relationships between premature seed Of time, as larger seeds take longer to develop

abscission rates and plant attributes hypothesised (\oles & Westoby 2003). Locally abundant
to re ect likelihood of attack by seed enemies. Pos-

itive estimates represent increased premature seedplant species are also more likely to be colon-
abscission rates with increased attribute values, ised by, and to support larger populations of

and the opposite for negative e ects. Points are host-speci ¢ enemies (Pacala & Crawley 1992;
coe cient estimates from generalised linear mixed

e ects models. Error bars denote 95% con dence Hanski 2001). In this study, taller plant spe-
intervals. cies had higher rates of premature fruit drop.

Canopy trees are likely to have larger seed

We found that ve of the six plant attributes ~ Crops and be more apparent to seed predat-
which we had predicted would be associated ©rs than understory trees and shrubs (Janzen
with enemy attack demonstrated a clear re- 1968; Castagneyrokt al. 2013). Both a greater
lationship with premature seed abscission. A average height and high local abundance of
key aim of our study was to assess whetherCONnspeci cs could increase the "apparency’ of
plant species attacked by one group of pre-SPecies to seed predators (Feeny 1976). Leaf
dispersal seed enemies insect seed predat- herbivory is also known to cause premature
ors show higher levels of premature fruit fruitdrop (Petzold et al. 2009) and some traits
drop than species not attacked by this enemy (€-9. local abundance) which increase appar-
guild. We found that plant species known to €ncy to seed predators, probably also increase
be attacked by insect pre-dispersal seed pred-2pparency to herbivores, possibly contributing
ators had higher rates of seed abscission. Thisto some of the observed relationships between
suggests that these insects may play a role in plant traits and fruit drop (Floater & Zalucki
triggering premature fruit drop. 2000; Hughes 2012).
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Species which had a temporal overlap in fruit- porally unstable food resource reducing enemy
ing times with many other species tended to populations. Our prediction of a negative re-
have higher rates of premature seed abscislationship between investment in mechanical
sion. This contrasts with our prediction that seed defences and premature seed abscission
an abundance of fruit at the wider community- did not yield statistical support, although we
level would result in the satiation of gener- did detect an e ect in the predicted direction.
alist seed predators, thereby reducing levels Plants invest approximately the same amount
of attack and premature seed abscission. A of biomass in seed defensive structures as they
greater abundance and diversity of fruits, how- do in producing embryo and endosperm tis-
ever, could support larger populations of gener- sues (Moleset al. 2003). Reducing crop size in
alist seed and fruit predators. This would not some years and investing in mechanical seed
be the case if the enemies triggering prema-defences both come at the cost of producing
ture fruit drop were host speci ¢, as we know fewer o spring. If pre-dispersal seed enemies
is the case for at least one pre-dispersal enemyare causing selection for these traits, given we
guild: In a previous study (Gripenberg et al. found that across the studied plant community
2019a), we found that the insect seed predat-up to 39% of seeds are lost via premature fruit
ors of Barro Colorado Island are highly host drop, they could be important selective agents
speci c. Seed predators were reared from seedin tropical forest plants.

samples representing 478 woody plant species.

The majority (80%) of reared seed predators ouyr observation that plant species which were
were associated with only one plant species,gcally abundant in the 50-ha forest dynam-
and the remaining 20% were relatively restric- jcg plot lost more seeds before maturation,
ted in their host ranges. The positive relation- should be of key interest to ecologists inter-
ship between temporal overlap in fruit produc- ested in species coexistence mechanisms in di-
tion by other species and rates of premature yerse tropical forests. A long-standing ques-
fruit abscission can possibly be explained by tion in tropical forest ecology is what allows
the fact that species which fruit at the same gg many plant species to coexist in highly di-
time as many other species in our dataset alsoygrse tropical forest systems (Wright 2002).
fruit for a longer time period (see Figure A.2). A prerequisite for stable coexistence is neg-
Species that produce fruits for a long period ative density-dependence (Chesson 2000): loc-
of time (e.g. several months of the year) may gjly abundant species must have lower popu-
be more likely to be found by seed predators |ation growth rates than species that are rare
(Moles & Westoby 2003). in the local community. Our analyses suggest
that there might be tness costs (i.e., higher
In line with our predictions, we found that pre-dispersal seed mortality) associated with
plant species with greater variation in crop being a locally common plant species. The fact
size between years had lower rates of premathat species known to be attacked by special-
ture fruit drop, which could be due to a tem- ist insect seed predators also exhibited higher
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levels of premature fruit drop further sug- support through to maturation (Stephenson
gests that natural enemies might be causing 1981), to account for the possibility that some
negative density-dependence, as envisaged byf them will fail to be cross-fertilized. In the
the Janzen-Connell hypothesis (Janzen 1970;context of tropical forest trees, Ghazoul &
Connell 1971). Although current evidence is Satake (2009) proposed the “sacri cial sibling
circumstantial, our study suggests that pre- hypothesis' which suggests that rather than
dispersal enemies contribute to negative con-aborting inbred seeds at an early stage, trees
speci c density dependence and possibly to might retain surplus low-quality fruits to act
species coexistence (see also Gripenberg 2018)s sinks for seed predators, diluting the neg-
ative e ects of seed predation on overall tree

