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ABSTRACT 

Natural enemies are ubiquitous in nature.  In many communities, natural enemies have a 

major effect on the diversity of their prey.  Their effects are very diverse: they can 

promote or undermine the ability of their prey to coexist through a variety of 

mechanisms.  As such, an important step in understanding how diversity is maintained 

will be to understand how different forms of predator behavior affect prey coexistence.  

In this dissertation, I study how two major types of predators affect plant coexistence in 

two different communities.   

First, I study natural enemies in tropical forests, using both theory and empirical 

work.  In tropical forests, most natural enemies are thought have a narrow host range, and 

be distance-responsive (i.e., mainly harm seeds and seedlings that are near adults of their 

main host).  Previous theoretical work has shown that specialized natural enemies can 

maintain diversity of their prey, whether or not they are distance-responsive.  However, it 

is unknown whether specialist natural enemies are more or less able to promote prey 

coexistence if they are distance-responsive.  Using theoretical models, I show that 

distance-responsive predators are less able to maintain diversity.  Additionally, I show 

that habitat partitioning does not interfere with the ability of distance-responsive 

predators to maintain diversity, even if it causes seedling survival to be highest near 

conspecific adults. 

From an empirical aspect, I studied the host range of seed-associated fungi.  Soil-

borne microbes, such as fungi, are thought to play an important role in maintaining 

diversity in tropical forests.  However, the microbial community itself is often treated as a 

black box, and little is known about which microbes are causing major effects, or how 
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specialized seed-microbe associations are.  Here I use experimental inoculations to 

examine the host range and effect of a guild of seed-associated fungi that are thought to 

be mainly pathogens.  I show that fungal species are differentially able to colonize 

different seed species, and have species-specific effects on seed germination.  I show that 

in many cases, plant phylogeny, and to a lesser extent fungus phylogeny, are good 

predictors of colonization.   

Finally, I study how an optimally foraging granivore can promote (or undermine) 

coexistence amongst annual plants, using theory.  Optimal foraging theory is one of the 

major theories for how predators behave; despite this, little is known about whether an 

optimally foraging predator could promote coexistence amongst a diverse community of 

prey.  Previous models have shown than two species can coexist due to optimal foraging, 

but did not test whether multiple prey can coexist, nor if the effect is altered by 

environmental variation.  Here, I show that if the predators specialize on different prey at 

different times, the predators can allow multiple prey species to coexist.  In this case, 

environmental variation has little effect on the ability of predators to maintain diversity.  

If the predators are generalists, they cannot maintain diversity.  Additionally, I show that 

generalist predators will create a negative storage effect, undermining coexistence.   
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INTRODUCTION 

Predators, pathogens, and other natural enemies are ubiquitous in nature, and a great deal 

of both theoretical and empirical work has been done to understand how they affect their 

prey’s ability to coexist.  Natural enemies are a very heterogeneous group, and as would 

be expected, they can have a variety of effects on their prey (Chase et al., 2002): studies 

have shown they can allow their prey to coexist (Connell, 1971; Paine, 1966), cause 

competitive exclusion (Roemer et al., 2002), reverse competitive outcomes (Park, 1948), 

or have little effect on diversity (insect exclusion treatment - Bagchi et al., 2014).  

However, careful theoretical studies of how predators and prey interact have suggested 

general trends into predators can should influence coexistence amongst their prey (e.g. 

Amarasekare, 2007; Anderson and May, 1979; Chesson and Kuang, 2008; Chesson and 

Kuang, 2010; Holt, 1977; Holt, 1984; Holt et al., 1994; Kuang and Chesson, 2008; 

Mordecai, 2011; Schreiber et al., 2011).  These results suggest a way forward: studies 

should not focus on natural enemies as a category (e.g. Wilson, 2011), but rather on how 

aspects of their behavior, population dynamics, and so on influence prey coexistence.  

Here, I briefly describe general principles about how predators influence coexistence, and 

then focus on two particular hypotheses of predator behavior: the Janzen-Connell 

hypothesis and optimal foraging theory.   

Species that share a common predator can harm one another through the process 

of apparent competition (Holt, 1977).  This effect is analogous to other forms of 

competition: species harm one another because when one species increases in density, the 

shared predator will also increase in density, which will harm the other prey species 

(Holt, 1977).  Much of our intuition about exploitative and interference competition can 
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be applied to apparent competition: species that are limited by different predators are 

likely to coexist (Chesson and Kuang, 2008; Levin, 1970); species that are limited by the 

same predator are unlikely to coexist (Holt, 1977; Holt, 1984); and the prey species that 

can tolerate the highest level of predation can drive other species to extinction (i.e., the 

P* rule, Holt et al., 1994).  Apparent competition generally reduces prey population 

levels, which tends to weaken other forms of competition (Chesson and Kuang, 2008; 

Kuang and Chesson, 2008).  Thus, in some models, the net effect of apparent and 

exploitative competition on coexistence is somewhere in between what each effect would 

be on its own (Chesson and Kuang, 2008).   

There are, of course, factors that make apparent competition different from 

exploitative competition.  For example, when resources are consumed, resource density 

declines immediately; when predators consume prey, there is often a time lag before 

predator density increases.  This can result in predator-prey oscillations (Volterra, 1926), 

and can also make predators less able to respond to short-term changes prey in density 

(Kuang and Chesson, 2009).  Predators can show malleable preferences for their prey – 

such as frequency-dependent predation or switching (Murdoch, 1969) – which are 

unlikely in abiotic resources.  Additionally, if predators are more mobile than their prey 

and the prey’s resources, as is often the case with plant predators, the spatial scale of 

apparent competition can be much different than exploitative competition.  

 

Janzen-Connell Hypothesis 

The Janzen-Connell hypothesis is a prominent theory for how natural enemies promote 

tree coexistence in tropical forests (Gilbert, 2005; Terborgh, 2012; Wright, 2002).  
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Janzen’s original paper laid out extensive natural history evidence – both personal 

observations and previous studies – suggesting that specialist predators cause seed and 

seedling mortality to be highest near adult trees (Janzen, 1970).  This effect could be 

caused by distance-responsive predators, which are most active near adult trees, or 

density-responsive predators, which are most active near dense clumps of seeds or 

seedlings (Janzen, 1970).  Janzen argued that either type of predator would tend to 

promote coexistence: the abundance of very common tree species would be limited by a 

lack of predator-free sites, which would prevent them from crowding out other species 

(Janzen, 1970).  Through a series of graphical models, he also argued that seedling 

recruitment would generally peak at an intermediate distance from adult trees, and lead to 

trees becoming evenly spaced throughout the community (Janzen, 1970).  Connell’s 

original book chapter summarized the results of several experiments (Connell, 1971).  He 

showed that in the rainforests of North Queensland, species evenness and Shannon’s 

diversity index was higher in larger trees, suggesting that the survival of young trees was 

negatively density-dependent (Connell, 1971).  Additionally, he showed that sapling 

survival was about twice as high near heterospecific adults, compared to conspecific 

adults (Connell, 1971).  He argued that this effect would prevent any species from 

forming a monoculture (Connell, 1971).  Both Janzen and Connell claimed that this effect 

would be the strongest in tropical forests, as the relatively stable climate would allow 

specialists pests to be most successful (Connell, 1971; Janzen, 1970).   

The basic elements of the Janzen-Connell hypothesis have extensive empirical 

support.  Seedlings generally perform worse near conspecific adults, and in areas of high 

conspecific seedling density (Comita et al., 2014).  Species evenness tends to increase 
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between the seed and seedling stage (Bagchi et al., 2014; Harms et al., 2000), and in one 

forest, this effect can be removed with the application of fungicide (Bagchi et al., 2014).  

In many forests, sapling and pole survival are negatively correlated with local conspecific 

density, but not necessarily heterospecific density (Hubbell et al., 2001; Uriarte et al., 

2004).  Additionally, older plants tend to be more evenly spaced than young plants 

(Arteaga et al., 2006; Deckers et al., 2005; Gavin and Peart, 1997; Platt, 1975).   

Of course, not every study has found evidence supporting the Janzen-Connell 

hypothesis.  In many tests, seed and seedling performance were highest near conspecific 

adults (Comita et al., 2014; Hyatt et al., 2003).  This was especially the case when 

mammals were the dominant natural enemy (Coley and Barone, 1996), when the 

researchers measured seed removal of seeds on the ground (Comita et al., 2014), and 

when experiments were performed in the field, rather than a greenhouse (Hyatt et al., 

2003; Kulmatiski et al., 2008).  Natural enemies are rarely host-specific (Barone, 1998; 

Basset, 1999; Gilbert and Webb, 2007; Novotny and Basset, 2005), and few studies have 

actually determined how specialized the predators are.  In fact, the natural enemies 

causing mortality are generally unknown, making it difficult to judge what organisms are 

driving diversity (Augspurger and Wilkinson, 2007; Gilbert, 2005).  Indeed, many studies 

are unable to distinguish mortality caused by predators from mortality caused by 

competition or allelopathy (Huntly, 1991).   

One group that has been particularly poorly studied is soil-borne microbes, such 

as fungi.  Many studies have shown that seed survival and seedling growth are reduced in 

the soil near conspecific adults (Brewer and Webb, 2001; Dalling et al., 1998; Kulmatiski 

et al., 2008); however, in most cases, the particular organisms responsible were not 
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identified.  Indeed, in a few cases, reduced growth resulted from sub-optimal mutualists, 

rather than pathogens (Bever, 2002; Mangan et al., 2010).  Recent work has begun to 

reveal the diversity and host affiliations of soil-borne fungi (Gallery et al., 2007; Peay et 

al., 2013; Sarmiento et al., 2013; Zalamea et al., 2015).  However, there is much that is 

not known, such as the spatial and temporal distribution of fungi (Husband et al., 2002; 

Peay et al., 2013); the relative abundance of mutualists, pathogens, and commensals 

(Gallery et al., 2007); how specialized seed-fungus associations are (Gallery et al., 2007; 

Kluger et al., 2008); and even how seeds defend themselves against parasitic fungi 

(Dalling et al., 2011). 

Despite many empirical studies testing whether distance- and density-responsive 

predators exist, there have been few theoretical studies examining how such predators 

would actually affect their prey.  Early papers examined how many species could coexist 

if seedlings could not recruit within a certain distance of conspecific adults (an extreme 

form of distance-responsive predators) (e.g. Armstrong, 1989; Hubbell, 1980).  They 

eventually concluded that an unlimited number of species could coexist through this 

mechanism (Armstrong, 1989; Leigh, 1982).  However, all of these studies assumed that 

trees were equally competitive.  Under this case, any stabilizing mechanism will allow an 

unlimited number of species to coexist (Chesson, 2000).  Additionally, several studies 

have examined how seed dispersal and predator movement will interact to determine the 

spatial pattern of seed recruitment (Hubbell, 1980; McCanny, 1985; Nathan and 

Casagrandi, 2004).  However, these studies examine a spatial signature of the Janzen-

Connell hypothesis, without assessing whether such predators will actually promote 

coexistence.   
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The Janzen-Connell hypothesis is based on the observation that natural enemies 

are often fairly specialized, and are often distance-responsive.  Few theoretical studies 

have examined the interactions between these two factors.  Studies have shown that 

specialist predators in general can promote coexistence (Bever et al., 1997; Chesson and 

Kuang, 2008).  However, it is unclear whether distance-responsive specialists are more 

able to promote coexistence than specialists who are not distance-responsive.  Four 

previous studies have examined this question, but with mixed results: distance-responsive 

are either less able (Muller-Landau and Adler, 2007; Murrell, 2010), more able (Adler 

and Muller-Landau, 2005), or equally able (Bever et al., 1997) to promote coexistence.  

However, no study has examined whether there is an interaction between host-specificity 

and distance-responsiveness (i.e., If a predator is distance-responsive, is being highly 

specialized more or less important?).   

 

Frequency dependent predation & optimal foraging theory 

Models of predator behavior often assume that predators have fixed preferences that are 

independent of the density of their prey (e.g. Adler and Muller-Landau, 2005; Chesson 

and Kuang, 2008; Holt, 1977; Murrell, 2005; Stump and Chesson, in prep; Volterra, 

1926).  Such models generally focus on how the numerical response of predators (i.e., 

how their population density changes in response to prey density) promotes or 

undermines prey coexistence.  However, such models ignore the behavioral response of 

predators (i.e., how their behavior or preferences change in response to prey density).  In 

many cases, predation rates have been shown depend on the frequency or density of prey 

(Elner and Hughes, 1978; Hernández et al., 2002; Krebs et al., 1977; Murdoch, 1969).  
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Such frequency-dependent predation can arise through a variety of mechanisms 

(Charnov, 1976; McNair, 1980), and can impact prey coexistence (Chesson and Kuang, 

2010; Kuang and Chesson, 2010).   

One way that frequency-dependent predation can arise is through a learning 

constraint (Kuang and Chesson, 2010; McNair, 1980).  Under this model, predators are 

more able to capture prey that they encounter frequently, either because they develop a 

search image, or because they learn to capture them (McNair, 1980).  As a result, 

individuals of a species suffer from higher per-capita predation when they are common 

(Chesson and Kuang, 2010; Kuang and Chesson, 2010).  This can create a low-density 

advantage: as a species’ population density declines, the remaining individuals 

experience a lower risk of predation (Chesson and Kuang, 2010; Kuang and Chesson, 

2010).  Additionally, this can allow predators to be most active when common prey are 

most active, potentially create a storage effect from predation and further promoting 

coexistence (Chesson and Kuang, 2010).  Recent work has shown that potentially an 

unlimited number of prey can coexist because of frequency-dependent predation 

(Chesson and Kuang, 2010).  

An alternative way that frequency-dependent predation can arise is through 

adaptive foraging.  One classic model of this is Charnov’s optimal foraging model 

(1976), which assumes that predators will adaptively change their dietary breadth to 

maximize their calorie intake per unit time.  This model predicts that predators will 

specialize on the highest-calorie prey items when such prey are readily available 

(Charnov, 1976).  When high-calorie prey are rare or unavailable, the predators will 
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include low-calorie prey in their diet (Charnov, 1976).  Behavior consistent with adaptive 

foraging has been observed in a wide variety of animals (Jaenike, 1990; Pyke, 1984).   

Several previous studies have examined how optimally foraging predators will 

affect the population dynamics and coexistence of their prey.  In most of these models, 

the prey only interacted through apparent competition, and the authors examined when an 

optimally foraging predator would undermine coexistence (Fryxell and Lundberg, 1994; 

Holt, 1984; Křivan and Eisner, 2003; Krivan and Sikder, 1999; Křivan and Sikder, 1999; 

Ma et al., 2003; Yamauchi and Yamamura, 2005).  If the prey are spatially segregated, a 

predator that travels randomly between patches is capable of undermining coexistence; 

however, if the predator forages adaptively (and thus stays in patches where it can 

capture the most prey), the predator cannot undermine coexistence (Holt, 1984).  If prey 

are not segregated, but depend on different resources, an optimally foraging predator may 

or may not undermine coexistence, and can produce population fluctuations (Krivan, 

1996; Křivan and Eisner, 2003; Křivan and Sikder, 1999).   

A few studies have examined whether an optimally foraging predator could prey 

species to coexist, if they could not coexist otherwise (Abrams and Matsuda, 1996; 

Genkai-Kato and Yamamura, 1999; Gleeson and Wilson, 1986; Hambäck, 1998; Krivan, 

2003).  However, in all but one cases, these studies only considered coexistence between 

two prey species.  Previous studies have shown that two prey can coexist as a result of a 

competition-predation trade-off, even if the predators have fixed preferences (Holt et al., 

1994; Levin, 1970).  One study did show that three prey species could coexist when there 

was an optimally foraging predator, but it needed to invoke some temporal partitioning as 

well (Hambäck, 1998).  Thus, it is unclear whether optimal foraging can allow multiple 
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species to coexist on their own, and if so, whether there is an upper limit to the number of 

coexisting species.   
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PRESENT WORK 

The research in this dissertation is presented in three appendixes.  I study how natural 

enemies affect plant survival and coexistence, both theoretically and empirically.  I focus 

on two communities, with two distinct types of predators – tropical forests and the 

Janzen-Connell hypothesis, and desert annual plants and optimal foraging theory.  Here I 

summarize the goals and major impacts of each study.   

Appendix 1 examines how specialist predators and habitat partitioning help 

tropical trees to coexist, using theoretical methods.  I examine a long-standing question 

about the Janzen-Connell hypothesis: How does distance-responsiveness interact with 

specialization?  I show that distance-responsive predators are less able to promote 

coexistence than predators who are not distance-responsive, and explain why previous 

studies have produced disparate results (Adler and Muller-Landau, 2005; Bever et al., 

1997; Muller-Landau and Adler, 2007; Murrell, 2010).  I also show that there is no 

interaction between host range and distance-responsiveness: specialists are more able to 

promote coexistence than partial specialists, and this effect is not qualitatively different in 

distance-responsive predators.   

In this model, specialist predators and habitat partitioning do not interact in their 

ability to promote prey coexistence.  This result differs from many previous models, 

which have suggested that predation-based mechanisms and competition-based 

mechanisms of coexistence will have an antagonistic effect (Chesson and Kuang, 2008; 

Kuang and Chesson, 2009; Kuang and Chesson, 2010).  My results also show that when 

habitat partitioning is strong, seedling recruitment can be highest near conspecific adults, 

even in the presence of distance-responsive predators.  This result goes against 
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conventional wisdom, which suggests that for the Janzen-Connell process to be 

supported, seedling recruitment must be lowest near conspecific adults.  This suggests 

why laboratory studies have shown stronger evidence for the Janzen-Connell hypothesis 

that field studies (Kulmatiski, 2011): laboratory studies are more likely to measure only 

predators, rather than the combined effect of predators and habitat.   

Appendix 2 examines the host range of a guild of seed-associated fungi using 

experimental microbiology.  The fungi were gathered as part of a large-scale common 

garden experiment, currently underway in the tropical forests of Barro Colorado Island, 

Panama, and being conducted by the Arnold, Dalling, and Davis labs.  The goal of the 

larger experiment is to explore an important but unknown question in seed biology: how 

do seeds defend themselves against soil-borne microbes, such as fungi?  As part of the 

experiment, seeds were buried for several months, retrieved, and tested for viability and 

internal infection.  Culturable fungi were isolated from seed, sequenced, and vouchered.  

This approach allows them to assess the abundance of particular fungal strains in each 

seed species, and to associate fungi with seed mortality.   

In the work reported here, I conduct inoculation experiments to examine the effect 

of different fungal strains on different seed species.  The goal of this project was to begin 

to document patterns of colonization and host effect, and to examine how specialized 

seed-fungus interactions are.  To do this, we test several hypotheses about seed 

colonization and germination.  For example, we test whether different species of fungi 

have different effects on host germination, whether related fungi have similar effects on 

their hosts, and whether seeds with similar dormancy types (and putative defensive 

syndromes) are defended against similar fungi.   
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Appendix 3 examines how adaptively foraging predators and temporal variation 

help desert annual plants to coexist, using theoretical models.  My work is based 

specifically on Charnov’s optimal foraging model (Charnov, 1976).  I extend previous 

research by showing that an optimally foraging predator can allow multiple prey species 

to coexist.  I also explore whether environmental variation will be important in such 

systems, and show that in most cases, it will not.   

As part of this project, I also study how the effect of generalist predators with a 

Type II functional response (Holling, 1959) interacts with temporal variation.  This study 

thus complements previous research on how a Type I and Type III functional response 

interact with temporal variation (Chesson and Kuang, 2010; Kuang and Chesson, 2009): 

When predators have an Type III (accelerating) functional response, they can create a 

positive storage effect and promote coexistence (Chesson and Kuang, 2010); when they 

have a Type I (fixed) functional response, they will not create a storage effect (Kuang and 

Chesson, 2009).  I show that when predators have a Type II (saturating) functional 

response, they will create a negative storage effect, giving species a low-density 

disadvantage, and ultimately undermining coexistence.   
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Abstract 

The Janzen-Connell hypothesis states that tree diversity in tropical forests is maintained 

by specialist predators that are distance- or density-responsive (i.e. predators that reduce 

seed or seedling survival near adults of their hosts).  Many empirical studies have 

investigated whether predators are distance-responsive; however, few studies have 

examined whether distance-responsiveness matters for how predators maintain tree 

diversity.  Using a site-occupancy model, we show analytically that distance-responsive 

predators are actually less able to maintain diversity than specialist predators that are not 

distance-responsive.  Generally, specialist predators maintain diversity because they 

become rare when their host’s densities are low, reducing predation risk.  However, if 

predators are distance-responsive, and most seeds cannot disperse away from these 

predators, then seed predation rates will remain high, even if predator density is low 

across the landscape.  Consequently, a reduction in a host’s population density may not 

lead to a significant reduction in seed and seedling predation.  We show that habitat 

partitioning can cause recruitment to be highest near conspecific adults, even in the 

presence of distance-responsive predators, without any change in the effect that the 

predators have on coexistence (a result contrary to predictions of the Janzen-Connell 

hypothesis).  Rather, specialist predators and habitat partitioning have additive effects on 

species coexistence in our model, i.e., neither mechanism alters the effect of the other 

one.   
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1. Introduction 

The Janzen-Connell hypothesis is one of the dominant explanations for how tree 

diversity is maintained in tropical forests (Gilbert, 2005; Leigh et al., 2004; Wright, 

2002).  It states that diversity is maintained by specialist natural enemies that increase 

seed and seedling mortality near conspecific adults (Connell, 1971; Janzen, 1970).  

Janzen (1970) referred to such natural enemies as either distance-responsive predators 

(i.e., predators that are prevalent near conspecific adults) or density-responsive predators 

(i.e., predators that are prevalent in areas of high conspecific seed density).  Models have 

since shown that specialized natural enemies are able promote coexistence, even if the 

predators are not distance- or density-responsive (Chesson and Kuang, 2008).  This 

mechanism, known as predator partitioning, simply requires that each tree have its own 

specialist or relatively specialized natural enemy (Chesson and Kuang, 2008).  This 

finding raises the question, does being distance-responsive change the ability of predators 

to promote the coexistence of their hosts?  Previous theoretical studies have found 

contradictory results: they suggest that distance-responsive predators are more able 

(Adler and Muller-Landau, 2005), less able (Muller-Landau and Adler, 2007; Murrell, 

2010), or equally able (Bever et al., 1997) to promote coexistence when compared to 

predators that are not distance-responsive.  Here, we analyze theoretically whether 

distance-responsiveness changes how specialist predators affect tree coexistence, both 

directly and through interactions with other factors.   

For our first factor, we analyze whether distance-responsive predators affect tree 

coexistence differently when the predators are not strict (monophagous) specialists.  A 

core element of the Janzen-Connell hypothesis is that the predators are specialists 
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(Connell, 1971; Janzen, 1970); however, most natural enemies lie on a continuum 

between strict specialists and strict generalists (Novotny and Basset, 2005).  Theoretical 

research has shown that, distance-responsive or not, predators do not need to be strict 

specialists to promote coexistence (Bever et al., 1997; Chesson and Kuang, 2008; Sedio 

and Ostling, 2013).  Rather, predators need only to be relative specialists, and harm each 

host species differently (Bever et al., 1997; Chesson and Kuang, 2008; Sedio and Ostling, 

2013).  However, it is not known whether relative specialists that are distance-responsive 

affect coexistence differently than relative specialists that are not distance-responsive.  A 

few recent studies have examined how enemy dispersal interacts with degree of 

specialization (Bever et al., 1997; Murrell, 2010); however, no clear trend has emerged. 

As an additional factor, we analyze how distance-responsive predators affect tree 

coexistence through their interactions with habitat partitioning.  Habitat partitioning 

occurs when different species grow differently because of spatially varying 

environmental factors (Chesson, 2000a).  Predation and environmental variation often 

have interactive effects on coexistence (Chesson and Kuang, 2008; Chesson and Kuang, 

2010; Holt, 1984; Kuang and Chesson, 2009; Mordecai, 2014).  For example, a recent 

model showed that generalist pathogens could not promote coexistence in a stable 

environment, but did promote coexistence in a temporally variable environment 

(Mordecai, 2014).  Many studies have suggested that both habitat partitioning and 

specialist natural enemies may be operating simultaneously in tropical forests (Freckleton 

and Lewis, 2006; Hubbell et al., 2001; Uriarte et al., 2004; Wright, 2002).  Therefore, to 

fully understand how distance-responsive predators affect tree coexistence, it is important 

to consider their interactions with habitat partitioning. 
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Distance-responsive predators and habitat partitioning seem particularly likely to 

interact, because they are predicted to produce differing spatial patterns.  Under the 

action of distance-responsive predators, we expect seed and seedling survival to be 

highest far from conspecific adults, because those plants have escaped from their 

predators (Connell, 1971; Janzen, 1970).  Many have suggested that that this pattern is 

critical for distance-responsive predators to promote coexistence (e.g., Bagchi et al., 

2010; Condit et al., 1992; Hubbell, 1980), and a common method for testing the Janzen-

Connell hypothesis is to compare seedling growth and survival near a conspecific adult to 

growth and survival far away (Comita et al., 2014; Hyatt et al., 2003).  However, under 

habitat partitioning we expect seed and seedling survival to be highest near conspecific 

adults, because adults are likely to be in favorable habitat (Chesson, 2000a; Hastings, 

1983).  If habitat partitioning causes survival to be highest near conspecific adults, it is 

unknown how this would affect the impact of distance-responsive predators on tree 

coexistence.  

In this paper, we study whether being distance-responsive the impact that 

specialist predators have on tree coexistence.  We construct a model of forest dynamics, 

in which coexistence is promoted by predator partitioning and habitat partitioning.  

Unlike previous studies, which relied mainly on simulations, we use analytical techniques 

to quantify contributions to species coexistence from the various applicable mechanisms 

(Chesson, 2000a).  This quantification is based on the growth rates of a population after 

perturbation to low density, and gives a functional form for how various parameters (e.g., 

predation rates, seed dispersal) interact, and how each contributes to tree coexistence.  

We address the following questions: 
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 a) Is predator partitioning more or less able to promote coexistence when the 

specialist predators are distance-responsive?  

b) Is the impact of predator partitioning more or less sensitive to the degree of 

predator specialization when predators are distance-responsive? 

c) Does habitat partitioning alter how specialist predators affect coexistence? 

d) Can distance-responsive predators maintain diversity if seedling performance is 

highest near conspecific adults (rather than heterospecific adults)?   

 

2. Model Outline and Methods 

We modeled a forest using a discrete-time site-occupancy model.  Fig. 1 illustrates the 

model, Table 1 lists the variables, and Table 2 gives a list of terminology.  Where 

applicable, we use the notation and terminology of Chesson (2000a).  The forest contains 

a large of number of sites, X, each of which holds one adult tree.  Here X is chosen to be 

large enough that stochastic fluctuations in population density at the landscape scale can 

be ignored.  There are n tree species competing to capture vacant sites.  During each time 

step, t, some fraction δ of the adult trees die.  Dead trees create gaps in the canopy, which 

are filled by new adults by the following time step.  The new adults come from the seeds 

that are dispersed into each site during that time step.   