While our study suggests that enemy-triggered tness. Although logistically challenging, ma-
premature fruit drop could be a major source Nipulative experiments which measure repro-
of seed mortality in tropical forests with im- ductive output of trees in the presence or ab-
portant implications for species coexistence, Sence of seed predators would be helpful for
some caution needs to be taken when interpret- the interpretation of our results in the con-
ing the results presented here. First, our study text of plant tness. Third, it might be argued
uses a correlative approach, and although the that the methodological approach taken in our
observed relationships between plant speciesStudy could have overestimated rates of prema-
attributes and patterns of premature fruit ture fruit drop, as the displacement of mature
drop could be caused by enemies, there mayfruits from the canopy by seed dispersers could
be other triggers of premature fruit drop, unre- Potentially result in an in ated proportion of
lated to enemies, that cause the same relation-immature fruits relative to mature fruits in
ships. As an example, tree height which is the traps. However, since we see no reason why
hypothesised to increase “apparency’ to seedmature seeds would not be just as likely to be
enemies also correlates with light availab- brought into the traps by dispersal agents as
ility. (Nevertheless, the fact that we found a they are to be removed from the canopy above
positive relationship between tree height and them, and as we have summed counts of seeds
premature fruit abscission suggests that light and fruits collected from traps spread across
limitation is unlikely to be a major driver of the 50-ha plot, we believe that the premature
interspeci ¢ patterns of premature fruit drop.)  fruit drop rates quanti ed in this study are
Second, while our study suggests that a sub-representative of the reality.

stantial proportion of seeds die as a result of

premature fruit drop that is possibly triggered In summary, our study suggests that prema-
by natural enemies, we do not know whether ture fruit drop could be a major source of
those seeds would have survived to maturity seed mortality on Barro Colorado Island, and
in the absence of enemies. It has been sugthat pre-dispersal seed enemies may be causing
gested that many plant species produce more some of the observed premature fruit drop. Al-
owers and fruits than they can realistically 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 speci ¢ 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-
ci c 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 conspeci ¢ plants, fruiting con-
speci cs and fruiting heterospeci cs. We found that seed mortality increased with conspecic
density and was driven by fruiting conspeci cs, but this positive relationship was dampened at
the highest densities of conspeci cs, suggesting predator satiation. We found a weak negative
relationship between heterospeci ¢ density and seed mortality. Our results are consistent with
the idea that host-speci ¢ pre-dispersal plant enemies can in uence the reproductive success
of trees in ways that are dependent on the density and identity of surrounding plants.

3.2 Introduction that make individuals perform worse when sur-

rounded by conspeci cs rather than by hetero-
The high levels of plant diversity found in speci cs (Chesson 2000).

many tropical forests have long been puzz-

ling ecologists: highly diverse tropical forests An idea rst suggested by Gillett (1962), and
should not exist under Gause's law (Hardin later formalised by Janzen (1970) and Connell
1960) where competition between species lim{1971), natural enemies of plants are thought
its diversity. Explaining species coexistence re-to be key drivers of conspeci ¢ negative dens-
mains a central question in tropical forest eco- ity dependence in tropical forest plants. If en-
logy (Comita & Stump 2020; Terborgh 2020), emies are highly speci ¢ in their choice of host
and in community ecology more broadly (e.g. plant (e.g. feed on one or only a few species
Heinen et al. 2020; Quimbayoet al. 2020). A of plant), they are more likely to nd, and
wealth of mechanisms have been proposed topredate upon, plants growing close to mem-
prevent competitive exclusion (Chesson 2000;bers of their own species. Isolated plants, or
Wright 2002). Of these mechanisms, conspe-plants growing in areas of lower overall con-
ci ¢ negative density dependence has receivedspeci ¢ density, are more likely to escape en-
particular attention in the context of tropical emy attack. Many studies have found support
forest plant communities (Harms et al. 2000; for these types of Janzen-Connell e ects (re-
Peters 2003; Metzet al. 2010). It is a phe- viewed in Carson et al. 2008; Comita et al.
nomenon whereby individuals surrounded by 2014; Comita & Stump 2020; Terborgh 2020).
many members of their own species are at aHowever, the majority of studies have focused
tness disadvantage in comparison to more on the survival of seedlings or seeds that have
isolated individuals. Such density dependence already dispersed from the mother plant. Al-
can result from a variety of ecological processesthough Janzen himself (Janzen 1970) noted
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that pre-dispersal seed enemies could contrib-ical forests. Working in the 50-ha ForestGEO
ute to diversity maintenance through conspe- plot on BCI, Jones and Comita (2010) assessed
ci ¢ negative density dependence, this possib- spatial patterns of premature fruit abscission
ility has received little attention in the ecolo- (likely caused by a Hymenopteran seed pred-
gical literature. ator) in the canopy tree Jacaranda copaia In