Every time step, each adult produces seeds that are immediately dispersed to 

compete for open sites.  The variable Yj represents the number of seeds produced by an 

adult of species j, weighted by their relative site-capturing ability.  Dispersal is modeled 

using global dispersal with local retention: a fraction (1 – d) of an adult’s seeds remain at 

the natal site, and the remaining d seeds are dispersed evenly across the landscape.  This 
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model of dispersal greatly simplifies calculations, yet, as we show below, it produces 

similar results to more complex, spatially-explicit models (e.g., Muller-Landau and 

Adler, 2007; Murrell, 2010), while facilitating their interpretation.  We assume that there 

is no long-term seed bank, and seeds die if they cannot capture a site during the time step 

they are produced.  We assume that an adult will still produce seeds during the time step 

that it dies, and so a seed can capture a site previously held by its parent.   

Competition for sites is modeled using biased lottery competition (Chesson and 

Warner, 1981).  Under biased lottery competition, the seed that succeeds in becoming the 

new adult at each site is determined by chance, with a bias toward stronger competitors.  

Here, competitive ability of a seed of species j at site x is given by the quantity Exj(t)(1 – 

Pxj(t)), where Exj(t) and Pxj(t) are the effects of habitat and specialist predators, as 

described below.  The probability that a seed of species j captures a site x in the event of 

an adult’s death is 

 P captures gap Nx1(t),...,Nxn (t),Ex1(t),...,Exn (t)( ) = Exj (t) 1− Pxj (t)( )
Cx (t)

, (1) 

where Cx(t), the intensity of competition, is the sum of Exj(t)(1 – Pxj(t)) across all seeds at 

x.  It is given by the formula 

 
  
Cx (t) = 1− d( )Nxj (t)Yj Exj (t) 1− Pxj (t)( ) + dN j (t)Yj Exj (t) 1− Pxj (t)( )( )

j=1

n

∑ , (2) 

where Nxj(t) is the number of adults of species j at site x at time t (and thus Nxj(t) = 0 or 

1), and ( )jN t  is the proportion of sites occupied by species j across the landscape.  Here, 

the (1 – d)Nxj(t)-term represents the contribution of seeds from the adult that previously 

occupied x, and the d ( )jN t -term represents seeds that were dispersed to x.   
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Because we assumed that seeds grow into adult in one time step, we do not track 

the population dynamics of seeds, seedlings, and other sub-adults separately.  Equation 

(1) therefore does not distinguish between factors that occur at each stage: a seed predator 

that reduces the probability of recruitment by 10% is equivalent to a sapling parasite that 

reduces the probability of recruitment by 10%.  Because they are equivalent, we describe 

the effect of predators and habitat on seeds and seedlings interchangeably.   

Habitat variability is modeled as spatial variation in Exj(t).  Two types of variation 

in habitat are considered: pure spatial variation, and spatio-temporal variation (Chesson, 

1985).  Under pure spatial variation, the competitive ability at each location is constant, 

so that Exj(t) = Exj(t + 1).  Under spatio-temporal variation, the competitive ability at each 

location varies from time to time, such that Exj(t) is independent from Exj(t + 1); however, 

the mean value of Exj(t) across the landscape does not change between time steps.  

We assume that all predators are specialists, and model predators as either 

localized or non-localized.  Localized predators represent an extreme form of distance-

responsive predation, one where predators only occur at their host’s site.  Localized 

predators reduce the survival or competitive vigor of a seed or seedling by an amount α < 

1 in sites previously held by their main host, and have no effect on survival or vigor in 

sites that were not previously held by their main host.  Thus, the effect of localized 

predators on species j in site x is 

 Pxj (t) =αNxj (t)    (localized predators) .  (3) 

Non-localized predators reduce seedling survival by   
αN j (t)  in all sites, where ( )jN t  is 

the proportion of sites occupied by species j across the landscape.  Therefore, the effect 

of non-localized predators is 
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 Pxj (t) =αN j (t)    (non-localized predators)  . (4) 

By these definitions, each adult tree will produce the same number of specialist predators, 

whether they are localized or non-localized.  The only difference between localized and 

non-localized predators is whether the predators remain in the site where they are 

produced, or disperse randomly throughout the forest.  In both models, the term α can 

alternatively be defined for relative specialists, which have some effect in species other 

than their main host (Appendix C).  We derive a continuous-time equivalent to the 

discrete-time α in Appendix C.   

 

2.1 Model equations 

An adult of species j at location x contributes on average λxj(t) adults to the next time step 

through survival and reproduction.  The quantity λxj(t) is given by   

 
  
λxj (t) = 1−δ +δ

1− d( )Yj Exj (t) 1− Pxj (t)( )
Cx (t)

+δ
dYj Eyj (t) 1− Pyj (t)( )

Cy (t)

y

 , (5) 

where the bar with superscript y indicates a spatial average, and is formally the average as 

the variable y varies over all patches (Appendix A).  The first term in (5), 1 – δ, 

represents adult survival.  The second term represents the chance that a non-dispersed 

seed will capture this site in the event of the adult’s death.  The last term represent the 

expected number of sites that will be captured by seeds dispersed from x.  Note that the 

numerators in the second and third terms of (5) differ from (1) because they are weighted 

by the number of seeds deposited at each site.   
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The population-level finite rate of increase of species j, 
   
λ j (t) , is given by

   
!λ j (t) = N j (t +1) / N j (t)  (Chesson, 2000a).  The quantity

   
λ j (t)  can be calculated as the 

average value of λxj(t) across all adult individuals in the population,  

 

   

!λ j (t) =
Nxj (t)λxj (t)

x
∑

Nxj (t)
x
∑ . (6) 

The term 
   
λ j (t)  can be expressed as  

 
   
!λ j (t) = λ yj (t)

y
+ cov λ yj (t),ν yj (t)( )   (7) 

where 
  
λ yj (t)

y
 is the mean of λxj(t) across all patches (i.e., both where Nxj(t) = 0 and 1), 

and νxj(t) is the relative population density of species j at location x, ν xj (t) = Nxj (t) / Nxj (t)  

(Chesson, 2000a).   

Because Exj(t) always appears multiplied by Yj, its absolute value does not have an 

effect that is identifiable separately from the effect of Yj.  Thus, for convenience we can 

fix the mean value of Exj(t) at 1 for all species for the purpose of model development.  

Because of global dispersal, boundaries on the region and spatial autocorrelation in Exj(t) 

have no effect on either local site or regional dynamics.  We define σ2 to be the variance 

of ln Exj(t), and ρ to be the correlation between ln Exj(t) and ln Exk(t) for any pair of 

species j ≠ k.  We assume that variation in Exj(t) is symmetric and finite on the log scale.  

 

2.2 Model Analysis 

Coexistence is promoted if each species gains an advantage when it is at low density 

(Chesson, 2000a).  We can quantify the effect that each mechanism has on coexistence by 
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determining how much each boosts 
   
λ j (t)  after perturbation to low density, relative to 

species at equilibrium density according to invasion analysis methods (Chesson, 2000a).  

In the analysis, each species is selected in turn to be an invader, and all other species are 

defined as residents.  The subscripts i and r are used in place of j to represent invader and 

resident species, respectively.  The invader’s population density, Ni (t) , is set to zero, and 

the resident populations are allowed to come to a stable state in the invader’s absence, at 

which point    
!λr (t) = 1  for all residents.  We then calculate  

!λi (t)  when Ni (t)  is 

asymptotically zero.  If each species has a positive growth rate as an invader, then the 

invasion criterion is satisfied, and the species are able to stably coexist without the need 

for immigration from elsewhere (Chesson, 2000b).  Effects that increase  
!λi (t)  relative to 

   
!λr (t)  are known as stabilizing mechanisms, and are required for coexistence (Chesson, 

2000b).  

To understand how habitat partitioning and localized predators interact, we 

compare the strength of each mechanism acting alone to the strength of both mechanisms 

acting simultaneously (Appendix A).  The effect of predators can be removed by setting α 

= 0, and the effect of habitat can be removed by setting Exj(t) ≡ 1 for all x and j (and thus 

σ2 = 0).  To understand whether localized predators promote coexistence differently from 

non-localized predators, we compare the magnitudes of the stabilizing effects produced 

by each type of predator (Appendix B for non-localized predators).  To test whether 

predator partitioning more or less sensitive to the degree of predator specialization when 

predators are distance-responsive, we calculated the probability that a seedling will 

capture a site when the predators are relative specialists, using equation (1) (Appendix 
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C).  To understand when seedling performance will be higher near conspecific or 

heterospecific adults, we compared the likelihood that a seedling will capture a site 

previously held by a conspecific vs. a heterospecific, using equation (1) (Appendix D).   

To calculate the strength of each stabilizing mechanism, we partitioned  
!λi (t)  into 

the additive contribution of each mechanism.  The full derivation is in Appendix A; 

however, we summarize our methods here.  Because    
!λr (t)  = 1 for all residents, the 

invader’s finite rate of increase could be represented as  

 

 

!λi (t) = !λi (t)−
1

n −1
!λr (t)−1( )

r≠i
∑

= 1+ !λi (t)−
1

n −1
!λr (t)

r≠i
∑

 , (7) 

without changing its value.  The point is that the  
!λi (t) can be divided into components 

from different sources.  Comparing these components between invader and the residents 

shows where the invader gains an advantage, and both identifies and quantifies the 

mechanisms.  For example, one term in 
   
λ j (t)  is   

−δ Pxj (t)  (which represents the mean 

direct effect of predators).  Thus, predators boost the invader’s growth rate when

  
−δ Pxi(t)−

1
n−1

−δ Pxr (t)
r≠i
∑⎛

⎝⎜
⎞
⎠⎟
> 0 .  If we find that this only occurs with specialist 

predators, we identify their direct effect on species coexistence.  Thus, quantifying each 

term allows us to identify and measure the processes that promote coexistence. 

Our analysis relies on small effect approximations, described in detail in 

Appendix A.  In brief, we assume that the effects of habitat partitioning, natural enemies, 

and differences in Yj are small.  Under this assumption, the invader’s above-replacement 

reproduction is on the same order of magnitude as the level of environmental variation 
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(i.e.,  
!λi (t)  is 1 + O(σ2)).  This allows us to ignore effects that are much smaller than the 

main effects of habitat and natural enemies, greatly simplifying our analysis.  Computer 

simulations indicate that this approximation holds up under a wide range of parameter 

values, even when the effect of habitat partitioning and predators are not small (Appendix 

E).  This outcome suggests that these smaller terms can be safely ignored.   

As we show below, our results are generally in agreement with Bever (1997), 

Muller-Landau and Adler (2007), and Murrell (2010), but appear to not agree with Adler 

and Muller-Landau (2005).  To understand this discrepancy, we recreated their 

simulation model and ran additional tests (Appendix G).  In brief, local species richness 

in their model was affected by both specialist predators and immigration; we attempted to 

partition the contributions of each effect, to determine if predators really promoted 

coexistence in a way that was different than our model.   

 

3. Results 

Below, we first describe the conditions necessary for coexistence.  We describe the 

various ways that predator partitioning (with localized or non-localized predators) and 

habitat partitioning can contribute to promoting coexistence, and how they interact.  We 

conclude by showing that there are circumstances where localized predation contributes 

to coexistence, yet seedling performance is higher in sites previously held by conspecific 

adults, contrary the pattern expected under the Janzen-Connell hypothesis.   

 

3.1 Coexistence and the invasion rate 
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To quantify the stabilizing effect of each mechanism, we define the invasion rate as 

 
!λi (t)−1( ) /δ .  This centers the invader’s finite rate of increase,  

!λi (t) , around zero, so 

that positive values occur when the invader’s population is increasing.  The invasion rate 

also scales  
!λi (t)  by the adult death rate, δ, to express this rate in per generation units.   

In Appendix A, we show that the invasion rate can be approximated as 

 
   

!λi(t)−1
δ

≈ lnYi − lnYr( ) + ΔP + ΔI + Δκ ,  (8) 

where   lnYr  is averaged across all resident species, and ΔP is the mean difference in 

predation risk between invaders and residents, ΔI is the spatial storage effect (i.e. i.e., 

invaders experience less competition in sites with favorable habitat, Chesson, 2000a), and 

Δκ is the fitness density covariance (i.e., invaders can build up in favorable habitat, or 

avoid competition where they are most common, Chesson, 2000a).  The magnitudes of 

each effect are summarized in Table 3, 4, and 5, which describe the contributions from 

predator partitioning, habitat partitioning, and mean fitness differences, respectively.   

Equation (8) follows a common pattern for models of species interacting in a 

variable environment (Chesson, 2000a).  The first term, lnYi − lnYr( ) , compares the 

average difference in fitness between the invader and other species.  When stabilizing 

mechanisms are absent, the invasion rate will be negative for species with below average 

ln Yj.  As a result, only the species with the largest Yj could persist in the long run 

(Chesson, 2000b).  Stabilizing mechanisms can be positive for all species.  As such, they 

can allow species with below average values of ln Yj to have positive invasion rates.  In 

this way, equation (8) is the key to understanding species coexistence. 
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3.2 The mean difference in predation, ΔP 

As a species’ population density declines, so do its specialist predators, boosting seed and 

seedling survival across the landscape.  The mean difference in predation, ΔP, quantifies 

how much a difference in the risk of predation boosts the invader growth rate.  Under 

both localized and non-localized predation, the boost in the invasion rate is 

 
  
ΔP = α

n−1
.  (9) 

The term ΔP is positive, and thus promotes coexistence, whenever the effect of predators, 

α, is positive (i.e., whenever the predators reduce their hosts’ fitness).  It is inversely 

proportional to n – 1 (the number of resident species) because the number of sites is 

fixed, and so average resident densities must be inversely proportional to the number of 

residents.  Consequently, adding residents reduces the mean density of each specialist 

predator, reducing the amount that predators limit each tree population.  The term ΔP is 

the same for both localized and non-localized predators, because it quantifies the average 

risk of predation across all sites, which we have defined to be the same for a given α.   

Though α was defined for strict specialists, it can also represent the effect of 

predators with more generalized diets (Appendix C).  If αcon is the effect that predators 

have on their main hosts, and αhet is the effect than predators have on other host species, 

then the above result holds if we define α as 

  α ≈α con −α het  . (10) 

Thus, α represents how much more the predators consume their main host than all other 

species.  Coexistence is promoted as long as predators consume their main host more 

than other species. 
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3.3 Spatial effects 

Spatial effects produce two different terms in equation (8): ΔI, the spatial storage effect, 

and Δκ, fitness-density covariance.  These quantities have been separated because they 

describe two different effects of spatial variation.  The spatial storage effect occurs when 

habitat favorability, Exj(t), affects the level of competition at a site, Cx(t), causing them to 

covary.  If a species tends to experience high Cx(t) in favorable habitat (i.e., high Exj(t)), 

individual seedlings will have a difficult time capturing such sites.  This effect does not 

depend on variation in population density, and occurs if seeds and adults are dispersed 

uniformly around the environment.  The fitness-density covariance occurs when 

population density, Nxj(t), is distributed non-uniformly relative to habitat, Exj(t), or 

density-dependent factors, Cx(t) or Pxj(t).  If seed densities are highest where conditions 

are most favorable (i.e., high Exj(t), or low Cx(t) or Pxj(t)), this boosts that species’ ability 

to capture such sites.  This effect depends specifically on variation in seedling density, 

and thus will not occur if d = 1, or if adult density is distributed uniformly relative to 

Exj(t), Cx(t), and Pxj(t).   

The differences between ΔI and Δκ are subtle, but important.  A fitness-density 

covariance can result from habitat partitioning; however, it requires that there be a long-

term build up of adults in favorable habitat.  Thus, ΔI represents a short-term effect of 

habitat on competition (and can happen when habitat changes rapidly), whereas Δκ 

represents the long-term effect of habitat on adult density (and can only occur if habitat 

changes slowly).  Similarly, Δκ can occur if adult density, Nxj(t), rather than habitat, 

Exj(t), affects Cx(t) or Pxj(t).  Thus, ΔI represents how variation in habitat leads to 
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variation density-dependence, whereas Δκ represents how variation in population density 

leads to variation in density-dependence.   

 

3.4 The spatial storage effect, ΔI 

When species differ in the spatial locations that favor their establishment due to different 

responses to the local environment, invader seedlings tend to suffer less competition for 

sites that favor them (Chesson, 2000a).  The spatial storage effect, ΔI, quantifies how 

much this effect boosts the invasion rate (Chesson, 2000a),  

 
  
ΔI ≈

σ 2 1− ρ( )
n−1

. (11) 

The term ΔI will be positive whenever species partition habitat.  Its magnitude depends 

both on the total amount that habitat varies, σ2, and the component of that variance that is 

unique to a species, (1 – ρ), where ρ is the correlation between ln Exj(t) and ln Exk(t).  It is 

inversely proportional to n – 1, because when there are many resident species, each 

resident is less able to increase competition at a site.  Equation (11) holds whether habitat 

is modeled with pure spatial variation or spatio-temporal variation, because any form of 

habitat variation will result in high competition in sites that are favorable to residents.   

 

3.5 The fitness-density covariance, Δκ 

The fitness-density covariance, Δκ, quantifies how much the invasion rate is boosted 

because the invader seeds are more concentrated in favorable sites relative to residents 

(Chesson, 2000a).  Because many different processes contribute to site favorability, Δκ 

can be partitioned into five additive terms,  

 Δκ = ΔκY + Δκ P + Δκ P−C + Δκ H + Δκ PS , (12) 
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(Appendix A).  These terms represent resident-invader differences in site favorability that 

are brought about by yield differences (ΔκY), predation (ΔκP), a predation-competition 

interaction (ΔκP-C), habitat (ΔκH), and pure spatial environmental variation (ΔκPS).  Each 

term is described below.  The term ΔκPS is the only factor that creates a new stabilizing 

mechanism; all other terms either weaken stabilizing mechanisms or reduce fitness-

differences.   

When there is pure-spatial environmental variation (i.e., when Exj(t) = Exj(t + 1)), 

invaders are concentrated in favorable habitat, relative to residents; this benefit is 

quantified by the fitness-density covariance from pure spatial environmental variation, 

ΔκPS.  Under pure spatial variation in habitat, adults of every species are more likely to 

occupy sites with favorable habitat, because it is easier for them to capture those sites 

(Appendix A).  Because adults likely to be in favorable habitat, seeds that do not disperse 

will likely remain in favorable habitat, giving them an advantage.  Invaders gain an 

advantage because they are more concentrated in favorable sites than residents (Appendix 

A).  This occurs because residents influence the level of competition at each site, whereas 

invaders do not.  As a result, if a site is favorable for a resident, it will be more difficult to 

capture because of high competition for the site; when a site is unfavorable, it will be 

easier to capture because of low competition for the site.  Thus, residents will be more 

evenly distributed across favorable and unfavorable habitat relative to residents .  This 

effect will not occur under spatio-temporal variation (i.e., when Exj(t + 1) is independent 

of Exj(t)), because environmental conditions change so rapidly that the habitat a tree 

recruited in will be different from the habitat its offspring experience. 
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The fitness-density covariance from pure-spatial environmental variation 

increases the invasion rate by an amount 

 
  
Δκ PS ≈ 1− d( ) 2d(2− d)σ 2(1− ρ)

n−1
⎛
⎝⎜

⎞
⎠⎟

  (pure spatial variation)  . (13) 

It will be positive whenever species partition habitat, there is pure-spatial environmental 

variation, and d ≠ 1.  It is proportional to (1 – ρ), σ2, and (n – 1)–1 for much the same 

reason that ΔI is proportional to these factors.  It is proportional to (1 – d) because only 

non-dispersed seeds benefit from their parent being in favorable habitat.  Proportionality 

to 2d(2 – d) is less obvious; it is caused by the relationship between Exj(t) and adult 

density, and the diminishing returns of retention due to increased competition from 

conspecifics (Appendix A). 

The fitness-density covariance from predation, ΔκP, measures how spatial 

structure in the predator community affects the fraction of seeds and seedlings that are 

killed.  It is defined as  

 
  
Δκ P = 1− d( ) 1

n−1
cov Pxr (t),ν xr (t)( )

r≠i
∑⎛

⎝⎜
⎞
⎠⎟
− cov Pxi(t),ν xi(t)( )⎡

⎣
⎢

⎤

⎦
⎥  . (14) 

 (Appendix A); however, we can simplify this formula for each type of predator.  When 

predators are non-localized, the risk of predation is the same across all sites; thus, 

cov(Pxj(t), νxj(t)) = 0 for all species, and  

   Δκ P = 0  (non-localized predators) . (15) 

When predators are localized, predators only occur in sites currently occupied by their 

host.  As a result, non-dispersed seeds are more likely to be killed than dispersed seeds.  

Dispersing is more beneficial to invaders than to residents, because an invader seed will 
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never be dispersed to a site held by a conspecific, whereas a resident seed may be.  As a 

result, 

 
  
Δκ P = − 1− d( ) α

n−1
  (localized predators) . (16) 

Here, ΔκP is negative, and thus reduces the invasion rate and undermines coexistence.  It 

is proportional to the fraction of undispersed seeds, (1 – d), because those are the seeds 

that do not escape from predators.  Interestingly, combining ΔP and ΔκP gives the 

resident-invader difference in the risk of predation when averaged across all seeds (rather 

than across all sites),  

 

  

ΔP + Δκ P = α
n−1

  (non-localized predators)

ΔP + Δκ P = dα
n−1

  (localized predators)
. (17) 

When predators are localized, ΔP + ΔκP is proportional to d because only the dispersed 

seed benefit from a reduction in predators.  When predators are non-localized, ΔP + ΔκP 

is not proportional to d, because all seed benefit from fewer predators.  Therefore, ΔP + 

ΔκP will be larger for non-localized predators whenever some seeds remain at the natal 

site (i.e., when d < 1).   

The terms ΔκH, ΔκP-C, and ΔκY quantify how ΔI, ΔP, and lnYi − lnYr( ) , 

respectively, modify the invasion rate by changing the competitive environment in 

invader sites.  For example, if lnYi < lnYr , then invader sites will have fewer seeds than 

the average resident site, and therefore there will be less competition in invader sites 

(creating ΔκY).  In all cases, these Δκ terms act as modifications of each mechanism: they 

are of smaller magnitude than the mechanisms they modify, and are of opposite sign.  
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Thus, the effects described above for each of these terms is the same, but their 

magnitudes are reduced.  More detail is given in Appendix A. 

 

3.6 Interactions between habitat partitioning and predator partitioning 

The effects of habitat and predator partitioning combine additively to within the degree of 

approximation of our analysis (Fig. 2).  Thus, ΔI + ΔκPS was neither strengthened nor 

weakened by the presence of predators, and ΔP + ΔκP was neither strengthened nor 

weakened by the effects of habitat.  Simulation results corroborate this result, showing 

that any non-additive interactions tend to be very minor, even when habitat and predator 

partitioning are very strong (Fig. 2). 

 

3.7 Relative recruitment probabilities in sites held by conspecifics and heterospecifics 

In an environment with both pure-spatial environmental variation and localized predators, 

an individual seed is on average more likely to capture a site held by a conspecific 

whenever 

 σ 2 1− ρ( ) >αA + B ,  (18) 

where A and B are the positive constants 

 A =

1− d −N j (t)+
Nr (t)

2

r≠ j
∑
1− N j (t)

⎛

⎝

⎜
⎜⎜

⎞

⎠

⎟
⎟⎟

1− 2d −1( ) −N j (t)+
Nr (t)

2

r≠ j
∑
1− N j (t)

⎛

⎝

⎜
⎜⎜

⎞

⎠

⎟
⎟⎟

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
2 − d( )

,  (19) 
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 B =
lnYj − lnYr

r≠ j( ) 1− d( )

1− 2d −1( ) −N j (t)+
Nr (t)

2

r≠ j
∑
1− N j (t)

⎛

⎝

⎜
⎜⎜

⎞

⎠

⎟
⎟⎟

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
2 − d( )

,  (20) 

and lnYr
r≠ j

 is the Nr -weighted mean value of ln Yr for r ≠ j (Appendix D).  Seedlings are 

more likely to capture a site previously held by a heterospecific when inequality (18) is 

reversed (i.e., when σ2(1 – ρ) < αA + B).  Though complex, this shows that when habitat 

partitioning, σ2(1 – ρ), is sufficiently strong relative to the effect of specialist predators, α, 

seedling performance will be higher in sites held by conspecifics (Fig. 3).  However, as 

we showed in section 3.6, σ2 and ρ have no effect on the strength of predator partitioning; 

thus, specialist predators can promote whether or not seedling survival is highest it sites 

held by a conspecific adult. 

When there is spatio-temporal environmental variation, localized predators will 

cause seeds to be more likely to capture sites previously held by heterospecific adults, on 

average.  This is because the continually changing environment means that the 

environmental conditions where an adult is found are not correlated with the conditions 

that led to its establishment.  Hence, adults are equally likely to be found in favorable and 

unfavorable habitat.   

 

4. Discussion 

Our results suggest that many commonly held beliefs about the Janzen-Connell 

hypothesis are not correct.  In our model, distance-responsive specialist predators can 

promote tree coexistence; however, their effect is weaker than it would be if the predators 

were not distance-responsive.  Strict specialization per se was not critical for predators to 
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promote tree coexistence in this model; rather, what was critical was that predators 

affected tree species differently.  Additionally, distance-responsive predators can promote 

coexistence, even when habitat partitioning causes seedlings survival is highest near 

conspecific adults – a result contrary to the predictions of the Janzen-Connell hypothesis. 

 

4.1 Distance-responsive predators are less able to promote coexistence 

Janzen and Connell’s original works focused on natural enemies whose effect was 

greatest near conspecific adults (Connell, 1971; Janzen, 1970), and this effect is generally 

considered to be a core element of the Janzen-Connell hypothesis (e.g., Carson et al., 

2008; Gilbert, 2005; Hyatt et al., 2003; Terborgh, 2012).  Our results show that such 

predators are less able to promote coexistence.  By definition, all stabilizing mechanism 

give species an advantage as their density declines (Chesson, 2000b).  Predator 

partitioning has this effect because as a species’ population density declines, so too will 

its specialist predators; as a result, the remaining trees of that species will experience a 

lower risk of predation (Chesson and Kuang, 2008).  However, this effect is diminished 

with localized predators: if specialist predators are found mainly near adult hosts, and 

seeds remain near their parents, then seed and seedling predation will remain high 

independent of population density.  As a result, a reduction in population density may not 

lead to a large reduction in predation risk.  In this light, our finding that coexistence is 

stronger when predators disperse widely is not surprising, even though contrary to the 

conventional wisdom.   

We used a very simple model for seed dispersal and predator distribution; 

however, our general definition of ΔκP, equation (14), suggests how this result will 
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generalize to more realistic situations.  In our model, spatial heterogeneity in the predator 

community by itself does not impact coexistence; what affect coexistence is how 

predators aggregate relative to their host’s seeds.  Our key result is that when specialist 

predators are able to find even very rare prey, then there will be little advantage to being 

at low density, and thus there will be little impact on host coexistence.  More realistic 

models will likely capture additional, more nuanced features of how seed dispersal 

interacts with predation.  However, we expect this key result to hold qualitatively. 

Our analysis suggests that the disparate results of previous models (Bever et al., 

1997; Muller-Landau and Adler, 2007; Murrell, 2010) may be in part because each study 

examined different regions of parameter-space.  As we have shown, localized predators 

are less able to promote coexistence than non-localized predators (seen in Muller-Landau 

and Adler, 2007; Murrell, 2010).  In this case, increasing seed dispersal promotes 

coexistence, because seeds will be less clustered where predator densities are high (seen 

in Muller-Landau and Adler, 2007; Murrell, 2010).  Taken to its limit, when seeds are 

spread uniformly across the landscape (i.e., when d = 1), predator spatial structure no 

longer affects seed mortality, because there are no areas of high seed density for 

predators to concentrate in (seen in Bever et al., 1997).  

On the surface, our results appear to differ from Adler and Muller-Landau (2005), 

who found that species richness peaked when both predators and seeds dispersed 

extremely short distances.  They modeled forest diversity in a 1 hectare plot, which was 

influenced by immigration from a rich species pool (Adler and Muller-Landau, 2005).  

Immigration can increase species richness on a local scale, but cannot be an ultimate 

explanation for diversity, because it requires that diversity be maintained outside of the 
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plot (Chesson, 2000b).  In the Adler and Muller-Landau model, predators could increase 

species richness by reducing survival of common seedlings relative to rare seedlings 

(similar to our model), or by increasing turnover within the community (i.e., by lowering 

local survival and effectively boosting immigration rates).  We can delineate these two 

effects by comparing the species richness in a community with predators to a neutral 

community with the same effective immigration rate (Appendix G).  This process reveals 

how much species richness can be explained by immigration alone.  We found that: (a) 

when predators and seeds have extremely short dispersal, most of the species richness is 

due to a high species turnover; and (b) when immigration is controlled for, species 

richness was highest when seeds and predators have high dispersal.  Thus, we see that our 

results actually do agree with those of Adler and Muller-Landau (2005): predators are 

more able to promote coexistence within a community if they were widely dispersed, and 

the discrepancy occurred because their model included local turnover.   

 

4.2 Seedling recruitment near conspecific and heterospecific adults 

Many factors, including habitat and predators, affect seedling recruitment (Hubbell et al., 

2001; Kitajima and Augspurger, 1989).  Janzen and Connell’s original hypothesis was 

that distance-responsive predators promoted coexistence by causing seedling recruitment 

to be not merely reduced near conspecific adults, but lower near conspecific adults than 

heterospecific adults (Connell, 1971; Janzen, 1970).  Many since then have argued that 

this outcome is necessary for distance-responsive predators to promote coexistence (e.g., 

Bagchi et al., 2010; Condit et al., 1992; Hubbell, 1980).  Our work shows that this is not 

the case: With strong habitat partitioning, recruitment can be highest near conspecific 
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adults without weakening the effect that predators have on coexistence.  This occurs 

because predators promote coexistence, not by making seedling survival low per se, but 

rather by reducing survival relative to what it would have been if the predators were 

absent.  Thus, the benefit of favorable habitat can outweigh the negative effect of 

predators (Fig. 3).  Coexistence is still being promoted because when the tree population 

drops to low density, sites with favorable habitat are more likely to be predator-free.  In 

fact, in our model, the location of peak survival has no effect on how strongly predators 

affect coexistence.   

This result has implications for experimental design.  A common test for the 

presence distance-responsive predators is to compare seed or seedling survival near and 

far from conspecific adults (Comita et al., 2014; Hyatt et al., 2003), or growth in soil 

collected from under conspecifics and heterospecifics (Kulmatiski et al., 2008).  Higher 

growth or survival near conspecifics, or in conspecific soil, is thus interpreted as evidence 

that distance-responsive predators are absent (Hyatt et al., 2003); however, our results 

show that habitat could also produce this effect.  We may see signs of the importance of 

habitat in a recent meta-analysis of distance-responsive soil pathogens: laboratory and 

greenhouse studies generally found that soil microbes had a strong negative effect on 

seedling growth, but field studies did not show a consistent effect of soil microbes 

(Kulmatiski et al., 2008).  The key difference may be that the greenhouse studies 

eliminated the effect of habitat, but the field studies did not.  

The problem with comparing performance near conspecific and heterospecific 

adults is that it implicitly assumes that both locations are basically the same, except for 

the effect of predators.  If the habitat varies, this may not be the case (Clark and Clark, 
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1984).  A better method would be to measure seedling growth or survival with and 

without natural enemies.  Excluding predators may be logistically difficult; however, it 

has been done for particular groups of natural enemies (e.g., Bagchi et al., 2014; Fricke et 

al., 2014; Howe et al., 1985).  Doing this would allow the effect of predators on survival 

to be measured directly, with minimal contamination from habitat.   

 

4.3 Relative specialization and distance-responsive predators 

The predators in our model do not need to be strict specialists to promote tree 

coexistence; rather, any predator with some degree of specialization will have an effect 

on coexistence.  This result is in agreement with many previous models of predator 

partitioning (e.g., Bever et al., 1997; Chesson and Kuang, 2008; Sedio and Ostling, 

2013).  Our model extends this work by showing that the effect of relative specialization 

does not interact with distance-responsiveness.  

A key result of our model is that specialization per se is not important for host 

coexistence; rather, a differential effect is what drives the mechanism.  This result has a 

clear implication for empirical testing: it is not enough to measure the within-species 

effect of predators, one needs to measure the effect of predators on both their main hosts 

and other tree species.  Several previous studies have noted this (Bever, 2003; Bever et 

al., 1997; Chesson and Kuang, 2008; Freckleton and Lewis, 2006; Mangan et al., 2010), 

however, many studies testing the Janzen-Connell hypothesis measure the effect of 

survival only on the main host (Marhaver et al., 2013; McCarthy-Neumann and Ibanez, 

2013).  .   
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4.4 Lack of interaction between mechanisms 

We found that in this model, habitat partitioning and predator partitioning made separate, 

additive contributions to coexistence, with no interactions.  This is unusual, as previous 

models have shown that the combined effects of competition-based and predation-based 

mechanisms are often different (and often weaker) than their separate effects (e.g., 

Chesson and Kuang, 2008; Chesson and Kuang, 2010; Holt, 1977; Kuang and Chesson, 

2009; Kuang and Chesson, 2010; Mordecai, 2014).  In our model, both types of 

environmental variation promoted coexistence through a spatial storage effect, and pure 

spatial environmental variation promoted coexistence through a fitness-density 

covariance; neither of these were altered by predators (Table 3).  Similarly, specialist 

predators promoted coexistence through a mean reduction in predation, and this was no 

different when the habitat varied (Table 4).   

The spatial storage effect promotes coexistence because individual seeds are more 

able to capture favorable sites when they are at low density (and not competing with 

conspecifics) than when they are at high density (and competing with many 

conspecifics).  In previous models, predators weakened the storage effect by reducing the 

density of resident species, which reduced the amount of competition that residents 

experienced in under favorable conditions (Chesson and Kuang, 2010; Kuang and 

Chesson, 2009; Kuang and Chesson, 2010).  In our model, the number of adults is 

constant.  Additionally, even if the number of adults were reduced, there would be no 

impact on the storage effect, because under lottery competition, a uniform reduction in 

seedling density has no effect on the ability of a species to capture a site (Chesson and 

Warner, 1981).  Thus, common species still experience high competition from 
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conspecifics in favorable locations, and the storage effect is not altered.   

The fitness-density covariance promotes coexistence when environmental change 

is slow enough that rare species can become concentrated in favorable habitat.  While 

distance-responsive predators did reduce the competitiveness of undispersed seeds, their 

effect combined additively with the effect of habitat: each mechanism affected seed 

fitness, but because predators did not reduce seed fitness more or less in especially 

favorable habitat, there was no interaction.  In principle, predators could weaken the 

fitness-density covariance if they prevented tree species from building up in favorable 

habitat (Chesson et al., 2005).  However, when both predator and habitat partitioning had 

similar effects on coexistence, the effect of predators was not strong enough to change a 

species’ distribution across the landscape.  Rather, species remained more likely to 

occupy favorable habitat than unfavorable habitat, and the fitness-density covariance was 

unaltered.   

Specialist predators promote coexistence because species experience a lower risk 

of predation when they are at low density, and this is not altered by habitat partitioning.  

In previous models, environmental variation interacted with frequency dependent 

predation or pathogen outbreaks to create a storage effect from predation (Chesson and 

Kuang, 2010; Mordecai, 2014).  This was analogous to the storage effect described here: 

common species experienced high predation when environmental conditions were 

favorable, because that was when predators became most active (Chesson and Kuang, 

2010).  This does not occur in our model because predators do not become more active in 

favorable habitat, and thus predation is not significantly increased in favorable habitat.  

However, it is reasonable to expect that pathogens will have a higher impact in certain 
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environments (Augspurger, 1984; Barrett et al., 2009), and this should be examined in 

future models.  In another model, mobile generalist predators interacted with habitat 

segregation to create what appears to be a fitness-density covariance from predation 

(Holt, 1984).  This occurred because the predators were attracted to patches containing 

the more common species, and ignored areas occupied only extremely rare species (Holt, 

1984).  In our model, distance-responsive predators perfectly tracked the density of their 

adult hosts; thus, even if habitats were fairly segregated, predation rates would not be 

reduced, because the specialist predators would remain where their hosts could be found. 
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Appendix A- Analysis of the model with localized predators & habitat partitioning 

The analytical framework for coexistence in a variable environment that we use follows 

Chesson (2000a).  That framework shows how the    
!λi(t) can be expressed in terms of 

additive components corresponding to different coexistence mechanisms.  Following that 

approach, we express the invasion rate, 
 
!λi (t)−1( ) /δ , as a function of four additive 

components: the difference in average fitness, the mean effect of specialized predation 

(ΔP), the spatial storage effect (ΔI), and the fitness-density covariance (Δκ).  Each term is 

defined as a comparison between the invader and the residents. We can then understand 

how predation and habitat partitioning interact by determining how each factor affects the 

four components of the invasion rate.   

 

A.1 Small effect assumptions 

Our analysis relies on small effect assumptions.  These are discussed in detail in Chesson 

(1994).  A function f(σ) is O(σ) if | f(σ)| < Kσ for some constant K and for σ sufficiently 

small, and a function is o(σ) if it is smaller than O(σ).  We assume that ln Exj(t) varies 

over a  finite range of O(σ), where σ is small. This means that var(ln Exj(t)) = O(σ2), and 

without loss of generality we can define  σ2 = var(ln Exj(t)), independent of the species.  

We require σ2 is small enough for  
!λ j (t)  to be well approximated by a second-order 

Taylor expansion.  In addition, we assume that α and ln(Yj / Yk) for i ≠ j are O(σ2).  Such 

assumptions commonly mean that  
!λi (t)  is 1 + O(σ2) (Chesson, 2000a), and this model is 

no exception, as is seen below.  The o(σ2) terms can be safely ignored in our analysis 
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when σ is small, and computer simulation suggest that they will have little effect when σ 

is large (Appendix E).   

We use the short hand notation X ≈ Y for X = Y + o(σ2).  For notational simplicity 

we will generally use expected value notation (i.e., E[Z] as the mean value of Z over 

space) in this appendix. In implementing this notation, we will treat the variables x and y 

as independently chosen random locations among an effectively infinite number of 

locations. Then, the rules of probability and the use of the expected value notation are 

valid for the development below. For instance, under this notation, E[Nxj(t)] is just the 

average density in space.   

 

A.2 Derivation of  
!λ j (t)   

We begin by deriving our population-level finite rate of increase model (equation (7) in 

the main text).  The output of an adult of species j in location x (equation (5) in the main 

text), is defined as 

 

  

λxj (t) = 1−δ +δ
1− d( )Yj Exj (t) 1− Pxj (t)( )

Cx (t)
+ E δ

dYj Eyj (t) 1− Pyj (t)( )
Cy (t)

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

 . (A1) 

Our division of    
!λi(t)  into contributions from different mechanisms means that 

λxj(t) needs to be defined in locations where Nxj(t) = 0. An individual being present at a 

site affects the value of Pxj(t) and also the Cx(t).  We have chosen here the definition that 

leads to the simplest mathematical development: Pxj(t) and Cx(t) are defined as if the 

individual that is not there has no impact, even though it would have an impact if it were 

there.  We could alternatively define λxj(t) such that Pxj(t) and Cx(t) are what they would 

have been if an adult occupied x; this case is derived in Appendix F. 
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The population-level finite rate of increase, 
   
!λ j (t) = N j (t +1) / N j (t) , given by 

equation (6) in the main text, can be written equivalently as   

 
   
!λ j (t) = E λxj (t)⎡⎣ ⎤⎦ + cov λxj (t),ν xj (t)( )   (A2) 

(Chesson, 2000a), where ( ) ( ) / ( )xj xj xjt N t N tν = , defined in the text, is the relative density 

of species j at location x.   

To better understand the workings of the model, we note that 
  
δYj

Exj (t) 1− Pxj (t)( )
Cx (t)

 

is the expected reproductive success of an individual seed of species j that lands at site x 

at time t for each year of its life.  Its per generation reproductive success is
 

  
Yj

Exj (t) 1− Pxj (t)( )
Cx (t)

, because a generation is 1/δ time units. Taking into account its 

ultimate death, its overall life-time success is  

 
  
Gj Exj (t), Fxj (t)( ) = Yj

Exj (t)
Dxj (t)

−1 , (A3) 

where Dxj(t) = Cx(t)/(1 – Pxj(t)), the density-dependent factors at x. We can similarly 

define 
( ) 1xj tλ
δ
−

as the success of an adult, which is the local scale finite rate of increase 

on a per generation timescale.  The adult success and seed success are then united by the 

following equation, which the success of the dispersed and locally retained offspring of 

an adult: 

 
  

λxj (t)−1
δ

= 1− d( )Gj Exj (t), Dxj (t)( ) + dE Gj Exj (t), Dxj (t)( )⎡
⎣

⎤
⎦  . (A4) 
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This is analogous to equation (2.3) and (2.4) in Miller (2008).  Equations (A3) and (A4) 

are both about success of an individual, but starting from different points in the life-cycle.  

The individual seed success depends only on its locality, while adult success is 

distributed over the localities where its seeds are dispersed, according to the rules for 

dispersal.  

We now show how offspring success can be split up in terms of direct 

environmental effects (Exj), direct density dependent effects (Dxj), and their interaction 

(Exj ･Dxj), to see how the storage effect and overall predation effects arise.  To do this we 

first need to choose reference values, Ej
*

 and Dj
*, of Exj(t) and Dxj(t) with the property 

 Gj Ej
*,Dj

*( ) = 0 , (A5) 

which defines an equilibrium state.  For our analysis, we choose Ej
* = 1, as E[Exj(t)] = 1 

by definition, and therefore Dj
* = Yj.  These reference values give us a focal point, which 

helps us to understand how deviations of Exj(t) and Dxj(t) from Ej
*

 and Dj
* affects λxj(t) 

when growth in near equilibrium.  The direct environmental and density-dependent 

effects are defined of departures from equilibrium in each of Exj(t) and Dxj(t)  

 

   

Exj = Gj Exj (t), Dj
*( )

D xj = −Gj E j
*, Dxj (t)( ) .  (A6) 

Thus, Exj is how deviations of Exj(t) from Ej
* affect Gj(Exj(t), Dxj(t)), and Exj is how 

deviations of Dxj(t) from Dj
* affect Gj(Exj(t), Dxj(t)).  These definitions correspond to the 

general definition in Chesson (2000), except that because we defined Gj(Exj(t), Dxj(t)) 

using (λj(t) – 1)/δ, rather than λj(t), it is defined on the per-generation timescale, and 

centered about 0 instead of about 1.  Substituting these values into (A3) and (A6), we find 

that 
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Exj = G Exj (t), Dj
*( ) = Exj (t)− E j

* = Exj (t)−1

D xj = −G E j
*, Dxj (t)( ) = Yj

1
Dj

* −
1

Dxj (t)

⎛

⎝
⎜

⎞

⎠
⎟ = 1−

Yj

Dxj (t)
= 1−

Yj 1− Pxj (t)( )
Cx (t)

 . (A7) 

Finally, we write 
 
!λ j (t)−1( ) /δ  in terms of Exj and Dxj.  This can be done directly 

by inverting the variables in (A7).  This inverse gives 

 

   

Exj (t) = 1+Exj

1− Pxj (t)( )
Cx (t)

=
1−D xj

Yj

 . (A8) 

In terms of these definitions, we have 

 
   
Gj (Exj , Dxj ) = Exj −D xj −ExjD xj   (A9) 

Equation (A2) gives the finite rate of increase, 
   
!λ j (t) , in terms of the spatial mean   

λxj (t)

and its covariance with relative density.  These lead directly to a split of the growth rate 

  
λxj (t)−1( ) / δ  and spatial mean adult success and its covariance with relative density: 

 
   

!λ j (t)−1

δ
= E

λxj (t)−1

δ
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
+ cov

λxj (t)−1

δ
,ν xj (t)

⎛

⎝⎜
⎞

⎠⎟
 . (A10) 

The formula (A4) shows how adult success can be expressed in terms of seed success, 

which is then expressed in terms of the standardized variables Exj and Dxj by equation 

(A9).  Using these, we write the components of the growth rate (A10) in terms of these 

standardized variables 

 
   

λ j (t)−1
δ

= E Exj
⎡⎣ ⎤⎦ − E D xj

⎡⎣ ⎤⎦ − E ExjD xj
⎡⎣ ⎤⎦   (A11) 

and 
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cov

λxj (t)−1

δ
,ν xj (t)

⎛

⎝⎜
⎞

⎠⎟
= 1− d( )cov Exj −D xj −ExjD xj ,ν xj (t)( )   (A12) 

Note that the covariance does not involve the dispersal component of the adult success (

  
E Gj Exj (t), Dxj (t)( )⎡
⎣

⎤
⎦ , equation (A4)) because in fact this term does not vary with actual 

location of the adult due to our assumption of widespread dispersal.  

Substituting (A11) and (A12) into (A10) gives 

 
    

!λ j (t)−1

δ
= E Exj

⎡⎣ ⎤⎦ − E D xj
⎡⎣ ⎤⎦ − E ExjD xj

⎡⎣ ⎤⎦ + 1− d( )cov Exj −D xj −ExjD xj ,ν xj (t)( )  .(A13) 

 

A.3 Partitioning in the invasion rate into mechanistic components 

We next derive equation (8) in the main text, and each of the stabilizing mechanisms, 

using (A13).  We do this by invader-resident comparison.  Because  
!λr (t) = 1 , the growth 

rate 
   
!λr (t)−1( ) / δ is zero for each resident species, where we use the subscript r to signify 

a resident species.  This means that the sum of the terms in equation (A9) is zero, but the 

individual terms will not be, and the partitioning of the invasion rate into mechanisms 

comes from invader-resident differences for the individual terms.  If qir is any positive 

constant, then  

 
   

!λi(t)−1
δ

=
!λi(t)−1
δ

− qir

!λr (t)−1
δr≠i

∑  (A14) 

as the terms in the sum are all zero.  In a case like this where species where species 

interactions are symmetric, and the Dxj’s differ between species by an amount equal to 

O(σ2) (due here to order O(σ2) effects specialized predation and yield differences), qir can 

be defined simply as 1/(n – 1) as explained in Chesson and Kuang (2010, justification for 



 

 67 

B.27).  This means that equation (A10) subtracts the average resident growth rate from 

the invasion rate.  Substituting the terms of equation (A9) into (A10) and (A14), allows 

the invasion rate to be expressed in the form  

 
   

!λi(t)−1
δ

= ΔE − ΔD + ΔI + Δκ   (A15) 

where each of the terms in (A11) is comparison between an invader and average resident 

term from equation (A9), as follows: the mean environmental effect, ΔE,  

 [ ] [ ]1
1xi xr
r i

E E E
n ≠

Δ = −
− ∑E E , (A16) 

the mean density-dependent effect, ΔD (called ΔC in previous papers),  

 
   
ΔD = E D xi⎡⎣ ⎤⎦ −

1
n−1

E D xr⎡⎣ ⎤⎦
r≠i
∑  , (A17) 

the spatial storage effect, ΔI,  

 
   
ΔI = (−1) E ExiD xi⎡⎣ ⎤⎦ −

1
n−1

E ExrD xr⎡⎣ ⎤⎦
r≠i
∑⎛

⎝⎜
⎞
⎠⎟

 , (A18) 

(note: this is generally defined as 
   
ΔI = γ cov Exi ,D xi( )− 1

n−1
cov Exi ,D xi( )

r≠i
∑⎛

⎝⎜
⎞
⎠⎟

; 

because E[ExjDxj] = cov(Exj, Dxj) + E[Exj]E[Dxj], and E[Exj] = 0, these definitions are 

equivalent.  Here γ = – 1.), the fitness-density covariance, Δκ,  

 
 
Δκ = 1− d( )cov Exi −D xi −ExiD xi ,ν xi (t)( )− 1− d

n −1
cov Exr −D xr −ExrD xr ,ν xr (t)( )

r≠i
∑ . (A19) 

We next show that the term ΔE – ΔD can be written as ( )ln ln riY Y P− + Δ , where ΔP 

measure the mean predation effect, which then leads to  

 
   

!λi(t)−1
δ

≈ lnYi − lnYr( ) + ΔP + ΔI + Δκ  (A20) 
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which is equation (8) of the text.   

 

A.4 Derivation of ΔP and the mean fitness difference  

Because E[Exj(t)] = 1 and Exj = Exj(t) – 1 by (A7), we have E[Exj] = 0.  Thus, the 

assumptions about Exj(t) here preclude any mean effects of the environmental response, 

and therefore ΔE = 0.  Average fitness-differences between species, however, emerge 

from the assumed differences in yields, Y, as we now show.  

The term ΔD, (A17), can be partitioned into the average fitness difference, 

lnYi − lnYr , and the mean effect of specialized predation, ΔP.  To do this, we must 

calculate E[Dxj], which involves 1/Cx(t).  Because 1/Cx(t) is a smooth function of Exj(t) 

near the point Ex1(t) = Ex2(t) = … Exn(t) = 1, it can be written as 

 ( )1

1 1
( )x xC

O
C t

σ− = , (A21) 

where Cx
1 is the value of Cx(t) when Exj(t) = 1, j = 1, ..., n , i.e. 

 
  
Cx

1 = N j (t)dYj 1− Pxj (t)( ) + Nxj (t) 1− d( )Yj 1− Pxj (t)( )( )
j=1

n

∑ .  (A22) 

Thus, Dxj = 1 – Yj(1 – Pxj(t))/Cx(t), (A7), can be rewritten as 

 
   
D xj = 1−Yj 1− Pxj (t)( ) 1

Cx
1 +

1
Cx (t)

− 1
Cx

1

⎛

⎝⎜
⎞

⎠⎟
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

, (A23) 

where the term in () is O(σ) by (A21).  Substituting Yj = Y + Yj −Y( )  (where Yj −Y( )  is 

O(σ2)) and Pxj(t) = αNxj(t) into (A23),  

 
   
D xj = 1− Y + Yj −Y( )⎡

⎣
⎤
⎦ 1−αNxj (t)⎡⎣ ⎤⎦

1
Cx

1 +
1

Cx (t)
− 1

Cx
1

⎛

⎝⎜
⎞

⎠⎟
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

, (A24) 
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Subtracting Dxr from Dxi for any invader-resident pair, and dropping terms of O(σ3) and 

higher, we see that  

 
   
D xi −D xr ≈ − 1

Cx
1 Yi −Yr( ) + Y

Cx
1 αNxi(t)−αNxr (t)( ) . (A25) 

From equation (A22) it can be seen that Cx
1 has the bounds 

 
  
1−α( )min

j
Yj < Cx

1 < max
j

Yj ,  (A26) 

from which we can conclude that Yj/Cx
1 = 1 + O(σ2), and also Y /Cx

1 = 1 + O(σ2). This 

result means also that ln(Yj/Cx
1) = O(σ2) and so Yj/Cx

1 = exp{ln( Yj /Cx1)} ≈ 1 + ln(Yj /Cx
1) 

= 1 + lnYj - lnCx
1.  Thus, (A25) simplifies to 

 
   D xi −D xr ≈ − lnYi − lnYr( ) + αNxi(t)−αNxr (t)( ) . (A27) 

Substituting (A27) into our definition of ΔD, equation (A17), we find that  

 
 
ΔD ≈ E D xi[ ]− 1

n −1
E D xr[ ]

r≠i
∑ ≈ − lnYi − lnYr( )− ΔP  , (A28) 

where lnYr  is averaged across the residents species, r, and ΔP, the mean effect of 

specialist predators, is 

 
ΔP = (−1) E Pxi (t)[ ]− 1

n −1
E Pxr (t)[ ]

r≠i
∑⎛

⎝⎜
⎞
⎠⎟

= −1( ) E αNi (t)[ ]− 1
n −1

E αNr (t)[ ]
r≠i
∑⎛

⎝⎜
⎞
⎠⎟
= α
n −1

 . (A29) 

Because ΔE = 0, these results mean that 

 
  
ΔE − ΔD ≈ lnYi − lnYr( ) + ΔP = lnYi − lnYr( ) + α

n−1
  (A30) 

 

A.5 Derivation of ΔI, the spatial storage effect 
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The E[ExjDxj ] terms in (A18) produce the spatial storage effect.  Substituting Exj = Exj(t) – 

1 and Dxj = 1 – Yj(1 – Pxj(t))/Cx(t) (A7) into E[ExjDxj ] ,  

 

 

E ExjD xj⎡⎣ ⎤⎦ = E Exj (t)−1( ) 1− Yj 1− Pxj (t)( )
Cx (t)

⎛

⎝
⎜

⎞

⎠
⎟

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

 . (A31) 

Next, we approximate Yj(1 – Pxj(t))/Cx(t) as a function of Exk(t).  Because var(Exj(t)) = 

O(σ2), Yj(1 – Pxj(t))/Cx(t) needs to be known only to O(σ) to obtain (A31) to O(σ2).  Thus, 

a linear approximation of Yj(1 – Pxj(t))/Cx(t) in the Exj(t) through the point Ex1(t) = Ex2(t) = 

… = Exn(t) = 1 is sufficient.  We obtain this as the first order Taylor expansion, 

 

  

Yj 1− Pxj (t)( )
Cx (t)

=
Yj 1− Pxj (t)( )

Cx
1 −

Exk (t)−1( )Yj 1− Pxj (t)( ) Nk (t)dYk 1− Pxk (t)( ) + Nxk (t) 1− d( )Yk 1− Pxk (t)( )( )
Cx

1( )2
k=1

n

∑

+O σ 2( )

. (A32) 

As Yj(1 – Pxj(t))/Cx
1 = 1 + O(σ2), (A32)  further simplifies to,  

 
  

Yj 1− Pxj (t)( )
Cx (t)

= 1− Exk (t)−1( ) Nk (t)d + Nxk (t) 1− d( )( ) +O σ 2( )
k=1

n

∑ . (A33) 

Substituting into (A31) we obtain  

 

   

E ExjD xj
⎡⎣ ⎤⎦ ≈ E Exj (t)−1( ) − Exk (t)−1( ) Nk (t)d + Nxk (t) 1− d( )( ) +O σ 2( )

k=1

n

∑⎛
⎝⎜

⎞
⎠⎟

⎡

⎣
⎢

⎤

⎦
⎥

≈ − Exj (t)−1{ } Exk (t)−1{ } Nk (t)d + Nxk (t) 1− d( ){ }⎡
⎣

⎤
⎦

k=1

n

∑
 .(A34) 

To further simply this expression, note that 
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E E Exj (t)−1{ } Exk (t)−1{ } Nk (t)d + Nxk (t) 1− d( ){ } | Exj (t), Exk (t)⎡
⎣

⎤
⎦

⎡
⎣

⎤
⎦

= E Exj (t)−1{ } Exk (t)−1{ }E Nk (t)d + Nxk (t) 1− d( ){ } | Exj (t), Exk (t)⎡
⎣

⎤
⎦

⎡
⎣

⎤
⎦

= E Exj (t)−1{ } Exk (t)−1{ } Nk (t)d + 1− d( )E Nxk (t) | Exj (t), Exk (t)⎡⎣ ⎤⎦{ }⎡
⎣

⎤
⎦

. 