_ o line with Janzen's and Connell's predictions,
Levels of pre-dispersal seed mortality in trop- _ . o . . :
) _ fruit abscission rates increased with increasing
ical trees can be high but are rarely stud- o . .
) _ densities of conspeci c neighbours. However,
ied as a source of plant mortality. For ex-
ample, in a recent study (Jacksonet al. 2022;
Chapter 2) we found that in the well-studied

tropical forest of Barro Colorado Island (BCI)

this increase was not large enough to cancel
out the positive density dependence of fruit set,
which in the studied system was likely a
. 201 v ol ~ result of pollen limitation in areas of low con-
N Fanama, across _ woo_ y plant S'Iﬂ)eclesSpeci ¢ density. Positive density dependence
39% of seeds were likely to die because of pre- . _
fruit d Such it d can also be promoted via predator satiation at
mature fruit drop. Such premature fruit drop high conspeci ¢ densities (Janzen 1971a; Kelly

c;':lr;.be trlgé;ere((jj b_y abva.rlety of :;lctorr]s, - 1994, Kelly & Sork 2002). Since positive con-
cluding seed predation by insects (Step ensonspeci ¢ density dependence has the potential

1981). Inse.ct see.d predators .are {_’l group Ofto erode diversity (Zahra et al. 2021), the ef-
plant enemies which often exhibit high levels

fect of pre-dispersal seed enemies must have a

f host- i city i ical f .g. Bas- , , ,
of host-speci city i tropical forests (e.g. Bas net negative e ect of density on fruit set for

set et al. 2021), including on BCI (Gripen-
berg et al. 2019a). An interesting nding of
our study of interspeci c patterns of prema-
ture fruit drop (Jackson et al. 2022; Chapter
2) was that plant species that are abundant in

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-

the woody plant community of BCI su ered

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-speci ¢ insect _ _ _ R
requires information on the spatial distribu-

seed predators, might be a mechanism con-_ o i
tion of individuals of the focal plant species

ison of pre-dispersal seed mortality for indi-
viduals in areas of varying conspeci ¢ density

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)f. _ .
In this context, the larger plots within the

Few studies have explored the conspeci ¢ dens-ForestGEO network of forest dynamics plots
ity dependence of premature fruit drop in trop- (Anderson-Teixeira et al. 2015) provide an op-

over relatively large areas. Mapping tree distri-
butions across large areas of tropical forest is a
vast logistical challenge, requiring time and ef-
ort that is outside the scope of many projects.

25






	Abstract
	Declaration
	Acknowledgements
	Table of Contents
	General introduction
	Seed production and seed survival — implications for plant population dynamics
	The role of insects in the reproductive success of plants
	Pollination
	Predation

	Spatial dynamics of plant-insect interactions
	Plant-insect interactions as a mechanism for plant species coexistence
	Mutualistic and antagonistic density effects
	Thesis outline

	Pre-dispersal seed predation could help explain premature fruit drop in a tropical forest
	Abstract
	Introduction
	Methods
	Results
	Discussion

	Local density of fruiting conspecifics predicts premature fruit drop in a tropical forest
	Abstract
	Introduction
	Methods
	Results
	Discussion

	Density-dependent pre-dispersal seed predation and fruit set in a tropical tree: spatial scaling of plant-insect interactions
	Abstract
	Introduction
	Methods
	Results
	Discussion

	Density-dependent effects on the reproductive ecology of trees in a temperate woodland
	Abstract
	Introduction
	Methods
	Results
	Discussion

	General discussion
	Discussion of main findings
	Premature fruit drop is widespread and might be caused by enemies
	Premature fruit drop is density-dependent both within and among species
	Pre-dispersal seed mortality shows conspecific density dependence at multiple scales
	Density dependence of antagonistic and mutualistic plant-insect interactions can differ

	Future research priorities

	Reference list
	Appendix Supporting information for Chapter 2
	Appendix Supporting information for Chapter 3
	Appendix Supporting information for Chapter 4
	Appendix Supporting information for Chapter 5