In “A.7 Adult presence in environmentally favorable sites (ΔκE)” we show that E[Nxj(t)|

( ), ( )xj xkEE t t ] = ( )( ) 1 ( )jN t O σ+ ,  when there is pure spatial variation, and exactlyN j (t)  

when there is spatio-temporal variation.  Thus, dropping terms of O(σ3), (A34) simplifies 

to 

 
( )( )

( )
1

1

( ) ( ) 1 ( ) 1

( ) cov ( ), ( )

xj xj k xj xk

n

k
n

k
k xj xk

E N t E E t E t

N t E t E t

=

=

⎡ ⎤⎡ ⎤ ≈ − −⎣ ⎦ ⎣

=

⎦∑

∑

E D
 . (A35) 

Because the variance of ln Exj(t) is σ2 and E[Exj(t)] = 1, the variance of Exj(t) can be 

approximated adequately by σ2.  Similarly, cov(Exj(t), Exk(t)) ≈ σ2ρ for j ≠ k.  Thus, (A35) 

reduces to 

 
   
E ExjD xj
⎡⎣ ⎤⎦ ≈σ

2N j (t)+σ
2ρ Nk (t)

k≠ j
∑ .  (A36) 

Because N j (t)  is the proportion of sites filled by species j, N j (t) = 1
j=1

n

∑ , and  

 Nk (t)
k≠ j
∑ = 1− N j (t)  . (A37) 

Thus, (A36) simplifies to 

 
   
E ExjD xj
⎡⎣ ⎤⎦ ≈σ

2N j (t)+σ
2ρ 1− N j (t)( )   (A38) 

Substituting (A38) into the definition of ΔI, equation (A18), we find that  

 
   
ΔI ≈ (−1) E ExiD xi⎡⎣ ⎤⎦ −

1
n−1

E ExrD xr⎡⎣ ⎤⎦
r≠i
∑⎧

⎨
⎩

⎫
⎬
⎭
≈
σ 2 1− ρ( )

n−1
. (A39) 
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A.6 Partitioning Δκ, the fitness-density covariance 

To analyze Δκ, defined in (A19), we note that it involves the covariance of the local 

relative density, νxj(t), with overall life-time success of a seed, 
  
Gj Exj (t), Dxj (t)( ) , which 

can be split in the three terms, 
  
 Exj −D xj −ExjD xj  by (A7), due to the direct 

environmental effects, density-dependent effects and their interaction.  This leads to a 

partitioning of Δκ into three natural terms, as follows: 

  Δκ ≈ Δκ E + Δκ D + Δκ S ,  (A40) 

where ΔκE, (the fitness-density covariance from environmental conditions) is  

 
   
Δκ E = 1− d( ) cov Exi ,ν xi(t)( )− 1

n−1
cov Exr ,ν xr (t)( )

r≠i
∑⎛

⎝⎜
⎞
⎠⎟

,  (A41) 

the ΔκD (fitness-density covariance from density-dependent factors) is  

 
   
Δκ D = 1− d( ) 1

n−1
cov D xr ,ν xr (t)( )− cov D xi ,ν xi(t)( )

r≠i
∑⎛

⎝⎜
⎞
⎠⎟

,  (A42) 

and ΔκI (the fitness-density covariance from the interaction between Exj and Dxj) is  

 
   
Δκ I = 1− d( ) 1

n−1
cov ExrD xr ,ν xr (t)( )− cov ExiD xi ,ν xi(t)( )

r≠i
∑⎛

⎝⎜
⎞
⎠⎟

, (A43) 

(note that because the Dxj and ExjDxj terms are negative, the resident-inveder state 

comparisons in ΔκD and ΔκI are reversed).  Since Dxj(t) and correspondingly Dxj consist 

of contributions from three phenomenon, it is possible to further divide ΔκD  into several 

meaningful terms. Mixing and matching these terms with those above, gives the terms in 

Table 3, 4, and 5 of the main text (provided we can justify them as being the most helpful 
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below).  We derive each of these terms below, but first we need to elucidate the 

properties of ν, the relative density..  

 

A.7 Adult presence in environmentally favorable sites (ΔκE) 

We will first calculate ΔκE, the benefit that invaders gain because they are more likely to 

occur in favorable habitat.  This quantity is zero for the case of spatio-temporal variation, 

as we explain below.  So here we focus on the case of pure spatial variation.  To 

emphasize this, we drop the t in Exj(t).  We first calculate the long-term expected 

distribution of each species in relation to the environmental states. Here we condition on 

the local x, which fixes the Exj.  The identity of the occupant of the given site x is a 

Markov chain, with transition probabilities dependent on the local environmental state, 

and jN .  Assume that the values of jN  values are at a long-term equilibrium, the 

Markov chain has stationary transition probabilities.   

To provide compact formulae for the transition probabilities, we define,  

 

  

axj = Yj ExjdN j

kxj = Yj Exj (1− d)(1−α )−αYj ExjdN j

bxj = kxj + axk
k=1

n

∑⎛
⎝⎜

⎞
⎠⎟

.  (A44) 

We can use these variables to calculate transition probabilities.  The probability that a site 

occupied by j is still occupied by j at the next time is  

 
  
pxjj = P Nxj (t +1) = 1 Nxj (t) = 1,x( ) = 1−δ +δ

axj + kxj

bxj

,  (A45) 
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where 1 – δ the probability that the adult survives and 
  
δ axj + kxj( ) / bxj is the probability of 

adult death x the probability of recapture by species j. A site will transition from species k 

to species j if the adult dies and a species j seed captures the site, which is  

 
  
pxkj = P Nxj (t +1) = 1 Nxk (t) = 1,x( ) = δ axj

bxk

 . (A46) 

It is easy to check that  

   
axkbxk pxkj = axjbxjk=1

n∑   (A47) 

and therefore that the unique stationary distribution of this irreducible Markov chain is 

 

  

P Nxj (t) = 1 x( ) = axjbxj

axkbxk
k=1

n

∑
  (A48) 

We need linear approximations to P(Nxj(t)|x) = 1 as a function of the Exk to 

calculate cov(Exj, νxj(t)).  Because var(Exj) = var(Exj) ≈ σ2, νxj(t) needs to only be 

approximated to O(σ) to calculate cov(Exj, νxj(t)) to O(σ2). The numerator of (A48) is 

 

axjbxj = dExjYjN j YjExj (1− d)(1−α )−αYjExjdN j + YkExkdNk
k=1

n

∑⎛
⎝⎜

⎞
⎠⎟

= dYjN j YjExj
2 1− d + dN j{ } 1−α{ }+ Exjd ExkNkYk

k≠ j
∑⎛

⎝⎜
⎞

⎠⎟

 . (A49) 

The α terms, differences in Yj, and other O(σ2) terms will contribute o(σ2) to ΔκE, and thus 

can be ignored.  When Exj = 1 for j = 1, …, n, this is equal to N j Y
2
d +O σ 2( )( ) , where 

Y  is the mean of Yk across species.  Similarly, the first Exj’th derivative of (A49) at Exj = 

1 for j = 1, …, n  
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∂ajbj
∂Exj

= Y
2
d 2 N j − N jd + dN j

2( ) + dN j Nk
k≠ j
∑⎛

⎝⎜
⎞

⎠⎟
⎛

⎝⎜
⎞

⎠⎟
+ N jO σ 2( )  . (A50) 

Because Nk = 1− N j
k≠ j
∑  (i.e., by (A37)), this simplifies to 

 
∂ajbj
∂Ej

= Y
2
d N j 2 − d + dN j( )( ) + N jO σ 2( )  . (A51) 

Similarly, the first Exk’th derivative of (A49), for k ≠ j, is  

 
∂ajbj
∂Ek

= Y
2
d dN jNk( ) + N jO σ 2( )  . (A52) 

The denominator of (A48) is the sum of the numerator over all species.  Thus, 

when Exj = 1 for j = 1, …, n, the denominator is approximately equal to Y
2
d  + O(σ2).  

For any species j, the derivative around the point Exj = 1 for j = 1, …, n 

 
∂ akbk
k=1

n

∑
∂Exj

= Y
2
d 2 N j − N jd + dN j

2( ) + dN j Nk
k≠ j
∑⎛

⎝⎜
⎞

⎠⎟
+ dNkN j

k≠ j
∑

⎛

⎝⎜
⎞

⎠⎟
+ N jO σ 2( )  , (A53) 

which, by (A37), simplifies to  

 
∂ akbk
k=1

n

∑
∂Exj

= 2N jY
2
d + N jO σ 2( )  . (A54) 

We can approximate the probability that a site is occupied by species j using a 

Taylor series.  Using (A48), (A51), (A52), (A54), and the quotient rule, this becomes 

 
  
P Nxj (t) = 1 x( ) = N j 1+ Exj −1( ) 2− d( ) 1− N j( )− Exk −1( )Nk 2− d( )

k≠ j
∑ +O σ 2( )⎛

⎝⎜
⎞

⎠⎟
 .(A55) 
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In order to use (A55) to calculate cov(Exj, νxj(t)), we need a covariance that relies 

on the conditional probability P(Nxj(t) = 1|x).  This can be done using the law of total 

covariance,  

 
 
cov Exj ,ν xj (t)( ) = E cov Exj ,ν xj (t) x( )⎡

⎣
⎤
⎦ + cov E Exj x⎡⎣ ⎤⎦,E ν xj (t) x⎡⎣ ⎤⎦( ) .  (A56) 

Because Exj is constant for a fixed x, cov(Exj, νxj(t)|x) = 0.  Thus, 

 
 
cov Exj ,ν xj (t)( ) = cov E Exj x⎡⎣ ⎤⎦,E ν xj (t) x⎡⎣ ⎤⎦( ) .  (A57) 

Because Exj = Exj – 1, and νxj(t) = Nxj(t)/Nxj ,  

 

 

cov Exj ,ν xj (t)( ) = cov E Exj −1 x⎡⎣ ⎤⎦,E Nxj (t) / N j x⎡⎣ ⎤⎦( )
= 1
N j

cov E Exj −1 x⎡⎣ ⎤⎦,P Nxj (t) = 1 x( )( ) .  (A58) 

Thus, by (A55) and (A58), the covariance between Exj and the local relative density, 

ν xj (t) = Nxj (t) / N j , is  

 
   
cov Exj ,ν xj (t)( ) ≈ 2− d( ) 1− N j( )var Exj( )− 2− d( ) Nk cov Exj , Exk( )

k≠ j
∑ .  (A59) 

Because the var(Exj) ≈ σ2 and cov(Exj, Exk) ≈ ρσ2 for j ≠ k, this simplifies to 

 
   
cov Exj ,ν xj (t)( ) ≈σ 2 2− d( ) 1− N j( )−σ 2ρ 2− d( ) Nk

k≠ j
∑   (A60) 

which, by Nk = 1− N j
k≠ j
∑  (i.e., by (A37)), simplifies further to 

 
   
cov Exj ,ν xj (t)( ) ≈σ 2 1− ρ( ) 2− d( ) 1− N j( ) .  (A61) 

Substituting (A61) into our equation for ΔκE, (A41), we find that when there is pure 

spatial environmental variation,  
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Δκ E = 1− d( ) cov Exi ,ν xi(t)( )− 1

n−1
cov Exr ,ν xr (t)( )

r
∑⎡

⎣⎢
⎤

⎦⎥
≈ 1− d( ) 2− d( )σ 2 1− ρ( )

n−1
.(A62) 

When variation in Exj(t) is spatio-temporal, cov(Exj, νxj(t)) will be 0 for all species, 

because Exj(t) and Nxj(t) are independent.  In that case, ΔκE = 0.   

 

A.8 Presence of adults in unfavorable sites for density-dependent factors (ΔκD) 

The fitness-density covariance from density-dependent factors, ΔκD (A42), represents 

self-competition.  Our analysis of the ΔκD terms relies on the following lemma: 

 

Lemma 1. If z is a Bernoulli random variable, then 

 
  
cov y, z( ) = P z = 1( )P z = 0( ) E y z = 1⎡⎣ ⎤⎦ − E y z = 0⎡⎣ ⎤⎦( ) . 

 

Proof  

The covariance of y and z can be written using the conditional expectation 

 cov y, z( ) = Ez E yz z⎡⎣ ⎤⎦⎡⎣ ⎤⎦ − E y[ ]E z[ ]  . (A63) 

Here, Ez[E[yz|z]] is the mean of E[yz|z] over all z’s, and be rewritten as 

 Ez E yz z⎡⎣ ⎤⎦⎡⎣ ⎤⎦ = Ez zE y z⎡⎣ ⎤⎦⎡⎣ ⎤⎦ = P z = 1( )E y z = 1⎡⎣ ⎤⎦  . (A64) 

Similarly, the mean of y can be rewritten as 

 E y[ ] = P z = 1( )E y z = 1⎡⎣ ⎤⎦ + P z = 0( )E y z = 0⎡⎣ ⎤⎦  . (A65) 

Since P(z = 1) = 1 – P(z = 0), these equations combine so that 

 cov y, z( ) = P z = 1( )P z = 0( ) E y z = 1⎡⎣ ⎤⎦ − E y z = 0⎡⎣ ⎤⎦( )  . (A66) 

 ▢ 
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Using this lemma, cov(Dxj, νxj), and therefore ΔκD, can be determined by 

comparing Dxj in sites held by conspecific to Dxj in sites held by heterospecific.  To see 

this, note that Nxj(t) is a Bernoulli random variable, with P(Nxj(t) = 1) = N j  and P(Nxj(t) = 

0) = 1 – N j .  Therefore,  

 

  

cov y,ν xj (t)( ) = 1/ N j( )cov y, Nxj (t)( )
= 1/ N j( )P Nxj (t) = 1( )P Nxj (t) = 0( ) E y Nxj (t) = 1⎡⎣ ⎤⎦ − E y Nxj (t) = 0⎡⎣ ⎤⎦( )
= 1− N j( ) E y Nxj (t) = 1⎡⎣ ⎤⎦ − E y Nxj (t) = 0⎡⎣ ⎤⎦( )

. (A67) 

There are many factors that determine Dxj; however, as we will show, Dxj can be 

partitioned into the additive effect of each of these factors.  Thus, cov(Dxj, νxj(t)) and ΔκD 

are more clearly represented as the sum of several additive terms.   

Before we can partition Dxj into its additive factors, we define a new variable Cxj 

as follows: 

 
 
Cxj = 1−

Yj

Cx (t)
 . (A68) 

Under this definition, 

 
 
D xj = 1− 1−Cxj( ) 1− Pxj (t)( )  . (A69) 

Because Cxj = O(σ) and Pxj(t) = O(σ2),  

  D xj ≈Cxj + Pxj (t)  . (A70) 

We now evaluate Cxj, given that it is occupied by a particular species that we 

designate.  To indication conditioning on occupancy by k, we add the superscript k to the 

variables  Cxj
k and  D xj

k .  We approximate  Cxj
k  using a second-order Taylor series 
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centered around Exk(t) = 1 for j = 1, …, n, giving constant, linear and quadratic forms as 

follows,   

 
  
Cxj

k ≈ CCxj
k + LCxj

k +QCxj
k

  

, (A71) 

where 
  
CCxj

k  (i.e., “constant  Cxj
k ”) is the value of  Cxj

k when Ex1(t) = Ex2(t) = … Exn(t) = 1, 

 LCxj
k  (i.e., “linear  Cxj

k ”) is the sum of the 
 
Exl −1( )× ∂ Cxj

k( ) / ∂Exl Ex1=Ex 2=...=1
  terms, and 

 QCxj
k  (i.e., “quadratic  Cxj

k ”) is the sum of the 

 
Exl −1( ) Exm −1( )× ∂2 Cxj

k( ) / ∂Exl ∂Exm Ex1=Ex 2=...=1
 terms; each is given in Table A1. 

Differences in yield and the level of predation at each site contribute to important 

differences in 
  
CCxj

k  as k varies.  Thus, we can partition 
  
CCxj

k  into 

 
  
CCxj

k ≈ cj +CyCxj
k +CpCxj

k   (A72) 

where cj are constant term that do not vary with k, 
  
CyCxj

k  is the effect of Yk on 

competition in species k sites, and 
  
CpCxj

k  is the effect of the interaction between 

competition and predation in species k sites (Table A1).  We show how to partition 
  
CCxj

k  

into these three terms in “A.9 Partitioning 
  
CCxj

k ” below. 

Thus, combining (A70), (A71), and (A72),  

 
   
D xj

k ≈ cj +CyCxj
k +CpCxj

k + LCxj
k +QCxj

k + Pxj (t)

  

. (A73) 

Using this, we can partition ΔκD into five additive terms 

 Δκ D ≈ Δκ P + ΔκY + Δκ P−C + Δκ L + ΔκQ  . (A74) 
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The Δκ terms corresponds to differences in Pxj(t),   
CyCxj

k , 
  
CpCxj

k ,  LCxj
k , and  QCxj

k  (Table 

A2).  As cj in (A73) is not dependent on x it does not contribute to Δκ.   

First, we will determine ΔκP, which is determined by Pxj(t).  Predation varies with 

adult density.  As we show, this is more harmful to invaders, because a dispersed invader 

seed will always escape from its predators, whereas a dispersed resident seed may not.  

As Pxj(t) = αNxj(t), then by Lemma 1 (i.e., (A67)), 

 

  

cov Pxj (t),ν xj (t)( ) = 1− N j (t)( ) E αNxj (t) Nxj (t) = 1⎡
⎣

⎤
⎦ − E αNxj (t) Nxj (t) = 0⎡

⎣
⎤
⎦( )

=α 1− N j (t)( )
. (A75) 

Thus, the fitness-density covariance from predation, ΔκP, is 

 
  
Δκ P ≈ 1− d( ) 1

n−1
cov Pxr (t),ν xr (t)( )

r≠i
∑⎛

⎝⎜
⎞
⎠⎟
− cov Pxi(t),ν xi(t)( )⎡

⎣
⎢

⎤

⎦
⎥ ≈ −

1− d( )α
n−1

. (A76) 

Next, we will determine ΔκY, which depends on
   
CyCxj

k ,  

    
CyCxj

k = 1− d( )lnYk . (A77) 

The difference between 
  
CyCxj

j  and the kN -weighted mean value of 
  
CyCxj

k  in for k ≠ j is  

 

   

CyCxj
j − 1

1− N j (t)
Nk (t)CyCxj

k

k≠ j
∑ = 1− d( )lnYj −

1
1− N j (t)

Nk (t) 1− d( )lnYk
k≠ j
∑

=
1− d( )lnYj

1− N j (t)
− 1

1− N j (t)
Nk (t) 1− d( )lnYk

k=1

n

∑
. (A78) 

Thus, by (A67) (Lemma 1), we see that  

 
   
cov CyCxj

k ,ν xj (t)( ) = 1− d( )lnYj − Nk (t) 1− d( )lnYk
k=1

n

∑ .  (A79) 
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Because the summation does not depend on j, it will be the same for residents and 

invaders, and thus not affect the fitness-density covariance from yield differences, ΔκY.  

Thus, 

 

   

Δκ Y ≈ 1− d( ) 1
n−1

cov CyCxj
k ,ν xr (t)( )

r≠i
∑ − cov CyCxj

k ,ν xi(t)( )⎡

⎣⎢
⎤

⎦⎥

≈ − 1− d( )2
lnYi − lnYr( )

.  (A80) 

Thus, ΔκY accounts for the effect of seed yield on the amount of competition in invader 

sites.  It is negative when Yi is high, because there will be more seeds than average in 

invader sites, and positive when Yi is small, because there will be fewer seeds in invader 

sites. 

Next, we calculate ΔκP-C, which is determined by the amount that predators affect 

competition, 
  
CpCxj

k .  By our definition of    
CpCxj

k = −αdNk (t) , the difference between 

  
CpCxj

p  and the  Nk -weighed mean value of 
  
CpCxj

k  for k ≠ p is 

 
   
CpCxj

j − N j (t)CpCxj
k

k≠ j
∑ = −αdN j (t)+

1
1− N j (t)

αdNk (t)2

k≠ j
∑ .  (A81) 

This simplifies to 

 
   
CpCxj

j − N j (t)CpCxj
k

k≠ j
∑ =

−αdN j (t)
1− N j (t)

+ αd
1− N j (t)

Nk (t)2

k=1

n

∑ .  (A82) 

Therefore, by (A67) (Lemma 1),  

 
   
cov CpCxj

k ,ν xj (t)( ) ≈ −αdN j (t)+αd Nk (t)2

k=1

n

∑ .  (A83) 

The second term does not vary between species, and thus will not affect ΔκP-C.  Thus, the 

fitness-density covariance from a predation-competition interaction, ΔκP-C, is 
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Δκ P−C = 1− d( ) 1
n−1

cov CpCxr
k ,ν xr (t)( )

r≠i
∑ − cov CpCxi

k ,ν xi(t)( )⎡

⎣⎢
⎤

⎦⎥

= − 1− d( ) αd
n−1

.  (A84) 

Thus, ΔκP-C describes the effect that predators have on competition.  It is negative, 

because predators eat the fewest seeds in invader sites (since none of the incoming seeds 

will be invaders), and thus they reduce predation the least in invader sites.   

Next, we will focus on ΔκL, which involves the term  LCxj
k .  Because α is O(σ2) 

and Yj = Yk + O(σ2), we approximate  LCxj
k  as 

 
 
LCxj

k ≈ Exk −1( ) 1− d + dNk (t)( ) + Exl −1( ) dNl (t)( )
r≠l
∑ .  (A85) 

This simplifies to 

 
 
LCxj

k ≈ Exk −1( ) 1− d( ) + Ex/ −1( ) dNl (t)( )
l=1

n

∑ .  (A86) 

When there is spatio-temporal variation, E[Exk(t) – 1] = 0; therefore cov(Exj(t), νxj(t)) = 0 

and ΔκL = 0.  However, when there is pure spatial variation, E[Exk(t) – 1|Nxk(t) = 1] and 

E[Exk(t) – 1|Nxk(t) = 0] will not be 0.   

To calculate the mean value of the terms in (A86) with pure spatial variation, we 

must determine E[Exj(t)|Nxj(t) = 1] and E[Exj(t) – 1|Nxj(t) = 0] .  Combining our formula 

for cov(Exj, νxj(t)), (A61), and Lemma 1, (A67), we find that Θ, the difference between 

E[Exj(t)] in sites held by a conspecific vs. a heterospecific, is  

 Θ = E Exj (t) Nxj (t) = 1⎡⎣ ⎤⎦ − E Exj (t) Nxj (t) = 0⎡⎣ ⎤⎦ ≈σ
2 1− ρ( ) 2 − d( ) .  (A87) 

Because E[Exj(t)] = 1 overall, it must be the case that  

 N j (t)E Exj (t) Nxj (t) = 1⎡⎣ ⎤⎦ + 1− N j (t)( )E Exj (t) Nxj (t) = 0⎡⎣ ⎤⎦ = 1 .  (A88) 



 

 83 

Thus, (A87) and (A88) give us a simple system of two equations.  Solving this,  

 
E Exj (t)−1 Nxj (t) = 1⎡⎣ ⎤⎦ ≈ 1− N j (t)( )Θ
E Exj (t)−1 Nxj (t) = 0⎡⎣ ⎤⎦ ≈ −N j (t)Θ

.  (A89) 

Substituting (A89) into (A86), and with a little algebra, we find that  

 
 
E LCxj

k⎡⎣ ⎤⎦ ≈ −ΘNk (t) 1− 2d( ) +Θ 1− d( )− ΘdNl
2 (t)

l=1

n

∑ .  (A90) 

Only the first RHS term varies with k, and therefore is the only term that will affect 

 
cov LCxj

k ,ν xj (t)( ) .  Thus, by Lemma 1, (A67),  

 

 

cov LCxj
k ,ν xj (t)( ) = 1− N j (t)( ) −ΘN j (t) 1− 2d( )− 1

1− N j (t)
−ΘNk

2 (t) 1− 2d( )
k=1

n

∑
⎛

⎝⎜
⎞

⎠⎟

= −ΘN j (t) 1− 2d( ) + ΘNk
2 (t) 1− 2d( )

k=1

n

∑
. (A91) 

The fitness-density covariance from competition, ΔκL, is 

 

 

Δκ L ≈ 1− d( ) 1
n −1

cov LCxr
k ,ν xr (t)( )

r≠i
∑ − cov LCxi

k ,ν xi (t)( )⎛
⎝⎜

⎞
⎠⎟

= − 1− d( ) Θ 1− 2d( )
n −1

⎛
⎝⎜

⎞
⎠⎟

≈ − 1− d( )σ
2 1− ρ( ) 2 − d( ) 1− 2d( )

n −1

.  (A92) 

Thus, when there is pure spatial variation, non-dispersed seeds are likely to be 

competitive, and thus the benefit of being retained in favorable habitat in diminished.  It 

is negative because invaders are most concentrated in favorable sites, and thus most 

affected by this increase in competition.   

Finally, we will focus on ΔκQ, which contains the term  QCxj
k .  Because Yj 

differences and α are O(σ2), their contribution to E[ QCxj
k ] will be o(σ2).  We show below 
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that E[(Exj(t) – 1)2|Nxj(t) = 1] ≈ E[(Exj(t) – 1)2|Nxj(t) = 0] ≈ σ2.  Similarly, E[(Exj(t) – 

1)(Exk(t) – 1)] ≈ ρσ2 for j ≠ k, regardless of Nxj(t); intuitively, this occurs because 

Nxj (t) = N j 1+O σ( )( ) , and this slight difference in occupancy is not enough to change 

the overall level of variation.  Thus,  

 

   

E QCxj
k⎡⎣ ⎤⎦ ≈ −σ 2 1− d + dNk (t)( )2

−σ 2 d 2N j (t)
2

j≠k
∑ −

2σ 2ρ 1− d + dNk (t)( )dN j
j≠k
∑ (t)−

2σ 2ρ d 2N j (t)Nl (t)
l≠ j ,k
∑

j≠k
∑

 . (A93) 

Using Nk (t)
k≠ j
∑ = 1− N j (t)  (i.e., (A37)) and a lot of algebraic manipulation, this can be 

rearranged to 

 

   

E QCxj
k⎡⎣ ⎤⎦ ≈ −2σ 2 1− ρ( )d 1− d( )Nk (t)− 1− 2d + d 2( )σ 2 −

2σ 2ρd 1− d( )− 2σ
2d 2

2
N j (t)

2

j=1

n

∑ − 2σ 2ρd 2 N j (t)Nl (t)
l≠k
∑

j=1

n

∑
 . (A94) 

As only the first term in (A94) will vary with k, this simplifies our calculations, as these 

will be the only terms that vary between conspecific and heterospecific gaps.  Combining 

(A67) (Lemma 1) and (A94), we find that the covariance between  QCxj
k  and νxj(t) is  

 

 

cov QCxj
k ,ν xj (t)( ) ≈ 1− N j (t)( )

−2σ 2 1− ρ( )d 1− d( )N j (t)+
1

1− N j (t)
2σ 2 1− ρ( )d 1− d( )Nk

2 (t)
k≠ j
∑

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

 , (A95) 

which simplifies to 

 
 
cov QCxj

k ,ν xj (t)( ) ≈ −2σ 2 1− ρ( )d 1− d( )N j (t)+ 2σ 2 1− ρ( )d 1− d( )Nk
2 (t)

k=1

n

∑  . (A96) 
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Only the first term varies with j, and thus, this is the only term that will affect resident-

invader comparisons.  Thus, the fitness-density covariance from variation in competition, 

ΔκQ, is 

 

   

ΔκQ ≈ 1− d( ) 1
n−1

cov QCxr
k ,ν xr (t)( )

r
∑ − cov QCxi

k ,ν xi(t)( )⎛
⎝⎜

⎞
⎠⎟

≈ −2d 1− d( )2 σ 2 1− ρ( )
n−1

.  (A97) 

The term ΔκQ occurs because when there is environmental variation, Cx(t) will vary more 

in resident gaps than in invader gaps.  

 

A.9 Partitioning 
  
CCxj

k  

Here we show how 
  
CCxj

k  can be partitioned into three term, as per equation (A72).  By 

our definition, 

 

   

CCxj
k = 1−

Yj

C1k = 1−
Y

N
1+ϕ j( )

1− d + dNk (t)( )Y N
1+ϕk( ) 1−α( ) + Nl (t)dY

N
1+ϕ l( )

l≠k
∑

, (A98) 

where C1k is Cx
1 when Nxj(t) = 1, Y

N
= N j (t)Yj∑  is the N -weighted mean of Yj, and 

  
ϕ j = Yj / Y

N
−1  is the amount that Yj deviates from Y

N
 (Table A2).  Because X/Y ≈ 1 + 

ln X – ln Y when X ≈ Y, and ln (1 + X) ≈ X when X is O(σ2), (A98) can be approximated 

as  

 
   
CCxj

k ≈ −ϕ j + −α 1− d + dNk( ) +ϕk 1− d + dNk( ) + ϕ l Nl (t)d
l≠k
∑⎡

⎣⎢
⎤
⎦⎥

.  (A99) 

Since ϕ j
j=1

n

∑ N j (t) = 0 , (A99) simplifies further to 
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CCxj

k ≈ −ϕ j + −α 1− d + dNk( ) +ϕk 1− d( )⎡⎣ ⎤⎦ .  (A100) 

Finally, the term φk can be approximated as ln Yj – ln Y
N

, 

 
   
CCxj

k ≈ −ϕ j + −α 1− d + dNk( ) + lnYk − lnY
N⎛

⎝
⎞
⎠ 1− d( )⎡

⎣⎢
⎤
⎦⎥

.  (A101) 

Thus, using the definitions in Table A1, 
  
cCxj

k  can be partitioned into the terms in (A72).   

 

A.10 Conditional variance of Exj(t) in sites held by a conspecific adult 

Here we show that E[(Exj(t) – 1)2|Nxj(t) = 1] ≈ σ2.  A similar proof can be used to show 

that E[(Exj(t) – 1)2|Nxj(t) = 0] ≈ σ2 and E[(Exj(t) – 1)(Exk(t) – 1)|Nxl(t) = 1] ≈ ρσ2 for j ≠ k.  

Under spatio-temporal variation, Exj(t) is independent of Nxj(t).  However, under pure 

spatial variation, they can covary.  The proof below is for pure spatial variation, and thus 

Exj(t) is written simply as Exj. 

 

Proof 

For now, let us call µ = E[(Exj – 1)2|Nxj(t) = 1].  Its exact value is unimportant, as long as 

it is 1 + O(σ2) (which we have shown in (A89)).  Thus, 

 

  

var Exj Nxj (t) = 1( ) = E Exj − µ( )2
Nxj (t) = 1⎡

⎣⎢
⎤
⎦⎥

= E Exj − µ( )2
Nxj (t) Nxj (t) = 1⎡

⎣⎢
⎤
⎦⎥

 . (A102) 

For any Bernoulli random variable z, E[xz] = E[xz | z = 1]P(z = 1), and thus E[xz | z = 1] = 

= E[xz]/P(z = 1).  Therefore,  
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var Exj Nxj (t) = 1( ) = E Exj − µ( )2
Nxj (t)

⎡
⎣⎢

⎤
⎦⎥

/ P Nxj (t) = 1( )
≈ E Exj − µ( )2

Nxj (t)
⎡
⎣⎢

⎤
⎦⎥

/ N j (t)
 . (A103) 

This can be rewritten as the conditional probability 

 

  

var Exj Nxj (t) = 1( ) ≈ E E Exj − µ( )2
Nxj (t) Exj

⎡
⎣⎢

⎤
⎦⎥

⎡
⎣⎢

⎤
⎦⎥

/ N j (t)

= E Exj − µ( )2
E Nxj (t) Exj
⎡
⎣

⎤
⎦

⎡
⎣⎢

⎤
⎦⎥

/ N j (t)
 . (A104) 

By (A55), 
  
E Nxj (t) Exj
⎡
⎣

⎤
⎦ = N j 1+ ξk

k
∑ Exk −1( )⎛

⎝⎜
⎞
⎠⎟

; as we will show, the exact value of 

 ξk  does not matter.  Substituting this into (A104) 

 

  

var Exj Nxj (t) = 1( ) ≈ E Exj − µ( )2
N j 1+ ξk

k
∑ Exk −1( )⎛

⎝⎜
⎞
⎠⎟

⎡

⎣
⎢

⎤

⎦
⎥ / N j (t)

= E Exj − µ( )2
1+ ξk

k
∑ Exk −1( )⎛

⎝⎜
⎞
⎠⎟

⎡

⎣
⎢

⎤

⎦
⎥

= E Exj − µ( )2⎡
⎣⎢

⎤
⎦⎥
+ ξk E Exk −1( ) Exj − µ( )2⎡

⎣⎢
⎤
⎦⎥k

∑

 . (A105) 

Because µ = 1 + O(σ2), E[(Exj – µ)2] ≈ E[(Exj – 1)2] ≈ σ2.  Because we have assumed that 

Exj varies over a finite range, third order terms (such as the expected value in the 

summation) will be o(σ2).  Thus, var(Exj|Nxj(t) = 1) ≈ σ2.   

 � 

 

A.11 Presence of adults in sites with an unfavorable environment-competition interaction 

(ΔκI) 

The term cov(ExjDxj, νxj(t)) determines the fitness-density covariance on the storage 

effect, ΔκI, defined in equation (A43).  Because invaders are so rare, they are only able to 
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affect competition in invader sites, and thus E[ExiDxi] is much higher in invader sites than 

resident sites.  Residents are able to influence competition levels in all sites, and as such 

the difference between E[ExrDxr] in sites held by conspecifics and heterospecifics is 

smaller, making ΔκI negative. 

Using our definition Exj = Exj(t) – 1, (A7), and our approximation of Dxj
k, (A71), 

E[ExjDxj] in a species k site can be rewritten as 

 
 
E ExjD xj Nxk (t) = 1⎡⎣ ⎤⎦ ≈ E Ej −1 Nxk (t) = 1( ) CCxj

k + LCxj
k +QCxj

k + Pxj (t)( )⎡⎣ ⎤⎦  .(A106) 

The terms 
  
CCxj

k , 
  
QCxj

k , and Pxj(t) are O(σ2), and so their contributions to (A106) are 

o(σ2).  Thus, (A106) can be approximated as 

 
 
E ExjD xj Nxk (t) = 1⎡⎣ ⎤⎦ ≈ E Ej −1 Nxk (t) = 1( )LCxj

k⎡⎣ ⎤⎦  . (A107) 

Using the approximation of  LCxj
k  in (A85), we find that in gaps previously 

occupied by species j, E[ExjDxj] is 

 

 

E ExjD xj Nxj (t) = 1⎡⎣ ⎤⎦ ≈ E
Exj −1( )2 1− d + dN j (t)( ) +
Exj −1( ) Exj −1( ) dNk (t)( )

k≠ j
∑ Nxj (t) = 1

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥

 . (A108) 

Since E[Exj(t) – 1|Nxj(t) = 1] and E[Exj(t) – 1|Nxj(t) = 0] are O(σ2) (equation (A87) and 

(A89)), we can still use the approximation E[(Exj(t) – 1)2] ≈ σ2 and E[(Exj(t) – 1)(Exk(t) – 

1)] ≈ σ2ρ, and any error will be o(σ2).  Therefore, (A108) reduces to 

 
 
E ExjD xj Nxj (t) = 1⎡⎣ ⎤⎦ ≈σ

2 1− d + dN j (t)( ) + σ 2ρ
k≠ j
∑ dNk (t)  , (A109) 

which simplifies further to 

 
 
E ExjD xj Nxj (t) = 1⎡⎣ ⎤⎦ ≈σ

2 1− d + dN j (t)( ) +σ 2ρd 1− N j (t)( )  . (A110) 

In gaps previously occupied by species k ≠ j, E[ExjDxj] is, by (A85),  
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E ExjD xj Nxk (t) = 1⎡⎣ ⎤⎦ ≈ E

Exj −1( ) Exk −1( ) 1− d + dNk (t)( ) +
Exj −1( )2 dN j (t)+

Exj −1( ) dNl (t)( )
l≠ j ,k
∑

Nxk (t) = 1

⎡

⎣

⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥

.  (A111) 

This reduces to 

 
 
E ExjD xj Nxk (t) = 1⎡⎣ ⎤⎦ ≈σ

2ρ 1− d + dNk (t)( ) +σ 2dN j (t)+ σ 2ρdNl (t)
l≠ j ,k
∑ ,  (A112) 

which, using 
  

Nk (t) = 1− N j (t)
k≠ j
∑ , further simplifies to 

 
 
E ExjD xj Nxk (t) = 1⎡⎣ ⎤⎦ ≈σ

2ρ 1− d( ) +σ 2dN j (t)+σ
2ρd 1− N j (t)( ) .  (A113) 

Note that (A113) does not dependent on k; thus, by Lemma 1, (A67), cov(ExjDxj, νxj(t)) 

will be proportional to the difference between (A110) and (A113),  

 
 
cov ExjD xj ,ν xj (t)( ) ≈ 1− N j (t)( )σ 2 1− ρ( ) 1− d( ) . (A114) 

Therefore, by our definition of ΔκI, (A43), the fitness-density covariance from the storage 

effect is 

 

 

Δκ I = 1− d( ) 1
n −1

cov ExrD xr ,ν xr (t)( )
r
∑ − cov ExiD xi ,ν xi (t)( )⎡

⎣⎢
⎤
⎦⎥

≈ −
σ 2 1− ρ( ) 1− d( )2

n −1

.  (A115) 

 

A.12 Putting it together 

In the main text, the fitness-density covariance was reported as five terms, rather than 

seven.  This was done because certain fitness-density terms will always occur together.  

Using the terms in Table 3 from main text, fitness-density covariance from habitat 

partitioning, ΔκH, is 
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 Δκ H = Δκ I + ΔκQ . (A116) 

These terms represent all of the ways that either form of habitat partitioning modifies the 

competitive environmental in invader gaps relative to resident gaps.  Similarly, the 

fitness-density covariance from pure-spatial variation, ΔκPS, is 

 Δκ PS = Δκ E + Δκ L . (A117) 

We combine these to determine the net effect of pure spatial variation.  An undispersed 

seed is more likely to land in favorable habitat; however, it will need to compete with 

other undispersed seeds, and thus competition is likely to be higher in favorable sites.  

ΔκPS represents the net effect of these two factors.   

 

Appendix B- Model analysis with non-localized predators 

We compared the effect of non-localized predators to those of localized predators.  When 

predators were non-localized and spatially diffuse, the effect of predation is the same at 

all sites, and defined as 

 Pxj (t) =αN j (t)   (A118) 

This can be substituted into equation (A1), and little of our analysis in Appendix A is 

affected.  Under this definition of Pxj(t), ΔP is unaffected, since 

 ΔP ≈ − E αNi (t)⎡⎣ ⎤⎦ −
1

n −1
E αNr (t)⎡⎣ ⎤⎦

r≠i
∑⎛

⎝⎜
⎞
⎠⎟
= α
n −1

 . (A119) 

When predators are non-localized, this will slightly alter the probability of 

occupying given site, P(Nxj(t) = 1 | Ex1, Ex2,…), (A55).  However, because α is O(σ2), the 

impact will be at most O N j (t)σ
2( ) , and as such, its impact on ΔκE and  

!λ j (t)  will be 

o(σ2). 
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When predators are non-localized, this changes ΔκP and ΔκP-C.  Because Pxj(t) is 

constant across the landscape, cov(Pxj(t), νxj(t)) = 0.  Thus, by the definition of ΔκP (Table 

A2), the fitness-density covariance from predation is with non-localized predators is 

 Δκ P = 1− d( ) 1
n −1

cov Pxi (t),ν xr (t)( )
r
∑ − cov Pxi (t),ν xi (t)( )⎡

⎣⎢
⎤
⎦⎥
= 0  . (A120) 

To calculate ΔκP-C, note that 
  
CpCxj

k  is different when predators are non-localized.  

Using (A118), the approximation of 
  
CCxj

k  in equation (A100) becomes 

 
   
CCxj

k ≈ −ϕ j + −αNk 1− d + dNk( ) +ϕk 1− d + dNk( ) + ϕ l Nl (t)d
l≠k
∑ − αNl

2(t)d
l≠k
∑⎡

⎣⎢
⎤
⎦⎥

. (A121) 

Therefore, 
  
CpCxj

k , the effect that predators has on competition in a species k site, 

becomes 

    
CpCxj

k = −αNk 1− d( ) . (A122) 

The other α terms in (A121) do not contribute to 
  
CpCxj

k , because they will be the same 

regardless of the species identity (and thus will contribute to cj).   

Under non-localized predation, the storage effect from the interaction between 

predation and competition, ΔκP-C, works slightly differently.  In resident gaps, all seeds 

experience some amount of predation, but in invader gaps, the undispersed seeds 

experience no predation.  As a result, there are more seeds competing for invader gaps.  

From equation (A122), we see that the difference between 
  
CpCxj

j  and the Nk  -weighted 

mean of 
  
CpCxj

k  for k ≠ j is  

 
   
CpCxj

j − 1
1− N j (t)

CpCxj
k

k≠ j
∑ =αN j (t) 1− d( )− 1

1− N j (t)
αNk (t)2 1− d( )

k≠ j
∑ , (A123) 
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which simplifies to  

 
   
CpCxj

j − 1
1− N j (t)

CpCxj
k

k≠ j
∑ =

αN j (t) 1− d( )
1− N j (t)

− 1
1− N j (t)

αNk (t)2 1− d( )
k=1

n

∑ . (A124) 

Thus, by our lemma, (A67),  

 
   
cov CpCxj

k ,ν xj (t)( ) ≈αN j (t) 1− d( )− αNk (t)2 1− d( )
k=1

n

∑ . (A125) 

Thus, with non-localized predators, the fitness-density covariance from a predation-

competition interaction is 

 

   

Δκ P−C = 1− d( ) 1
n−1

cov CpCxr
k ,ν xr (t)( )− cov CpCxi

k ,ν xi(t)( )
r
∑⎡

⎣⎢
⎤

⎦⎥

= − 1− d( )2 α
n−1

.  (A126) 

 

Appendix C- Derivation of the predation risk, α 

C.1 Relatively specialized predators 

The predation risk, α, was introduced as the reduction in competitive ability due to 

specialist natural enemies.  Here we show that α can also represent the effect of relative 

specialists, that have some effect on trees other than their main hosts.  We will begin with 

localized predators.  Define αc as the effect that the natural enemies in species j gaps have 

on species j seedlings, and αh as the effect they have on other (heterospecific) seedlings.  

Under localized predation, the probability that a seedling of species j will capture a 

conspecific gap is 

 

  

P capture( ) = 1− d + dN j (t)( )Yj Exj (t) 1−α c( )
1− d + dN j (t)( )Yj Exj (t) 1−α c( ) + Yr Exr (t) 1−α h( )

r≠ j
∑

.  (A127) 



 

 93 

If we define 1 – α = (1 – αc)/(1 – αh), and divide the numerator and denominator of 

(A127) by (1 – αh), then it becomes 

 

  

P capture( ) = 1− d + dN j (t)( )Yj Exj (t) 1−α( )
1− d + dN j (t)( )Yj Exj (t) 1−α( ) + Yr Exr (t)

r≠ j
∑

. (A128) 

This is identical to the recruitment probability when the natural enemies are pure 

specialists with an effect α.  Identical techniques can be used to calculate the probability 

of capturing a heterospecific gap.  Note that when αc and αh are small, we can 

approximate α as 

 
  
α = 1−

1−α c

1−α h

≈α c −α h  . (A129) 

An analogous formula could be written for non-localized predators.  In this case, 

the effect of predators on species j will be 
  
α c N j (t)+α h 1− N j (t)( )  at all sites, since a 

fraction   
N j (t)  of predators will relatively specialized on j, and the remainder will be 

specialized on other species.  If we define α = αc – αh, then the effect of predators can be 

simplified to   
αN j (t)+α h .  Thus, the probability that species j will recapture a site it 

previously occupied is 

 

  

P capture( ) = 1− d + dN j (t)( )Yj Exj (t) 1−αN j (t)−α h( )
1− d + dN j (t)( )Yj Exj (t) 1−α c N j (t)−α h( ) + Yr Exr (t) 1−αNr (t)−α h( )

r≠ j
∑

.(A130) 

When αh is small, this amounts to reducing the survival of all seeds by a uniform amount 

αh.  This has no effect on the outcome of lottery competition (Chesson and Warner, 

1981).   
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Thus, under both localized and non-localized predation, α is a measurement of the 

degree of relative specialization, and relative specialists have an impact that is equivalent 

to less effective pure specialists.   

 

C.2 Predation in continuous time 

The predation risk was defined as a discrete variable, but in reality, predation is 

continuous processes.  However, our α has a continuous-time equivalent.  Consider a gap 

with p predators, whose foraging behavior follows a Type I functional response (Holling, 

1959) with an attack rate of a.  We will define u = 0 as the first moment that seeds are 

exposed to predators, and u = 1 as the last moment within a time-step that predators can 

affect seedlings; we will then scale a according to this time-scale.  Under this situation, 

the per-seed predation rate is 

 
∂ seeds( )

∂u
= −ap ,  (A131) 

and the probability that a seed will survive from time u = 0 to u = 1 is 

 P seed survives( ) = seeds at u = 1
seeds at u = 0

= e−ap ≈ 1− ap( )   (A132) 

(Hassell, 2000).  Thus, our predation risk α is approximately equal to ap. 

 

Appendix D- Calculating the relative recruitment probabilities in sites held by 

conspecifics and heterospecifics 

Here we calculate the average performance of a seedling (i.e., its probability of capturing 

a site, given by (1) in the main text) in a site previously held by a conspecific or 

heterospecific adult.  We consider the case where there is pure-spatial environmental 
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variation and localized predators.  The performance of species j in a site held by a 

conspecific, PrC, is 

 PrC = E
Exj 1−α( )

1− d + dN j (t)( )YjExj 1−α( ) + dNr (t)YrExr
r≠ j
∑

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥

.  (A133) 

Note that because we are considering pure-spatial variation, we write the effect of habitat 

as Exj, rather than Exj(t).  The average performance of species j in a site held by a 

heterospecific, PrH, is 

 PrH = 1
1− N j (t)

Nk (t)E
Exj

1− d + dNk (t)( )YkExk 1−α( ) + dNr (t)YrExr
r≠k
∑ Nxk (t) = 1

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥k≠ j

∑ . (A134) 

We will approximate PrC and PrH using a first order Taylor expansion around the 

points Exj = Exk = 1, α = 0, and Yj = Yk = Y
N

, where Y
N

is the N -weighted mean of the Yk 

values.  Our fixed value for PrC and PrH is thus Y
N( )−1 .  Under this approximation, PrC 

becomes 

 PrC ≈ E 1
Y

N + Er −1( ) ∂Pr
C

∂Err=1

n

∑ + Yr −Y
N( ) ∂PrC∂Yrr=1

n

∑ + α − 0( ) ∂Pr
C

∂α
⎡

⎣
⎢

⎤

⎦
⎥ .  (A135) 

If we calculate E[Exj – 1] and E[Exk – 1] using (A89), this simplifies to 

 PrC ≈ 1
Y

N

1+Θ− N j (t)Θ−α − Θ −α +ϕ j( ) 1− d( )− N j (t) Θ 2d −1( )− dα( )...

− Nr (t)
2 1− d 1+Θ−α( )( )

r=1

n

∑ + o σ 2( )

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

, (A136) 

where φj is the proportional difference between Yj and Y
N

 (Table A1), and Θ, defined in 

(A87), is E[Exj – 1|Nxj(t) = 1] – E[Exj – 1|Nxj(t) = 0].  Similarly, PrH can be approximated 

as 
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 PrH ≈ E 1
Y

N + Er −1( ) ∂Pr
H

∂Err=1

n

∑ + Yr −Y
N( ) ∂PrH∂Yrr=1

n

∑ + α − 0( ) ∂Pr
H

∂α
⎡

⎣
⎢

⎤

⎦
⎥ ,  (A137) 

which, using (A89) to calculate E[Exj – 1] and E[Exk – 1], simplifies to 

 PrH ≈ 1
Y

N

1− N j (t)Θ− Θ−α +ϕ r≠ j( ) 1− d( )− Nk (t)
2 Θ 2d −1( )− dα( )
1− N j (t)k≠ j

∑ ...

− Nr (t)
2 1− d 1+Θ−α( )( )

r=1

n

∑ + o σ 2( )

⎛

⎝

⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟

, (A138) 

where ϕ r≠ j  is Nr  -weighted mean value of φr for all species except j.   

An individual of species j performs better in a site held by a conspecific whenever 

PrC > PrH.  By (A136) and (A138), the approximation ϕ j −ϕ
r≠ j( ) /Y N ≈ lnYj − lnYr

r≠ j
, 

and some algebraic simplification, we see that PrC > PrH when 

 Θ−α − lnYj − lnYr
r≠ j( ) 1− d( )− N j (t) Θ 2d −1( )− dα( ) + Nk (t)

2 Θ 2d −1( )− dα( )
1− N j (t)k≠ j

∑ > 0 . (A139) 

Equation (A139) can be rearranged to be 

 

Θ 1− 2d −1( ) −N j (t)+
Nk (t)

2

k≠ j
∑
1− N j (t)

⎛

⎝

⎜
⎜⎜

⎞

⎠

⎟
⎟⎟

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
> ...

α 1− d −N j (t)+
Nk (t)

2

k≠ j
∑
1− N j (t)

⎛

⎝

⎜
⎜⎜

⎞

⎠

⎟
⎟⎟

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
+ lnYj − lnYr

r≠ j( ) 1− d( )

.  (A140) 

The parenthetical term on the left hand side is always positive.  Therefore,  
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 Θ >

α 1− d −N j (t)+
Nk (t)

2

k≠ j
∑
1− N j (t)

⎛

⎝

⎜
⎜⎜

⎞

⎠

⎟
⎟⎟

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
+ lnYj − lnYr

r≠ j( ) 1− d( )

1− 2d −1( ) −N j (t)+
Nk (t)

2

k≠ j
∑
1− N j (t)

⎛

⎝

⎜
⎜⎜

⎞

⎠

⎟
⎟⎟

.  (A141) 

Because Θ ≈ σ2(1 – ρ)(2 – d), we find that seeds will have higher average performance in 

sites held by a conspecific whenever 

 σ 2 1− ρ( ) >

α 1− d −N j (t)+
Nk (t)

2

k≠ j
∑
1− N j (t)

⎛

⎝

⎜
⎜⎜

⎞

⎠

⎟
⎟⎟

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
+ lnYj − lnYr

r≠ j( ) 1− d( )

1− 2d −1( ) −N j (t)+
Nk (t)

2

k≠ j
∑
1− N j (t)

⎛

⎝

⎜
⎜⎜

⎞

⎠

⎟
⎟⎟

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
2 − d( )

,  (A142) 

and they will perform better in sites held by a heterospecific whenever σ2 is less than this.   

 

Appendix E- Computer simulation 

A computer simulation was created to test the accuracy of the approximation for large 

values of σ2 and α, and for large differences in Yj.  For these simulations, an environment 

was created with a large number of gaps (typically X = 50,000).  During each time step, 

adult trees were randomly killed, and new trees were selected to replace them.  The 

number of seeds arriving at each open gap was calculated, their competitive ability was 

assessed as a function of Exj(t) and α, and the chance that species j was able to claim a 

location was proportional to their fraction of the total number of seeds.  Which species 

actually captured an open gap was chosen randomly. 
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For each set of parameters, the simulation was run for a set period of time.  The 

mean values of λxj(t), Exj, Cxj, ExjCxj, and cov(Exj(t)/Cx(t), νxj(t)) were calculated for each 

species, as were    
!λi(t) , ΔP, ΔI, and Δκ.  The invader’s finite rate of increase during a 

particular year,    
!λi(t) , was calculated as Ni(t + 1)/Ni(t) in each time step.  We used the 

geometric mean of    
!λi(t)  over multiple time-steps to estimate the actual invader finite rate 

of increase.  Because of the stochastic nature of our simulations, simulations were run for 

a long time period, and the mean value was calculated using several hundred time-steps.  

We found that 250 time-steps were enough to greatly reduce the variance in the 

geometric mean of    
!λi(t) .  Similarly, we found that autocorrelation in Nxj(t) rapidly 

declined with time (generally reaching a steady state after about 10 time steps with the 

values of δ we were using).  Simulations were run for 150 time-steps without the invader, 

then 325 time-steps with the invader, and the stabilizing mechanisms were calculated 

using the last 250 time-steps.   

Invader populations were maintained at a very low level, typically around   Ni(t)  = 

0.001 (about 50 gaps).  The invader’s population was allowed to fluctuate within a 

particular range of this (e.g., between 0.0004 and 0.0012).  If the population rose or 

shrunk beyond this range, it was artificially altered.  When there were too many invaders, 

a random subset were killed, and replaced with random residents.  Because resident 

populations tended to number in the tens of thousands, the addition of a few individuals 

did not alter their population dynamics.  When there were too few invaders, individuals 

were added around the landscape (and the resident in each location was killed).  In order 

to minimize any effect on the fitness-density covariance, each new invader was placed in 



 

 99 

an area that had an Exi value that was similar to the Exi value of a random current invader.  

Simulations suggested that the impact on cov(Exj(t), νxj(t)) was small.  In either case, 

 
!λi (t)  values were calculated before the populations were altered.   

We tested whether the effects of habitat partitioning and predator partitioning 

really combined additively by simulating the effect of each mechanisms on its own, then 

simulating both mechanisms together (Fig. 2, main text).  The geometric mean value of 

 
!λi (t)was for each situation.  The purely additive situation was simply the sum of  

!λi (t)  

values for each mechanism acting by itself.  If there were no interactions, this would be 

the same as  
!λi (t)  when both mechanisms were present.  We found that the purely 

additive value of  
!λi (t)  was slightly higher than  

!λi (t)  when interactions were considered 

(Fig. 2, main text), suggesting that there is a slightly synergistic effect.  However, these 

effects were generally very minor. 

We also tested the quality of our approximations by determining coexistence 

regions (i.e., Yi values giving positive invasion rates, Fig. E.1).  We estimated the Yi that 

produced an invasion rate of zero using quadratic regression.  For a given Yr, simulations 

were run for a range of Yi values.  At the end of the simulation, the exact geometric mean 

of  
!λi (t)  (here called λexact), and the value of (1 + ln Yi – ln Yr + ΔP + ΔI + Δκ) = λapprox 

were calculated.  Then, quadratic regression was run on ln(λexact) and ln(λapprox) (with Yi as 

the independent variable) to estimate what the value of Yi that would produce  
!λi (t)  = 1.  

Quadratic regression was used because it produced much more reliable results than linear 

regression.   
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Overall, we found the approximations worked well.  Fig. E.1 shows a typical 

result.  They slightly underestimate the coexistence region.  However, the difference 

appears very minor, even as α and σ2 grow to moderate levels.  

 

Appendix F- Alternative definition of λxj(t) 

As defined in (A1), the term λxj(t) in locations where Nxj(t) = 0 assumes that an adult of 

species j has no effect on competitive factors at site x.  An alternative definition would be 

for λxj(t) to include the competitive effects that an adult of species j would have at site x 

were Nxj(t) = 1.  Under this definition, 

 
  
λxj (t) = 1−δ +δ

1− d( )Yj Exj (t)Pxj
j (t)

Cx
j (t)

+ E δ
dYj Eyj (t)Pyj (t)

Cy (t)
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

 . (A143) 

where Pxj
j(t) and Cx

j(t) are defined as what Pxj(t) and Cx(t) would be if the site was held 

by species j,  

 
Pxj

j (t) = Pxj (t) Nxj (t) = 1( ) = 1−α
Cx

j (t) = Cx (t) Nxj (t) = 1( ) = 1− d + dN j (t)( ) 1−α( )YjEj (t)+ dN j (t)YkEk (t)
k≠ j
∑  .(A144) 

(Note: Here we are deriving λxj(t) for localized predators; similar techniques could be 

used for non-localized predators.) 

As we will show, our derivation of the stabilizing mechanisms using (A143) is 

similar to their derivation using (A1), except that most of the fitness-density covariance 

terms that are due to self-competition become part of ΔD or ΔI.  This happens because in 

(A143), λxj(t) takes self-competition into account at all sites (and thus its effect is 

constant), whereas (A1) only accounts for self-competition is sites where Nxj(t) = 1 (and 

thus it covaries with density).  However, the total mechanism strength does not change. 
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When we calculate  
!λ j (t)  using equation (A2), and we find that 

 

   

!λ j (t)−1

δ
= −1+ 1− d( )Yj E

Exj (t)Pxj
j (t)

Cx
j (t)

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
+ dYj E

Exj (t)Pxj (t)

Cx (t)

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

+ 1− d( )Yj cov
Exj (t)Pxj

j (t)

Cx
j (t)

,ν xj (t)
⎛

⎝
⎜

⎞

⎠
⎟

.  (A145) 

Under this definition, the normalized growth rate becomes  

 
  

λxj (t)−1
δ

= 1− d( )Gj Exj (t), Fxj
j (t)( ) + dE Gj Exj (t), Fxj (t)( )⎡

⎣
⎤
⎦  , (A146) 

where Fxj
j (t) = Cx

j (t) / Pxj
j (t)  is the competitive effects at x when Nxj(t) = 1.  Because 

Fxj
j (t) ≠ Fxj (t) , we must define an alternative Dxj for the density-dependent effects 

experienced by retained seeds, 

 
 
D xj

* = G Ej
*(t),Fxj

j (t)( ) = Yj
1
Fj
* −

1
Fxj

j (t)
⎛

⎝⎜
⎞

⎠⎟
= 1−

YjPxj
j (t)

Cx
j (t)

 , (A147) 

which can be inverted to be 

 
 

Pxj
j (t)

Cx
j (t)

=
D xj

* −1
Yj

 , (A148) 

Because we have two different definitions of Dxj, it is not possible to follow the 

framework of Chesson (2000a) exactly.  Our analysis attempts to follow this framework 

as closely as possible. 

Substituting (A8) and (A148) into (A145), we find that  

 

    

!λ j (t)−1

δ
= E Exj

⎡⎣ ⎤⎦ − 1− d( )E D xj
*⎡⎣ ⎤⎦ − dE D xj

⎡⎣ ⎤⎦ − 1− d( )E ExjD xj
*⎡⎣ ⎤⎦

−dE ExjD xj
⎡⎣ ⎤⎦ + 1− d( )cov Exj −D xj

* −ExjD xj
*,ν xj (t)( )

 . (A149) 



 

 102 

Therefore, when the invasion rate is written as an invader-resident comparison, it 

becomes 

 
   

!λi(t)−1
δ

=
!λi(t)−1
δ

− 1
n−1

!λr (t)−1
δ

≈ ΔE + ΔDd + ΔDr + ΔI d + ΔI r + Δκ
r≠i
∑  (A150) 

where the difference in environmental conditions is 

 
   
ΔE = E Exi⎡⎣ ⎤⎦ −

1
n−1

E Exr⎡⎣ ⎤⎦
r
∑  , (A151) 

the difference in density-dependence for dispersed seeds is 

 
   
ΔDd = 1

n−1
dE D xr⎡⎣ ⎤⎦

r
∑ − dE D xi⎡⎣ ⎤⎦  , (A152) 

the difference in density-dependence for retained seeds is 

 
   
ΔDr = 1− d

n−1
E D xr

*⎡⎣ ⎤⎦
r
∑ − 1− d( )E D xi

*⎡⎣ ⎤⎦  , (A153) 

the storage effect for dispersed seeds is 

 
   
ΔI d = 1

n−1
dE ExrD xr⎡⎣ ⎤⎦

r
∑ − dE ExiD xi⎡⎣ ⎤⎦  , (A154) 

the storage effect for retained seeds is 

 
   
ΔI r = 1− d

n−1
E ExrD xr

*⎡⎣ ⎤⎦
r
∑ − 1− d( )E ExiD xj

*⎡⎣ ⎤⎦  , (A155) 

and the fitness-density covariance is 

 
   
Δκ = 1− d( )cov Exi −D xi

* −ExiD xi
*,ν xi(t)( )− 1− d

n−1
cov Exr −D xr

* −ExrD xr
*,ν xr (t)( )

r
∑ . (A156) 

As before, we will partition Δκ as 

 Δκ = Δκ E + Δκ F + Δκ I   (A157) 

where the fitness-density covariance from the environment is 
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Δκ E = 1− d( )cov Exi ,ν xi(t)( )− 1− d

n−1
cov Exr ,ν xr (t)( )

r
∑ ,  (A158) 

the fitness-density covariance from density-dependent factors is 

 
   
Δκ F = 1− d

n−1
cov D xr

*,ν xr (t)( )
r
∑ − 1− d( )cov D xi

*,ν xi(t)( ) ,  (A159) 

and the fitness-density covariance from storage is 

 
   
Δκ I =

1− d
n−1

cov ExrD xr
*,ν xr (t)( )

r
∑ − 1− d( )cov ExiD xi

*,ν xi(t)( ) .  (A160) 

The derivation of ΔE, ΔDd, ΔId, and ΔκE are identical to the previous derivation of 

ΔE, ΔD (i.e., (A28) and (A29)), ΔI (i.e., (A39)), and ΔκE (i.e., (A62)), except that ΔId and 

ΔDd are weighted by d.  Thus,  

 ΔE ≈ 0  , (A161) 

 ΔI d = d
σ 2 1− ρ( )
n −1

 , (A162) 

 ΔDd = d lnYi − lnYr( ) + ΔPd  , (A163) 

where the effect of specialized predation on dispersed seed is 

 ΔPd = d α
n −1

 , (A164) 

and  

 Δκ E ≈ 1− d( ) 2 − d( )σ 2 1− ρ( )
n −1

 . (A165) 

The remaining terms will be described below. 

 

F.1 ΔDr- The difference in density-dependent factors for retained seeds 
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We first approximate Djx
*, density-dependence in a site held by j, using a Taylor series 

around Exj(t) = 1 for all j.  We will approximate Djx
* using the same formula we used to 

approximated Djx
k , (A68), (A70) and (A71),  

    
D xj

* ≈ Pxj
j (t)+CCxj

j + LCxj
j +QCxj

j , (A166) 

where each term is given in Table A1.  As before 
  
CCxj

j , 
  
LCxj

j , and  QCxj
j  represent the 

constant, linear, and quadratic terms in a Taylor series approximation of  Cxj
j  (i.e., the 

level of competition in a species j site).  Here we partition 
  
CCxj

k  as 

    
CCxj

j ≈ c* +CyCxj
j +CpCxj

j   (A167) 

where 

 

   

c* =α (1− d)+ lnY
N

(1− d)
Cy 'Cxj

j = d lnYj

CpCxj
j = −αdN j (t)

 , (A168) 

as described in “A.9 Partitioning 
  
CCxj

k .”  Note that here c* and    
Cy 'Cxj

k  differ slightly from 

cj and 
  
CyCxj

k  (Table A1), as the terms in cj that was unique to species j is now part of 

   
Cy 'Cxj

j , rather than c*.  Thus, 

 
   
D xj

* ≈ c* +Cy 'Cxj
j +CpCxj

j + LCxj
j +QCxj

j + Pxj
j (t)

  

. (A169) 

Only the terms    
Cy 'Cxj

j , 
  
CpCxj

j , and 
  
QCxj

j  affect ΔDr, because the terms c* and Pxj
j(t) (i.e., 

(A144)) do not vary between species, and the mean value of 
  
LCxj

j  (Table A1) will be 0 

for each species.  Thus, ΔDr can be partitioned into 

  ΔDr = ΔY r + ΔPr + ΔN r   (A170) 
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where  

 
   
ΔY r = 1− d

n−1
E Cy 'Cxr

r⎡⎣ ⎤⎦
r
∑ − 1− d( )E Cy 'Cxi

i⎡⎣ ⎤⎦  , (A171) 

 
   
ΔPr = 1− d

n−1
E CpCxr

r⎡⎣ ⎤⎦
r
∑ − 1− d( )E CpCxi

i⎡⎣ ⎤⎦  , (A172) 

and 

 
   
ΔN r = 1− d

n−1
E −NCxr

r⎡⎣ ⎤⎦
r
∑ − 1− d( )E NCxi

i⎡⎣ ⎤⎦  . (A173) 

By definitions of    
Cy 'Cxj

j  and 
  
CpCxj

j , (A168),  

 
  
ΔY r = d(1− d) lnYi − lnYr( )  , (A174) 

and 

 ΔPr = d 1− d( ) α
n −1

 . (A175) 

As with ΔκY and ΔκP-C, ΔYr and ΔPr occur because of resident-invader differences in 

yield and predation affect the number of seeds in an invader or resident site.  Similarly, 

using our approximation of 
  
QCxj

j , (A94), we find that 

 
  
ΔN r ≈ −2d 1− d( )2 σ 2 1− ρ( )

n−1
.  (A176) 

As with ΔκN, ΔNr occurs because invader seeds that are not dispersed experience less 

variation in competition than resident seeds that are not dispersed.   

Thus, we have found that the effects previously contributing to ΔκY, ΔκP-C, and 

ΔκN now contribute to ΔDr.  However, the sum effect of each did not change, rather ΔP + 

ΔκP + ΔκP-C = ΔPd + ΔPr, and ΔκN = ΔNr, and the sum of terms contributing to ΔκY and 

the mean fitness difference are still the same.   
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F.2 ΔIr- the storage effect for retained seeds 

Using or definition of Exj, (A7), and our approximation of Dxj
*, (A166),  

 
 
E ExjD xj

*⎡⎣ ⎤⎦ ≈ E Ej −1( ) Pxjj (t)+CCxj
j + LCxj

j +QCxj
j( )⎡⎣ ⎤⎦  . (A177) 

The terms Pxj
j(t) and  CCxj

j  are constant, and  QCxj
j  is small, so their contribution to ΔIr 

will be o(σ2).  Thus,  

 
 
E ExjD xj

*⎡⎣ ⎤⎦ ≈ E Ej −1( )LCxj
j⎡⎣ ⎤⎦  . (A178) 

By approximating  LCxj
j  with (A85),  

 
 
E ExjD xj

*⎡⎣ ⎤⎦ ≈ E Ej −1( ) 1− d + dN j (t)( )− Exk −1( ) dNk (t)( )
k≠ j
∑⎛

⎝⎜
⎞

⎠⎟
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

,  (A179) 

Thus, 

 

 

E ExjD xj
*⎡⎣ ⎤⎦ ≈σ

2 1− d + dN j (t)( ) + σ 2ρ
k≠ j
∑ dNk (t)

=σ 2 1− ρ( )dN j (t)+σ
2ρ 1− d( ) +σ 2ρd

 , (A180) 

Therefore,  

 
   
ΔI r = 1− d

n−1
E ExrD xr⎡⎣ ⎤⎦

r
∑ − 1− d( )E ExiD xj

*⎡⎣ ⎤⎦ ≈ d 1− d( )σ
2 1− ρ( )
n−1

 . (A181) 

As with ΔDr terms, the effect of self-competition previously attributed to ΔκI is 

now part of ΔIr, and ΔI + ΔκI = ΔId + ΔIr. 

 

F.3 ΔκF- the fitness-density covariance from density-dependent factors 

We will again approximate Dxj
* with (A166).  We see that Pxj

j(t) and  CCxj
j  are identical 

between sites where Nj(t) = 1 and Nj(t) = 0, and differences in the  QCxj
j  terms will o(σ2).  
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Thus, none will contribute significantly to ΔκF.  However, the term  LCxj
j  may vary when 

there is pure-spatial variation, because E[Exj(t) – 1|Nj(t)] ≠ 0.  

We approximate  LCxj
j  using (A85).  Using our definition of E[Exj(t) – 1 | Nxj(t) = 

1] and E[Exj(t) – 1 | Nxj(t) = 0] derived in (A89), we find that in sites held by a conspecific 

adult,  

 
 
E LCxj

j N j t( ) = 1⎡⎣ ⎤⎦ ≈ −Θ 1− N j (t)( ) 1− d + dN j (t)( )− −ΘdNk
2 (t)

k≠ j
∑ , (A182) 

where Θ = E[Exj(t) – 1|Nxj(t) = 1] – E[Exj(t) – 1|Nxj(t) = 0], is defined in (A87).  Equation 

(A182) can be simplified to  

 
 
E LCxj

j N j t( ) = 1⎡⎣ ⎤⎦ ≈ −Θ 1− d + 2dN j (t)− N j (t)+ dNk
2 (t)

k=1

n

∑⎛
⎝⎜

⎞
⎠⎟

. (A183) 

In sites held by a heterospecific adult, 

 
 
E LCxj

j Nk t( ) = 1⎡⎣ ⎤⎦ ≈ −ΘN j (t) 1− d + dN j (t)( )−Θ 1− Nk (t)( )d − −ΘdNl (t)
l≠ j ,k
∑ , (A184) 

which can be simplified to 

 
 
E LCxj

j Nk t( ) = 1⎡⎣ ⎤⎦ ≈ −Θ −N j (t)+ dN j (t)+ −d + dNk (t)+ dNk
2 (t)

k=1

n

∑⎛
⎝⎜

⎞
⎠⎟

. (A185) 

Combining (A183), (A185), and Lemma 1 (i.e., (A67)) we find that  

 

 

cov LCxj
j ,ν j (t)( ) ≈ 1− N j (t)( )

−Θ 1− d + 2dN j (t)− N j (t)+ dNk
2 (t)

k=1

n

∑⎛
⎝⎜

⎞
⎠⎟
−

−Nk (t)Θ −N j (t)+ dN j (t)− d + dNk (t)+ dNk
2 (t)

k=1

n

∑⎛
⎝⎜

⎞
⎠⎟k≠ j

∑
1− N j (t)

⎛

⎝

⎜
⎜
⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟
⎟
⎟

= −Θ 1− N j (t)( ) 1− d + dN j (t)( )− −ΘdNk
2 (t)

k≠ j
∑

 .(A186) 
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Only the first term varies with species identity, and so it is the only term to contribute to 

ΔκF.  Thus,  

 Δκ F ≈ − 1− d( )σ
2 1− ρ( ) 2 − d( ) 1− 2d( )

n −1
.  (A187) 

Thus, the one term from our previously defined ΔκF that remains was the fitness-density 

covariance due to increased competition due to pure-spatial variation, ΔκL. 

This term will be 0 when there is spatio-temporal variation, because cov(Exj(t), 

νxj(t)) = 0. 

 

F.4 ΔκI- the fitness-density covariance from the storage effect 

As with our derivation of ΔIr, only the first-order derivative makes significant 

contribution to E[ExjDxj
*].  However, this value will be approximately the same in 

conspecific and heterospecific gaps, and thus by Lemma 1, (A67), ΔκI ≈ 0. 

 

Appendix G- Comparison to Adler and Muller-Landau (2005) 

Here we show why the results of Adler and Muller-Landau (2005) appeared to differ 

from ours.  The Adler and Muller-Landau model simulated forest diversity in a one 

hectare plot, which was open to immigration.  They found that species richness was the 

highest when both predators and seeds dispersed very short distances.  This section 

summarizes their model, explains why we believe that limited predator dispersal 

promoted species coexistence (rather than undermining it), and shows simulation results 

to back up our claim. 

The forest plot in Adler and Muller-Landau model contains a fixed number of 

adults (100 in reported simulation runs).  In their most basic model, one adult is killed at 
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random with equal probability at the start of each time step.  A seed is produced, either 

from a random adult within the local community (with 99% probability in reported 

simulation runs), or as an immigrant from a rich species pool (1% probability).  If the 

seed came from an adult in the local community, it is dispersed, and may be killed by 

distance-responsive predators.  The probability of seed survival is a decreasing function 

of the number of natural enemies a seed encounters, which are dispersed from each 

conspecific adult (e.g., with an exponential distribution).  Predator dispersal was 

normalized, so that changing predator dispersal distances does not change the number of 

predators in the plot.  If the seed is killed, a new seed is generated from the local 

community or through immigration, and the process is repeated until a seed survives and 

becomes an adult.  Immigrant seeds are placed randomly in the plot, and will never be 

killed by specialist predators (because there are no nearby adults to generate predators).   

Natural enemies have two effects on species richness in the Adler and Muller-

Landau model.  First, as with our model, predators reduce the survival of common tree 

species relative to rare ones.  As a result, rare species were less likely to go extinct.  

Second, predators increased immigration by reducing seed survival of all species within 

the community, while having no effect on the survival of immigrant seeds.  When seed 

survival within the local community was low, immigrants had a survival advantage 

relative to species within the community, and more new species entered the plot each 

generation.   

Here we attempt to delineate the separate effects of reducing survival of the 

common species and increasing immigration.  First, we simulated forest dynamics, using 

the parameters listed in Table 1 of Adler and Muller-Landau (2005).  Our simulation 
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results generally matched those originally reported by in Table 2 and Fig. 1 of Adler and 

Muller-Landau (2005).  For each simulation, we recorded the number of new species that 

entered the system per 100 time steps, which we call the effective immigration rate, 

µeffective.  If predators had no effect on immigration, µeffective would be close to the actual 

immigration rate of 1 (i.e., 1% chance that newly recruited adults were immigrants); if 

µeffective was greater than 1, this indicates that adult were replaced by an immigrant more 

than 1% of the time.  We then simulated the dynamics of a community with no predators 

and an immigration rate of (µeffective)%.  This predator-free model was functionally 

identical to the neutral model (Hubbell, 2001), in which rare species gained no advantage.  

By comparing the results of the neutral community to those of the Adler and Muller-

Landau model, we could determine how much species richness could be attributed to an 

increase in immigration alone.   

Overall, we found that low seed and predator dispersal mainly promoted 

coexistence through an increase in immigration (Fig. G.1).  Low seed and predator 

dispersal resulted in a high µeffective, and species richness in the neutral community was 

nearly the same as species richness in the Adler and Muller-Landau community.  In this 

case, µeffective was so high because most seeds experienced high levels of predation due to 

being in close proximity to their parents, and thus seed survival was uniformly fairly low 

(consistent with Figure 4(a) of Adler and Muller-Landau, 2005).  We found that 

increasing seed or predator dispersal lowered µeffective, because more seeds were able to 

escape from their parent’s predators, and thus they had a high probability of survival 

(consistent with Figure 4(a) of Adler and Muller-Landau, 2005).  Increasing seed and 

predator dispersal decreased the fraction of species richness that could be explained by 
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immigration alone (Fig. G.1).  Thus, more species richness resulted from stability within 

the local community when seeds and predators were widespread.   

In the Adler and Muller-Landau model, the combined effect of increased 

stabilization and reduced immigration often meant that species richness was highest when 

predators and seeds had extremely short dispersal distances (Fig. G.1).  Thus, their main 

result is due to the effect of immigration– a process important on a one hectare scale, but 

not the scale of an entire community (Chesson, 2000b).  When we consider only 

stabilizing processes within the one hectare of the local community, their model fully 

agrees with ours.   
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Table 1. 

List of variables. 

Symbol Description 
δ Probability of adult death per time step. 
n The number of species in the forest.   

Nxj(t) The number of individuals of species j in site x at time t (it will be 0 or 1). 
X The total number of sites. 

N j (t)  The mean density of species j on the landscape, 1
X

Nxj (t)
x=1

X

∑ .   

d The fraction of seeds that are dispersed beyond their parent’s site. 

Yj 
The performance-weighted number of seeds produced by spp. j, know as the 
yield.   

Exj(t) 
The amount by which a spp. j seed is more or less competitive in location x 
at time t, due to habitat. 

ρ The correlation between ln Exj(t) and ln Exk(t), for all j ≠ k. 
σ2 The variance of ln Exj(t), for all j. 

Pxj(t) 
The effect of predators on species j at site x, Pxj(t) = αNxj(t) for localized 
predators and Pxj (t) =αN j (t)  for non-localized predators. 

α The amount that a species’ competitive ability is reduced by predators.   
Cx(t) The amount of competition experienced by all individuals in location x. 

λxj(t) 
The expected survival + reproductive output of an individual of species j in 
location x at time t. 

 
λ j (t)  

The population-level finite rate of increase of species j, 

 
λ j (t) = N j (t +1) / N j (t) . 

νxj(t) The relative density of spp. j at location x, νxj(t) = Nxj (t) / N j (t) .  
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Table 2. 

Terminology. 

Term Definition 

Janzen-Connell 
hypothesis 

Tree diversity in tropical forests is maintained in part by 
specialist predators that are distance- or density-responsive. 

  
Predator An organism that benefits from consuming or harming one 

of the tree species in the forest (i.e., a natural enemy). 
  
Distance-responsive 
predator 

A predator that lowers seed and seedling survival or growth 
near adults of their main host. 

  
Localized predators Predators who only occur in sites previously held by an 

adult of their main host (i.e., an extreme form of distance-
responsive predators). 

  
Non-localized predators Predators who are spread uniformly across the forest, and 

whose density depends on the density of their main host. 
  
Strict specialist A specialist predator that only harms its main host. 
  
Relative specialist A predator that is most harmful to its main host, but that 

also harms other host species.   
  
Predator partitioning Coexistence is promoted between prey species because they 

are limited by different (strict or relative) specialist 
predators.   

  
Habitat partitioning Coexistence is promoted because different species grow 

differently in different locations due to spatially varying 
environmental factors.   

  
Invader A tree species that has been reduced to zero population 

density. 
  
Resident A tree species that is at equilibrium population density. 
  
Invasion rate The invader’s above-zero rate of population increase on a 

per-generation timescale, 
 
!λi (t)−1( ) /δ . 

  
Average fitness 
difference 

A quantitative measurement of how the invasion rate is 
boosted (or reduced) because the invader is more (or less) 
competitive than the average resident, when averaged across 
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the landscape.  
  
Mean difference in 
predation, ΔP 

A quantitative measurement of how the invasion rate is 
boosted because the risk of predation is lower for invaders 
than for residents when averaged across the landscape. 

  
Spatial storage effect, 
ΔI 

A quantitative measurement of how much the invasion rate 
is boosted because invaders experience less competition in 
sites with favorable habitat, compared to residents. 

  
Fitness-density 
covariance, Δκ 

A quantitative measurement of how much the invasion rate 
is boosted because invaders are relatively concentrated in 
sites with favorable conditions (e.g. favorable habitat or few 
predators) compared to residents. 
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Table 3. 

Quantitative values for how predator partitioning affects the invasion rate.  The 

quantitative value of each effect is listed below in the units of increased (or decreased) 

offspring per generation.  Variables are described in Table 1. 

Specialist 
predators ΔP ΔκP ΔκP-C 

Localized 
predators 

α
n −1

 − 1− d( ) α
n −1

 − 1− d( ) αd
n −1

 

Non-
localized 
predators 

α
n −1

 0 − 1− d( )2 α
n −1
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Table 4. 

Quantitative values for how habitat partitioning affects the invasion rate. 

Habitat 
partitioning ΔI ΔκPS ΔκH 

Pure-spatial 
variation 

σ 2 1− ρ( )
n −1

 1− d( ) 2d(2 − d)σ
2 (1− ρ)

n −1
⎛
⎝⎜

⎞
⎠⎟

 
  
− 1− d( )2 1+ 2d( )σ 2 1− ρ( )

n−1
 

Spatio-
temporal 
variation 

σ 2 1− ρ( )
n −1

 0 
  
− 1− d( )2 1+ 2d( )σ 2 1− ρ( )

n−1
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Table 5. 

Quantitative values for how differences in average fitness difference affects the 

invasion rate. 

Average fitness 
difference Main effect ΔκY 

All cases lnYi − lnYr  − 1− d( )2 lnYi − lnYr( )  
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Table A1. 

Variables used to derive ΔκD. 

Name Value 

  
CCxj

k  1−
Yj

C1k  

  
LCxj

k  

  

Exj (t)−1( ) 1−α( )Yj 1− d + dN j (t)( )
C1k( )2 + Exk (t)−1( ) Nk (t)dYk

C1k( )2
k≠ j
∑  

 QCxj
k  

  

− Exj (t)−1( )2 Yj 1−α( ) 1− d + dN j (t)( )( )2

C1k( )3 − Exk (t)−1( )2 Nk (t)dYk( )
C1k( )3

k≠ j
∑

−2 Exj (t)−1( ) Exk (t)−1( )Yj 1−α( ) 1− d + dN j (t)( ) Nk (t)dYk( )
C1k( )3

k≠ j
∑

−2 Exk (t)−1( ) Exl (t)−1( ) Nk (t)dYk( ) Nl (t)dYl( )
C1k( )3

l≠k , j
∑

k≠ j
∑

 

  
CyCxj

j  (1 – d)(ln Yk) 

  
CpCxj

j    −αdNk (t)  

cj φj + α(1 – d) – ln Y
N

(1 – d) 

C1j 
  
1− d + dN j (t)( )Yj 1−α( ) + Nk (t)dYk

k=1

n

∑  

Y
N

 Yj
j=1

n

∑ N j (t)  

φj 
Yj

Y
N −1 , (i.e., so Yj = Y

N
1+ϕ j( ) ) 

 



 

 125 

Table A2. 

Partitioning of ΔκD into additive factors. 

Term Definition 

ΔκP 
  
1− d( ) 1

n−1
cov Pxr (t),ν xr (t)( )

r≠i
∑ − cov Pxi(t),ν xi(t)( )⎛

⎝⎜
⎞
⎠⎟

 

ΔκY 
   
1− d( ) 1

n−1
cov CCxr

k( )
yield

,ν xr (t)( )
r≠i
∑ − cov CCxi

k( )
yield

,ν xi(t)( )⎛
⎝⎜

⎞
⎠⎟

 

ΔκP-C 
   
1− d( ) 1

n−1
cov CCxr

k( )
pred

,ν xr (t)( )
r≠i
∑ − cov CCxi

k( )
pred

,ν xi(t)( )⎛
⎝⎜

⎞
⎠⎟

 

ΔκL 
   
1− d( ) 1

n−1
cov LCxr

k ,ν xr (t)( )
r≠i
∑ − cov LCxi

k ,ν xi(t)( )⎛
⎝⎜

⎞
⎠⎟

 

ΔκQ 
   
1− d( ) 1

n−1
cov QCxi

k ,ν xr (t)( )
r≠i
∑ − cov QCxi

k ,ν xi(t)( )⎛
⎝⎜

⎞
⎠⎟
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Figure Legends 

Fig. 1. Model forest dynamics.  (a) At the start of each time step, all sites are filled with 

adult trees.  (b) Each tree produces Yj seeds.  A fraction d of seeds are dispersed 

uniformly around the forest, and the remaining (1 – d) seeds are retained at the parent’s 

site.  (c) A fraction δ of adult trees die.  Each death creates a gap, which recently 

dispersed seeds compete to fill.  (d) Seedlings compete for the site.  Only one individual 

can capture the site, and that individual is determined according to a biased lottery.  A 

seed’s competitive ability is influenced by predators and the local habitat.  (e) The 

successful individual grows into an adult by the beginning of the next time step.   

 

Fig. 2. Computer simulations of mechanism interactions. The invader’s finite rate of 

increase,  
!λi (t) , was calculated as the geometric mean of  

!λi (t)  over many year.   
!λi (t)  

with interactions is  
!λi (t)  with both habitat and predator partitioning operating 

simultaneously (i.e., σ2 > 0 and α > 0).   
!λi (t)  purely additive model is he sum  

!λi (t)  with 

habitat partitioning alone (i.e., σ2 > 0 and α = 0) and  
!λi (t)  with spatially localized 

mortality alone (i.e., σ2 = 0 and α > 0).  Values of d, σ2, ρ, and α were chosen randomly, 

and each point represents the geometric mean of eight simulation runs for one set of 

parameters.  If the effects of habitat and specialist predators are purely additive, points 

should be on the equivalence line.  (A) Simulations used spatio-temporal variation in 

habitat.  (B) Simulations used pure spatial variation in habitat.   

 

Fig. 3. Relative competitive ability in sites held by conspecifics and heterospecifics.  We 

calculated the mean seedling competitive ability (i.e., Exj(t)(1 – Px(t))/Cx(t) ) in sites 
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previously held by conspecific and heterospecific adults, in a community with pure-

spatial variation and localized predators.  Seedling were more competitive in sites held by 

a conspecific, on average, when σ2 > 0.265.  Our simulation used the parameters N = 4, Yj 

= 2 for all j, α = 0.2, d = 0.5, ρ = 0.3, and X = 100,000.   

 

Fig. E.1. Checking the approximations with computer simulations.  We measured the 

accuracy of our approximations by comparing the coexistence regions generated with the 

exact values of  
!λi (t)  to those generated with the approximations in Table 2, 3, and 4.  

Each line represents values of Yi and Yr that would produce  
!λi (t)  = 1 (i.e., the bifurcation 

between coexistence and exclusion).  In this simulation, n = 3, α = 0.3, d = 0.5, δ = 0.5, Yj 

was equal for all residents, and pure-spatial variation in Exj(t) was generated using a 

lognormal distribution, using normal random variables with ρ = 0.1, σ2 = 0.2, and 

normalized to mean 1.  This represents a typical result. 

 

Fig. G.1. Simulation runs of the Adler and Muller-Landau (2005) model.  We compared 

species richness in a community with specialized predators to diversity in a neutral 

community with the same effective immigration rate, µeffective.  The effective immigration 

rate in a community with specialized predators was the average number of new species 

that would enter a community per generation, once predation was accounted for.  Models 

were parameterized using the values in Table 1 of Adler and Muller-Landau (2005), with 

an exponential distribution for seed and predator dispersal, seed survival probability as 

the reciprocal of predator density, and β = 10 (frequency dependence of predators).  (a) 
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Mean predator dispersal distance was set to 2m, and seed dispersal varied.  (b) Mean seed 

dispersal was set to 5m, and predator dispersal varied. 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. E.1 
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Fig. G.1 
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Title: Host specificity of fungi associated with seeds of neotropical pioneer trees, and 

their impact on seed germination 
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ABSTRACT 

Although much is known about the ecology of certain fungi, the vast majority of fungi 

and their natural interactions have not been studied in detail. In particular, little is known 

about seed-associated fungi in tropical soils, their impacts on different hosts, or whether 

their effects are phylogenetically conserved. Here, we studied whether fungi have host-

specific effects in terms of fungal colonization and host germination, and whether these 

effects could be predicted by fungal phylogeny or host defense. We used seeds from five 

pioneer trees and six species of seed-associated fungi that were isolated as part of an 

ongoing study on Barro Colorado Island, Panama. Seeds were experimentally inoculated 

with each fungal isolate, then examined for visible signs of fungal colonization and for 

germination following inoculation. Fungi were able to colonize seeds that they had not 

been observed to infect in field surveys; however, fungi more readily colonized seeds of 

species with which they were known to affiliate with under field conditions. Related seed 

species tended to be colonized similarly by fungus, however, related fungi did not 

colonize seeds in a similar way. Additionally, phylogenetic relatedness of hosts was a 

better predictor of fungal colonization than were putative seed defense syndromes. 

Together, these data provide a first perspective on the nature of fungus-seed interactions 

in these representative tropical species.  
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INTRODUCTION 

Fungi rank among the most important biotic drivers of plant fitness in most terrestrial 

ecosystems, particularly tropical forests (Gilbert 2002, Parker and Gilbert 2004, 

Vogelsang et al. 2006, Barrett et al. 2009, Bever et al. 2010). Ranging from mutualists to 

pathogens, fungi influence the growth, survival, reproduction, and nutrient uptake of their 

host plants (Kirkpatrick and Bazzaz 1979, Harley and Smith 1983, Arnold et al. 2003, 

Agrios 2005, Augspurger and Wilkinson 2007). They also appear to promote tree 

diversity in tropical forests (Kulmatiski et al. 2008, Bever et al. 2010, Mordecai 2011, 

Bagchi et al. 2014). Although a robust body of literature has addressed the ecology and 

natural history of some fungi (reviewed in Gilbert 2002, Parker and Gilbert 2004, Agrios 

2005, Desprez-Loustau et al. 2007, Barrett et al. 2009, Bonfante and Anca 2009), 

particularly those that are agriculturally relevant, the vast majority of plant-fungal 

interactions in natural systems have not been studied in detail (Gilbert 2005). Such gaps 

in our knowledge are especially profound for one of the most important, but least-studied, 

groups of fungi in tropical forests: those that interact with seeds in the soil. Tropical soils 

contain diverse communities of fungi to which seeds are exposed after dispersal (Persiani 

et al. 1998, Gallery et al. 2007, Kluger et al. 2008, Gallery et al. 2010, Peay et al. 2013, 

Sarmiento et al. 2013). Tropical ecologists are just beginning to understand the diversity, 

host affiliations, and ecological roles these fungi play (Peay et al. 2013). The literature to 

date indicates that in tropical forests, seed-associated fungi are primarily acquired from 

soils rather than through vertical transmission (Gallery et al. 2007); that they establish 

infections rapidly after seeds first contact the soil (Sarmiento et al. 2013); and that they 

comprise highly diverse communities even when surveyed using only culture-based (vs. 
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culture-free) methods (Gallery et al. 2007, Kluger et al. 2008, Sarmiento et al. 2013). 

However, much remains unknown, such as how these fungi are distributed spatially and 

temporally, the effects they have on their host plants, how species-specific their effects 

might be, and how dormant seeds are able to protect themselves from pathogens. 

One hypothesis concerning how seeds protect themselves from pathogens, known 

as the seed defense syndrome hypothesis, proposes that mechanisms of seed dormancy 

are often linked to defensive traits (Dalling et al. 2011). Under this hypothesis, the hard 

seed coats of physically dormant seeds, which allow those seeds to remain dormant, also 

provide an impermeable barrier that protects those seeds against microbial invasion 

(Dalling et al. 2011). Physiologically dormant seeds, which use chemical cues to remain 

dormant, are hypothesized to be protected by physical and chemical defenses (Dalling et 

al. 2011). Quiescent seeds, which cannot stay dormant, are thought to rely in part on 

microbial mutualists for defense or to enhance germination (Dalling et al. 2011).  

The seed defense syndrome hypothesis has motivated a large-scale common 

garden experiment in lowland tropical forest on Barro Colorado Island (BCI), Panama, 

focusing on 18 species of phylogenetically diverse pioneer trees (Sarmiento et al. 2013, 

Zalamea et al. 2013). Pioneer trees were chosen specifically because they represent all of 

the major dormancy classes, because fungi have been shown to have a major effect on 

seed fate in the soil (Dalling et al. 1998, Gallery et al. 2007), and because they are 

amenable to experimental manipulation. Seeds of each species have been collected from 

multiple maternal sources, surface-sterilized, and buried in small mesh bags to exclude 

macroscopic predators in common gardens at five locations in primary and secondary 

forest on BCI. The bags are being retrieved at intervals between 0 and 24 months, after 
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which the seeds are assessed for viability, germinability, seed coat integrity, and 

microbial infection. Microbial infection can be traced to individual seeds, providing an 

opportunity to estimate the observed host range of each fungi (the host species from 

which a fungus was isolated), and their effect on host survival (reflected by viability of 

the host seed). However, these field inferences remain observational, such that proof of 

virulence, and the difference between observed and potential host range, have yet to be 

confirmed experimentally.  

Here we use an experimental approach to evaluate three aspects of plant-fungal 

interactions in a tropical assemblage of seed-associated fungi: (1) host range and 

specificity of interactions between fungi and seeds, (2) phylogenetic conservatism of 

fungus-seed associations, and (3) the relationship of seed defensive syndromes (Dalling 

et al. 2011) to fungal colonization. This study was conducted in conjunction with the 

seed-defense syndrome project (Sarmiento et al. 2013, Zalamea et al. 2013). 

 

Fungal host range and specificity 

The host range of a fungus is typically defined as the number of host species with which 

a fungus can interact in symbio (Barrett et al. 2009). Host range affects many natural 

processes, such the evolution of virulence and transmission patterns (Barrett et al. 2009), 

and the coexistence of host species (Chesson and Kuang 2008). Specialist pathogens are 

believed to be a major driver of plant diversity in tropical forests (Gillett 1962, Janzen 

1970, Connell 1971, Wright 2002). Under this scenario, when a tree species declines in 

density, so too do its specialist natural enemies, giving individuals of that species a 

survival benefit and preventing additional decline (Gillett 1962, Janzen 1970, MacArthur 
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1970, Connell 1971, Chesson and Huntly 1997, Chesson and Kuang 2008). Theoretical 

work has shown that this effect does not rely strictly on the existence of host specialists, 

merely that pathogens affect their hosts differently (Chesson and Kuang 2008). This 

situation, in which plants are regulated by different pathogens, is known as pathogen 

partitioning (Chesson and Huntly 1997). Effects consistent with pathogen partitioning 

have been observed in many studies (e.g., Augspurger 1984, Bever 1994, Petermann et 

al. 2008, Mangan et al. 2010, Bagchi et al. 2014); however, few studies have actually 

identified the soil-borne pathogens causing the effect (Gilbert 2005, Augspurger and 

Wilkinson 2007). As a consequence, it is not clear in most studies whether differential 

pathogen mortality was produced by a few specialist pathogens, an array of more 

generalized pathogens, or even some other factor (e.g., buildup of poor mutualists; Bever 

2002).  

Interpreting host range data under natural settings can be challenging because a 

fungal species’ actual host range (the hosts a pathogen infects under natural conditions, 

de Vienne et al. 2009) in a given time and place typically will be smaller than its potential 

host range (the hosts a pathogen could infect under ideal conditions, de Vienne et al. 

2009). This discrepancy can occur because the ability of a pathogen or mutualist to infect 

its host is often mediated by environmental conditions (Augspurger 1984, O’Hanlon-

Manners and Kotanen 2004), host stress (Schoeneweiss 1975), and co-infection by other 

microbes (Fröhlich and Hyde 1999, Arnold et al. 2000, Barrett et al. 2009). However, the 

gap between actual and potential host range remains largely unmeasured, and its causes 

are rarely known (Barrett et al. 2009).  
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Phylogenetic signal and within-species differences 

Host range in many antagonistic and mutualistic interactions is affected strongly by 

phylogenetic relatedness. Evidence suggests that related plant species are more likely to 

share fungal associates (Gilbert and Webb 2007, Mariadassou et al. 2010, Liu et al. 

2012). Related fungi are more likely to share hosts, though this evidence is weaker (de 

Vienne et al. 2009, Mariadassou et al. 2010). However, we know of only one study that 

examined both host and pathogen relatedness simultaneously (Mariadassou et al. 2010). 

Their results suggest that while related plants are likely to become infected by similar 

pathogens, related pathogens are not more likely to share the same hosts (Mariadassou et 

al. 2010).  

Paradoxically, members of related species of fungi often are functionally similar, 

but individuals within a species can be strikingly dissimilar in their effects on particular 

hosts. For example, different strains of Puccinia coronata (a rust fungus, Basidiomycota) 

specialize on different hosts (e.g., Eshed and Dinoor 1980, Barrett et al. 2009), and 

different strains of Claviceps purpurea (a pathogenic Ascomycete) specialize on different 

environmental conditions (e.g., Pažoutová et al. 2000). Experiments have shown that 

when a microbe evolves increased virulence on one host species, its virulence is typically 

reduced on another host (Ebert 1998, Little et al. 2006, Wallis et al. 2007, Agudelo-

Romero et al. 2008). These results suggest that a given fungal species may typically be a 

heterogeneous group of genotypes with differening ecological interactions. Currently 

there is not an agreed-upon pattern as to how similar fungal strains must be to have 

ecologically equivalent effects, or how much information is gained by knowing genetic 

similarity. 
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The present study 

The aim of the present study was to examine how host range and specificity, 

phylogenetic relatedness, and seed defense syndromes affect the interactions of tropical 

seeds with seed-associated fungi. We addressed six questions:  

(1) Do fungal species differ in their ability to colonize seeds of different tree 

species?  

(2) Can fungi colonize seeds outside of their previously observed host range?  

(3) Do fungal species differ in their effects on seed germination for different tree 

species?  

(4) Do colonization and germination effects differ between strains of conspecific 

fungi?  

(5) Is the ability of a fungus to colonize seeds of particular plants phylogenetically 

conserved?  

(6) Are seed dormancy classes (and putative defense syndromes) good predictors 

of fungal colonization?  

 

METHODS 

Fungal isolates were gathered as part of the ongoing study to evaluate seed defense 

syndromes (see Sarmiento et al. 2013, Zalamea et al. 2013). At the outset of the present 

study, seeds had been buried in mesh bag for 1-6 months prior to extraction. Culturable 

fungi were isolated from the interior of surface-sterilized seeds after retrieval from soil, 

following Gallery et al. (2007). Extracted seeds were washed in tap water, surface-
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sterilized by sequential immersion (95% EtOH, 30 sec; 0.7% NaClO-, 2 min; 70% EtOH, 

2 min), allowed to surface-dry under sterile conditions, and cut in half using a sterile 

scalpel. One half of each seed was assessed for viability using tetrazolium staining 

(International Seed Testing Association 1976). The other half was placed on 2% malt 

extract agar (MEA) and incubated under sterile conditions at room temperature for 1 year 

or until fungal growth was observed. 

Emergent fungi were isolated into pure culture and allowed to grow until 

sufficient mycelium was available for vouchering and DNA extraction. Mycelium was 

vouchered in sterile water and deposited in the Robert L. Gilbertson Mycological 

Herbarium (MYCO-ARIZ). DNA was extracted from fresh mycelium, following U’Ren 

et al. (2014), and PCR was used to amplify the internal transcribed spacers, 5.8S gene, 

and a portion of the adjacent nuclear ribosomal large subunit (i.e., ITSrDNA-LSUrDNA) 

(Sarmiento et al. 2013). ITSrDNA data are often used for fungal identification and 

species delimitation, and LSUrDNA data are often used to determine taxonomic 

placement at deeper levels (Arnold and Lutzoni 2007).  

PCR products were evaluated by staining with SYBR Green after electrophoresis 

on a 1% agarose gel in TAE, cleaned by Exo-SAP, and sequenced bidirectionally at the 

University of Arizona Genetics Core following U’Ren et al. (2014). Sequences were 

assembled and bases called using phred and phrap with orchestration by Mesquite 

(Maddison and Maddison 2009). Resulting contigs were verified by manual inspection in 

Sequencher. Consensus sequences were organized into operational taxonomic units 

(OTUs) based on 99% ITSrDNA-LSUrDNA sequence similarity, per Gallery et al. 
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(2007). Preliminary estimates of taxonomic placement were made using nBLAST 

(Altschul et al. 1990) searches of GenBank. 

At the outset, 643 sequenced isolates representing 128 OTUs had been identified 

from seeds of eight pioneer species (Sarmiento et al. 2013). The host from which each 

isolate had been obtained, along with the host’s viability, was recorded. These data were 

compiled for each OTU to determine observed host range (the host species from which an 

OTU was isolated). Viability of the seed of origin was recorded and tabulated for each 

OTU (Table 1). We used these data to select eight fungal strains for experimental 

inoculations (Table 1). These strains represent six putative species, four genera, and four 

families of Ascomycota.  

The fungi were used to inoculate seeds of five species of pioneer trees: Apeiba 

membranacea (Malvaceae, physical dormancy), Ficus insipida (Moraceae, quiescent), 

Zanthoxylum ekmanii (Rutaceae, physiological dormancy), Trema micrantha “brown” 

(Cannabaceae, physiological dormancy), and Trema micrantha “black” (Cannabaceae, 

quiescent), a morphospecies that appears to be distinct from T. micrantha “brown” and 

will be described as a new species in future work (though differences have previously 

been noted in Dalling et al. 1997). These species co-occur on BCI (Dalling et al. 1997). 

All are being studied as part of the larger experiment described above (Sarmiento et al. 

2013, Zalamea et al. 2013); however, at the outset of this study, data had not been 

gathered on fungal associates of F. insipida or Z. ekmanii. 

 

Experimental procedures 
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Fresh seeds of each focal species were gathered by placing mesh nets under multiple 

adult trees per species at BCI. Seed were removed from fruit and cleaned. Seeds were 

allowed to dry and were stored per standard protocols for each species (e.g., Dalling et al. 

1997).  

We exposed five sets of 20 seeds of each species to each fungal isolate. Seeds 

were first surface-sterilized as described above (Arnold and Lutzoni 2007). This 

procedure removes surface microbes, but does not affect germination or viability (Gallery 

et al. 2007). Seeds then were placed on a lawn of actively growing fungal mycelium (ca. 

11-13 days old) on 2% MEA in 60mm Petri dishes (20 seeds/dish). Dishes were wrapped 

with Parafilm and incubated in the dark at ambient temperatures (consistent with outdoor 

temperatures; ca. 30-33°C) for 5-7 days. Control seeds were surface-sterilized, placed 

into Petri dishes containing 2% MEA but no fungal growth, and incubated as above. 

Overall, 4500 seeds were included in the experiment. 

After incubation, seeds were examined for visible colonization by fungi by 

scoring the number of seeds per plate with evident hyphal growth on their seed coats. 

Fungi on seeds were judged to be consistent with the inoculated strains (rather than 

contaminants) on the basis of morphological traits.  

Seeds were then tested for germinability. Seeds were transferred to new, sterile 

Petri plates (100mm) containing sterile filter paper, treated with sterile water, and placed 

in a shadehouse at ambient outdoor temperatures (Gallery et al. 2007). Ten seeds from 

each plate were surface-sterilized prior to transfer to germination plates to confirm that 

visible colonization was an indication of internal infection (as indicated by the 

reappearance of visible colonization during the germination trial). The 10 remaining 
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seeds from each set of 20 were transferred directly from inoculation plates to germination 

plates. During the germination trial, seeds were scored for germination and evidence of 

fungal growth twice over the initial 2.5 weeks, and at 37 days. Seeds were considered to 

have germinated if radicles emerged during the germination trial (Crist and Friese 1993, 

Schafer and Kotanen 2004). 

Visible fungal colonization increased throughout the germination trial. In some 

cases, fungal infection destroyed emergent radicles, making such seeds appear 

ungerminated. To account for the fact that some germinated seeds appeared 

ungerminated, we used maximum number of germinants recorded on any given day, 

rather than the number of seeds appearing to have germinated on the final day, as our 

measurement of germination fraction. Species for which no seed germination was 

observed were excluded from analyses of germination. 

 

Data analyses 

Except when otherwise noted, effects on colonization were tested using generalized linear 

models with a quasibinomial error family, implemented using the function glm() in R (R 

Development Core Team 2009). A quasibinomial error family was used because our data 

showed more variation than expected under a simple binomial distribution (Crawley 

2007). Effects on germination were tested using a generalized linear mixed model with a 

quasibinomial error family, implemented using the function glmmPQL() in R (R 

Development Core Team 2009). The incubation plate was treated as a random effect.  

Model selection was performed using the model simplification method described 

by Crawley (2007). In essence, first a maximal model was created, containing the effects 
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relevant to each question and every possible interaction term (Crawley 2007). The model 

varied with the question (Table 2). Then, the least significant interaction was removed, 

and the significance of each term was reassessed. This process was repeated until every 

remaining effect or interaction was significant (Crawley 2007). The per-dish colonization 

fraction after incubation, or the per-dish germination fraction, was used as a response 

variable. The per-dish colonization fraction at the end of the germination trial gave 

qualitatively similar results to the per-dish colonization fraction after incubation, and so 

was not included here. As part of the generalized linear model, colonization and 

germination data were logit transformed. Values of 0% or 100% were amended by adding 

one success and one failure to each plate, as the logit transformation of 0 and 1 are 

undefined.  

In a generalized linear model, differential effects of fungi upon their hosts would 

be detected as (seed spp.) x (fungal OTU) interactions, and a lack of significant 

interactions would indicate that each fungus affected each host in a similar fashion. For 

the questions outlined in Table 2, such interaction terms were used to evaluate whether 

fungi differed in their capacity to colonize and influence germination of seeds of different 

tree species (Q1, Q3). Generalized linear models require that a particular fungal OTU and 

seed species be chosen as the base case, and seed effects, fungal effect, and interactions 

are based upon whether they differ from the base case (Crawley 2007). The particular 

fungus and seed chosen for the base case affected which interactions were significant. 

The no-fungus control was an obvious choice for a fungal base case. here, as the null 

hypothesis was that fungi did not colonize seeds differently (and any observed difference 

was due to contamination alone), and that fungi did not change seed germination. There 
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was, however, no obvious choice for a base case seed, and any choice would set the null 

expectation for seed-fungus interactions. To account for this, we assessed the number of 

significant interactions for every possible base case seed.  

The question of whether fungi can infect seeds outside their previously observed 

host range (Q2) was tested by examining seed colonization as a function of previously 

recorded association (i.e., whether an isolate of a particular OTU had previously been 

recovered from a seed of that species, Table 1). Fungal OTU and seed species were 

considered as random effects. F. insipida and Z. ekmanii were not included in these 

analyses because we did not have association data on these species at the time this study 

was carried out.  

To address whether colonization and germination effects differed within OTUs 

(Q4), we looked for differences in colonization and seed germination as a function of 

fungal isolate, and the relative magnitude of these differences within and between OTUs. 

We compared isolates within OTU-1 and within OTU-4 using a generalized linear model 

or mixed model (see Table 1 for isolate information). We also compared a single isolate 

of OTU-5 with one of OTU-27, as these showed 95% ITSrDNA-LSUrDNA similarity 

(Sarmiento et al. 2013), which has been used by other studies as a cutoff for OTU 

delimitation in Ascomycota (e.g., U'Ren et al. 2009). As with Q1 and Q3, we used every 

seed as a possible base-case. We tested whether within-OTU differences were smaller 

than between-OTU differences using two colonization dissimilarity indices. Each index 

was meant compare any two fungal isolates and summarize overall similarity of 

colonization fraction on each host. First, mean dissimilarity between two isolates, djk, was 

simply 
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djk = I j − Ik , 

where j and k were the fungal isolates being compared,  is the mean colonization 

fraction of fungal species f across all seed species. Second, relative dissimilarity, rjk, was 

calculated as 

, 

where Isf is the proportion of seeds of host species s that were colonized by fungal isolate 

f in vitro, and the summation is over all seed species. If a given strain had a higher 

colonization rate on all seeds than another strain, but each had relatively similar 

colonization once the mean difference was removed (e.g., higher colonization on 

physically dormant seeds and lower colonization on quiescent seeds), then djk would be 

large and rjk would be very small. Other similarity measurements that considered mean 

colonization fraction gave similar results to djk, and similarity measurements that factored 

out mean colonization fraction gave similar results to rjk. We tested whether within-OTU 

dissimilarity was smaller than between-OTU dissimilarity using randomization (n=9999), 

implemented in Matlab (The MathWorks 2011). 

We tested whether the ability of fungi to colonize each seed is phylogenetically 

conserved (Q5). We tested for phylogenetic constraint in the colonization fraction on 

each seed, the mean colonization fraction across all seeds, and the relative colonization 

fraction (i.e., colonization fraction on that seed – mean colonization overall). 

Phylogenetic constraint was assessed using Blomberg’s K (Blomberg et al. 2003) and 

Pagel’s λ (Pagel 1992), as each produces slightly different outcomes (Godoy et al. 2014). 

Significance was assessed using randomization (n = 1,000,000) and likelihood ratio tests, 

I f

rjk = Isj − I j( )− Isk − Ik( )( )2
s
∑
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respectively, implemented using phylosig in R (R Development Core Team 2009). A 

phylogenetic tree was generated using LSUrDNA data (obtained by Sarmiento et al. 

2013). Sequences were aligned using Muscle (Edgar 2004), and a tree was constructed 

using RAxML (Stamatakis 2006).  

Finally, we examined whether dormancy classes were good predictors of fungal 

colonization (Q6). This was not a test of the seed defense syndrome hypothesis per se: 

two physically defended seeds could be colonized by different fungi, especially if defense 

syndrome was not the only factor affecting colonization. Rather, this was an attempt to 

measure how relevant dormancy classes (and putative defense syndromes) are to fungal 

colonization. Each dormancy class was represented in this study: quiescence (F. insipida 

and T. micrantha “brown”), physiological dormancy (T. micrantha “black” and Z. 

ekmanii), and physical dormancy (A. membranacea). Thus, dormancy class represented 

one way that these five species could be categorized (i.e., a group of 2, another group of 

2, and a group of 1). There were 39 other possible ways that these five species could be 

categorized into two or three groups (i.e., there were ten 3-1-1 groupings, ten 3-2-0 

groupings, five 4-1-0 groupings, and fifteen 2-2-1 groupings, including that of dormancy 

class). We assessed how well each grouping fit the data using a generalized linear model 

with a binomial error family. Model fit was determined using the Akaike Information 

Criterion (AIC), and the model with the lowest AIC value was considered to be the best 

(Akaike 1974). We determined the relative ranking of dormancy class (i.e., F. insipida 

was paired with T. micrantha “black”, Z. ekmanii was paired with T. micrantha “brown”, 

and A. membranacea was by itself) amongst all possible groupings to determine if 



 

 150 

dormancy type – and putatitve seed defense syndrome – was the best predictor of 

colonization.  

 

RESULTS 

Seeds of all focal species were colonized by fungi in in vitro inoculation trials (Figure 

1a). In most cases, seeds also were visibly infected at the end of the germination trial, 

even post surface-sterilization. This is consistent with internal infections over the time 

frame of our inoculations. We found no evidence of destruction of fungal hyphae by 

seeds, suggesting that no defensive chemicals were exuded by seeds in culture.  

Some fungi had different colonization success on different seed species (Q1). 

There were on average 8 significant (seed spp.) x (fungal OTU) interactions affecting 

fungal colonization (p < 0.05), 4 of which were highly significant (p < 0.01), out of 24 

possible (Table 3, Figure 1a). Fungi were capable of colonizing seeds from species they 

had not been associated with in field surveys (Q2). However, the colonization fraction 

was higher in seeds of species with which they were associated in field surveys compared 

to those with which they were not previously observed to associate (p = 0.053, Figure 2).  

We found evidence that some fungi affected germination differently in different 

plant species (Q3). OTU-1 significantly reduced germination of A. membranacea relative 

to controls (p = 0.001), but increased germination in F. insipida relative to controls (p << 

0.001, interaction p << 0.001, Table 4, Figure 1b). OTU-7 did not have a detectable effect 

on either A. membranacea (p = 0.44) or F. insipida (p = 0.10); however, there was a 

significant interaction, such that OTU-7 appeared to reduce germination in A. 

membranacea relative to F. insipida (p = 0.046). No other fungus significantly affected 
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germination relative to controls. Fungal OTUs that had been associated with A. 

membranacea in field studies did not alter its germination fraction compared to controls 

(Q2; p = 0.42). At the time of study, data were not sufficient to test whether fungi 

associated F. insipida significantly lowered F. insipida germination. 

 

Variation among strains within OTU 

Comparisons of closely related fungal isolates revealed within-OTU differences in 

colonization fraction (Q4; Figure 3a). Comparisons of OTU-4 isolates (99% similar in 

terms of ITSrDNA-LSUrDNA sequences) revealed an average of 1.2 significant 

interactions (p < 0.05) out of a possible 4, indicating some differences in the isolates’ 

abilities to colonize different seeds. Comparisons of OTU-5 with OTU-27 (95% similar) 

showed an average of 2.4 significant interactions (p < 0.05). Comparisons of OTU-1 

isolates (99% similar) did not reveal significant interactions, although in some trials one 

isolate had a higher colonization rate (p < 0.01), hinting at a minor differences in 

colonization ability.  

Different isolates of OTU-1 increased germination in F. insipida (p << 0.01, 

Figure 3b), though the effect on A. membranacea was only nearly significant (p = 0.07, 

interaction p << 0.01, Figure 3b). There was no significant isolate effect on germination 

when comparing isolates of OTU-4, or when comparing OTU-5 with OTU-27 (Figure 

3b). 

Despite within-OTU differences in colonization fraction, fungal isolates tended to 

be more similar to isolates of the same OTU than isolates of different OTU (Q4; Figure 

5). Relative dissimilarity, rjk, showed that within-OTU variation was marginally lower 
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than between-OTU variation (p = 0.07 for 95% similarity, p = 0.06 for 99% similarity). 

Mean colonization dissimilarity, djk, did not show that within-OTU variation was less that 

between-OTU variation (p=0.12 for 95% similarity, and p=0.15 for 99% similarity). 

However, most dissimilarity indices that did not factor out mean dissimilarity, such as the 

mean difference in per-seed colonization, did show that within-OTU differences were 

significantly less than between-OTU differences (p<0.05).  

 

Phylogenetic conservatism of interactions between fungi and seeds 

Mean colonization across all seeds showed phylogenetic constraint using both statistics 

(p = 0.055 for K and 0.02 for λ, Table 5). In some cases, colonization fraction on a 

particular seed (mean or absolute) showed significant constraint for one statistic, but not 

the other.  

 

Relevance of dormancy class to colonization patterns 

Plant phylogeny, rather than dormancy class, was the best predictor of fungal 

colonization (Q6). When species were grouped by dormancy class, the generalized linear 

model for seed colonization had an AIC of 1103.4. This was the sixth lowest among the 

40 possible groupings (Figure 4). The best possible grouping (AIC of 992.4) placed 

members of the Rosales (F. insipida (quiescent), T. micrantha “brown” (physiological 

dormancy), and T. micrantha “black” (quiescent)) into the same category, and giving A. 

membranacea (Malvales, physical dormancy) and Z. ekmanii (Sapindales, physiological 

dormancy) each their own categories. The second through fifth best models placed A. 

membranacea and Z. ekmanii in the same category, and contained every possible 
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permutation for F. insipida, T. micrantha “brown,” and T. micrantha “black.” Results 

generated from arcsin-tansformed data were qualitatively similar.  

 

DISCUSSION 

The goal of this study was to examine interactions between fungi and the seeds of 

tropical pioneer trees using in vitro experiments. These experiments were designed to 

complement field observations of seed fate and fungal partnerships over time and space 

in a lowland tropical forest. We focused especially on interaction specificity, 

phylogenetic signal, and the relevance of dormancy classes for influencing colonization 

patterns.  

Our colonization results indicate that under natural conditions, seed-associated 

fungi manifest a narrower host range than can be observed in vitro. Because infection 

persisted after surface-sterilization, our results imply that colonization was an indication 

of internal infection. This suggests that the fungi we considered have a wide potential 

host range, even if their observed host range appears narrow. Similar results have been 

found in studies of fungal soil pathogens (Schafer and Kotanen 2004, Beckstead et al. 

2014), but not leaf pathogens (e.g., 30% of novel hosts infected- Gilbert and Webb 2007). 

This discrepancy may reflect favorable experimental conditions for infection; however, it 

is consistent with the claim that leaf pathogens are more specialized than soil fungi.  

There are many reasons that potential host range could be wider than observed 

host range. First, some seed-fungal interactions may be rare, and we simply have not yet 

observed them. Additionally, we found that fungi were generally less able to colonize 

seeds with which they have not been associated under natural conditions. If colonization 
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is indicative of the ability to infect seeds, many of the unobserved seed-fungus associates 

are especially unlikely to occur under natural conditions. An alternative hypothesis is that 

these seed-fungus associations are rare or absent under natural conditions because of 

competition with other microbes (Barrett et al. 2009). It may be that some seed-fungus 

associations were not observed because the fungus tended to be outcompeted for those 

seeds. This could be tested in part by experimentally inoculating seeds with multiple 

fungal strains, and testing if colonization is reduced more (or completely prevented) for 

seed-fungus pairs that have not been observed in the field. Finally, colonization may 

simply not be indicative of the ability to infect seeds under natural conditions. This could 

be tested by replicating this experiment under more natural conditions, such as placing 

seeds in sterile soil that contained fungal inoculum.   

Our results show that related fungi tend to have similar effects on their hosts. 

However, even fungal strains that were 99% similar at the ITSrDNA-LSUrDNA locus 

differed markedly in effects on particular seeds. These fungi may differ in other ways that 

would be obscured by examination only of these rDNA markers. For example, 

endohyphal bacteria residing within fungi may influence seed colonization and 

germination in some species (Shaffer, pers. comm.), and would not be detectable using 

sequence data for the fungi themselves (Hoffman and Arnold 2010). In some fungal taxa, 

the rDNA loci also evolve at a rate not ideal for designating species boundaries. As such, 

similar ITSrDNA-LSUrDNA sequences might obscure functional variation driven by 

other loci. Thus, the observation of within OTU variation requires further investigation, 

as does its potential importance for understanding aspects of plant ecology.  
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By assessing phylogenetic relatedness of seed-associated fungi, we found that the 

ability of a fungus to colonize particular species was evolutionarily labile. If an OTU had 

a high colonization fraction on most seeds, related taxa were likely to have a high 

colonization fraction on most seeds as well; however, if an OTU had a particularly high 

colonization fraction on F. insipida seeds, related taxa were not necessarily so able to 

colonize F. insipida. This result would be unlikely if the abilities to colonize each 

individual seed species evolved independently from each other.  

Many studies have shown that host-specific virulence can evolve rapidly, but 

often comes at a cost of virulence on another host (Ebert 1998). It is thus reasonable to 

suspect that a species’ favored host will be more labile than the ability to colonize any 

given host. Alternatively, there may be a phylogenetic signal in terms of responses to 

environmental conditions that promote colonization and infection. This is an important 

consideration because infection is not only a function of the host and symbiont, but also 

the environmental conditions in which the organisms occur (Parker and Gilbert 2004, 

Barrett et al. 2009), and different symbiont species can be more or less infectious under 

different conditions (Whipps 1987, Pažoutová et al. 2000). Perhaps the apparent 

evolutionary signal occurred because the species with high in vitro colonization were 

most infectious under the temperature, moisture, light, and nutrient conditions in our 

study, and their sister taxa had similar environmental requirements. This could be tested 

by doing another inoculation experiment under different conditions, and seeing if our 

phylogenetic signal results still held when colonization fractions change.  

Dormancy class was not a good predictor of fungal colonization patterns in this 

study. Rather, A. membranacea (physical dormancy) and Z. ekmanii (physiological 
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dormancy) differed markedly in colonization relative to the three con-ordinal species. 

Our study was not a strict test of the seed defense syndrome hypothesis: we only 

examined which fungi colonized each dormancy class, rather than how each seed actually 

defended itself. Yet, it does suggest that dormancy syndrome may not be the primary 

factor determining colonization. However, our analysis suffered from inclusion of only a 

few taxa with little replication in each dormancy class. Recent work has suggested that 

the phylogenetic relationships of plants strongly influence the structure of their seed-

fungal communities (Sarmiento et al. 2013), consistent with our results; however, our 

work is limited due to the partial confounding of dormancy class with host taxon. 

Although we conclude that phylogeny is potentially more important than dormancy class 

in explaining colonization rates, we note that physiologically dormant seeds are expected 

to have some combination of chemical and physical defenses (Dalling et al. 2011). As 

such, it might be that Z. ekmanii and A. membranacea are relatively physically defended, 

while T. micrantha “brown” is chemically defended. It is also possible that defensive 

syndromes are important, but not as important as other phylogenetically conserved traits.  

The germination and colonization results suggest that fungi affected seed species 

differently. Such species-specific effects are a necessary but not sufficient requirement of 

for tree species to coexist due to pathogen partitioning at the seed stage (Janzen 1970, 

Connell 1971, Chesson and Kuang 2008). For example, the fungus OTU-1 increased in 

vitro germination in F. insipida, while lowering it in A. membranacea. OTU-7 appeared 

to have a similar, although weaker, effect. If these results are indicative of performance 

under natural conditions, and if A. membranacea and F. insipida affect the distribution of 

OTU-1 and OTU-7, this would be highly suggestive that pathogen partitioning 
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contributes to the ability of these species to coexist (Bever 2003, Chesson and Kuang 

2008). Alternatively, if our in vitro results are generally indicative of performance under 

natural conditions, and the distribution or effectiveness of OTU-1 and OTU-7 is 

determined by variable environmental conditions, this could potentially result in spatial 

and temporal variation in seed survival and germination. Such variation could promote 

coexistence (Chesson 1994, 2000, Kelly and Bowler 2002), analogous to how variation in 

rainfall-dependent germination promotes coexistence amongst desert annual plants 

(Angert et al. 2009). Our work provides a first opportunity to frame these alternative 

hypotheses for tropical seed-associated fungi. 

Of course, OTU-1 and OTU-7 are but two taxa; fungi in tropical soils are 

extremely diverse (Persiani et al. 1998, Peay et al. 2013, Sarmiento et al. 2013), and 

many of these fungi are likely to affect survival and germination. If this is the case, then 

the net effect of the microbial community, and how it changes randomly or in response to 

a changing tree community, will determine if fungi that interact with seeds are a major 

factor affecting tree diversity in tropical forests (Bever 2003).  

In conclusion, our inoculation experiment generates several interesting 

suggestions about the natural history of the fungi in tropical soils. For example, the 

colonization results suggest that fungal host-range may be limited in part by low 

colonization success and competition from other microbes, rather than by an inability to 

infect certain seeds. Amongst the six fungi and five trees we considered, we found that 

related seed species tended to share fungal pathogens, but related fungi did not tend to 

share hosts. The germination results are consistent with the hypothesis that pathogen 

partitioning is promoting coexistence amongst BCI’s pioneer trees, and we have 
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identified fungi that potentially play a role in creating this effect. The next step is will be 

to test these hypotheses using field surveys and manipulations under more natural 

conditions.  
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Table 1. Seed-associated fungi used to assess seed colonization and effects on seed 

germination in in vitro trials. Table lists operational taxonomic units (OTU), based on 

99% ITSrDNA-LSUrDNA sequence similarity; the genus-level identification of each 

OTU; the number of times each OTU was isolated; the proportion of seeds from which 

the OTU was isolated that were viable; host range (observed associations) for field 

collections of each OTU; focal isolates used in these experiments; and the species from 

which each focal isolate was originally obtained. Species names: ANSP- Annona 

spraguei, APME- Apeiba membranacea, CEIN- Cecropia insignis, COVI- 

Cochlospermum vitifolium, LUSE- Luehea seemannii, OCPY- Ochroma pyramidale, 

TRMI- Trema micrantha “black”. 

 
OTU OTU ID 

(genus) 
Isolate
s 

Viable Observed associations Focal 
isolate 

Isolate
d from 

       
1 Lasiodiplodia 

sp.  
100 0.69 ANSP APME CEIN COVI 

LUSE TRMI 
ps0042 APME 

       
     ps1042 ANSP 
       
4 Fusarium sp. 1 10 0.1 ANSP APME LUSE OCPY 

TRMI 
ps0018 APME 

       
     ps0943 ANSP 
       
5 Fusarium sp. 2 8 0 ANSP APME CEIN ps0547 TRMI 
       
7 Trichoderma 

sp. 
38 0.31 ANSP APME ps0037 APME 

       
26 Bionectria sp. 77 0.11 ANSP TRMI ps0504 TRMI 
       
27 Fusarium sp. 3 59 0.20 ANSP TRMI ps0993 ANSP 
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Table 2. Focal questions, response/dependent variables, and related statistical 

approaches. Each question was tested at least in part using a generalized linear model or 

mixed model, except for question 5 and 6. Only the interactions listed in each case were 

significant. 

 

Question Response Variable 
Factors 
Considered 

Interactions in Final 
Model 

    
(1) Do fungi differ in their 
ability to colonize seeds of 
different tree species? 

Colonization 
fraction 
 

Fungal OTU, Seed 
species 

(OTU) x (Seed 
species) 

    
(2) Can fungi colonize seeds 
outside their previously 
observed host range?  

Colonization 
fraction 
 

Association, Seed 
species 

(Seed species) x 
(Association) 

    
(3) Do fungi differ in their 
effects on seed germination for 
different tree species? 

Germination 
fraction 

Fungal OTU, Seed 
species, Surface-
sterilization 

(OTU) x (Seed 
species), (Seed 
species) x (Surface-
sterilization) 

    
(4) Do colonization and 
germination effects differ 
between strains of conspecific 
fungi? 

Colonization and 
germination 
fractions; 
dissimilarity 
measures  

Isolate, Seed spp. 
(Surface-
sterilization was 
considered for 
germination) 

(Isolate) x (Seed 
species), (Seed 
species) x (Surface-
sterilization) for 
germination 

    
(5) Is the ability of a fungus to 
colonize seeds of particular 
plants phylogenetically 
conserved? 

Dissimilarity 
measures  

n/a n/a 

    
(6) Are seed dormancy classes 
(and putative defense 
syndromes) good predictors of 
fungal colonization? 

Colonization 
fraction 

Fungal OTU, Seed 
spp., Dormancy 
class 

(Dormancy class) x 
(OTU) 
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Table 3. Colonization data reveal species-specific interactions between seed-

associated fungi and seeds of pioneer trees. Parameters were estimated using a 

generalized linear model with a quasibinomial error family, with seed species and fungal 

OTU as factors. The reported estimates are how each factor affects the log odds ratio. 

The no-fungus control and A. membranacea were used as the base case, and as such they 

do not appear in the interaction terms. The significance of the base case implies that 

fungal colonization of A. membranacea in the no-fungus control occurred significantly 

less than half of the time. As there was no observed colonization on A. membranacea 

control plates, “seed (control)” factors indicate whether there was non-zero colonization 

on any other control plates. An “OTU-X (on A. membranacea)” factor indicated the 

colonization fraction of that OTU on A. membranacea, and whether it differed 

significantly from the controls. A “(seed X) x (OTU-Y)” interaction indicated whether 

the colonization fraction of fungal OTU-Y on seed X was equivalent to the colonization 

fraction of fungal OTU-Y on A. membranacea (taking any colonization on control plates 

into account). Significant (p<0.05) factors and interactions are indicated in bold. The 

results of this model are qualitatively similar to models that use different base cases.  

 
 Estimate t-value p-value 
Base case -3.03 -4.95 <<0.001 
F. insipida (control) -0.01 -0.01 0.991 
T. micrantha "black" (control) -0.01 -0.01 0.991 
T. micrantha "brown" (control) -0.01 -0.01 0.991 
Z. ekmanii (control) 1.70 2.47 0.014 
OTU-1 (on A. membranacea) 3.35 5.23 <<0.001 

(F. insipida) x (OTU-1) 1.80 1.93 0.055 
(T. micrantha “black”) x (OTU-1) 2.47 2.55 0.011 
(T. micrantha “brown”) x (OTU-1) 0.82 0.90 0.369 
(Z. ekmanii) x (OTU-1) -0.51 -0.68 0.496 

OTU-27 (on A. membranacea) 2.30 3.43 <<0.001 
(F. insipida) x (OTU-27) 1.07 1.14 0.257 
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(T. micrantha “black”) x (OTU-27) -0.59 -0.61 0.542 
(T. micrantha “brown”) x (OTU-27) -1.18 -1.20 0.232 
(Z. ekmanii) x (OTU-27) 0.15 0.19 0.849 

OTU-5 (on A. membranacea) 2.19 3.25 0.001 
(F. insipida) x (OTU-5) 2.30 2.38 0.018 
(T. micrantha “black”) x (OTU-5) 2.00 2.09 0.038 
(T. micrantha “brown”) x (OTU-5) 0.14 0.14 0.886 
(Z. ekmanii) x (OTU-5) 1.45 1.67 0.097 

OTU-7 (on A. membranacea) 4.60 6.57 <<0.001 
(F. insipida) x (OTU-7) -2.83 -2.89 0.004 
(T. micrantha “black”) x (OTU-7) -4.25 -3.98 <<0.001 
(T. micrantha “brown”) x (OTU-7) -3.86 -3.74 <<0.001 
(Z. ekmanii) x (OTU-7) -0.58 -0.63 0.532 

OTU-26 (on A. membranacea) 1.53 2.20 0.029 
(F. insipida) x (OTU-26) 1.39 1.44 0.152 
(T. micrantha “black”) x (OTU-26) -0.59 -0.58 0.564 
(T. micrantha “brown”) x (OTU-26) -1.18 -1.10 0.272 
(Z. ekmanii) x (OTU-26) -1.90 -2.26 0.025 

OTU-4 (on A. membranacea) 1.60 2.44 0.016 
(F. insipida) x (OTU-4) 1.87 2.04 0.043 
(T. micrantha “black”) x (OTU-4) 0.42 0.45 0.652 
(T. micrantha “brown”) x (OTU-4) -0.91 -0.95 0.344 
(Z. ekmanii) x (OTU-4) -0.53 -0.70 0.483 
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Table 4. Germination data reveal species-specific interactions between seed-

associated fungi and seeds of pioneer trees. Parameters were estimated using a 

generalized linear mixed model with a quasibinomial error family. Seed species, fungal 

OTU, and sterilization treatment were fixed effects, and incubation plate was a random 

effect. The reported estimates are how each factor affects the log odds ratio. Only A. 

membranacea and F. insipida were considered, as they were the only seeds that 

germinated. The no-fungus control and A. membranacea were used as the base case, and 

the significance of the base case implies that there was >50% germination under these 

conditions. The significant F. insipida (control) indicated that F. insipida had a lower 

germination fraction than A. membranacea on control plates. Significant “OTU-X (on A. 

membranacea)” factors indicate the A. membranacea had increased or decreased 

germination on plates with OTU-X relative to the no-fungus control. A “(F. insipida) x 

(OTU-X)” factor indicated whether OTU-X raised or lowered the germination fraction of 

F. insipida, relative to how much it raised or lowered the germination of A. 

membranacea. The significant “Surface-sterilization (on A. membranacea)” indicated 

that surface-sterilization significantly lowered germination in A. membranacea plates, 

and the equally positive “(Surface-sterilization)x(F. insipida)” factor indicated that 

surface-sterilization did not appear to affect germination in F. insipida.  

 
Factor Estimate t-value p-value 
Base case 0.73 3.04 0.003 
F. insipida (control) -3.12 -7.62 <<0.001 
OTU-1 (on A. membranacea) -0.98 -3.39 0.001 

(F. insipida) x (OTU-1) 2.40 5.14 <<0.001 
OTU-27 (on A. membranacea) 0.30 0.89 0.378 

(F. insipida) x (OTU-27) -0.30 -0.52 0.601 
OTU-5 (on A. membranacea) 0.33 1.00 0.321 

(F. insipida) x (OTU-5) -0.33 -0.59 0.556 
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OTU-7 (on A. membranacea) -0.45 -1.37 0.174 
(F. insipida) x (OTU-7) 1.09 2.03 0.046 

OTU-26 (on A. membranacea) 0.00 0.01 0.993 
(F. insipida) x (OTU-26) 0.20 0.37 0.714 

OTU-4 (on A. membranacea) -0.33 -1.15 0.252 
(F. insipida) x (OTU-4) 0.44 0.91 0.364 

Surface sterilization (on A. 
membranacea) -0.77 -7.34 <<0.001 

(F. insipida) x (Surface sterilization) 0.74 4.08 <<0.001 
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Table 5. Phylogenetic conservatism in fungal colonization fraction. Mean 

colonization fraction on a particular seed is the fraction of seeds colonized across all five 

replicates. Mean overall colonization is the mean colonization across species. Relative 

colonization is the mean colonization on a particular species minus the mean overall 

colonization, and is used to disentangle overall colonization ability from the ability to 

colonize particular seeds. Significant constraint indicates that related fungi are more have 

a similar colonization fraction on a given seed, a similar colonization fraction overall, or 

a similar relative colonization fraction on a given seed.  

 
Seed species K estimate p-value λ estimate p-value 

A. membranacea - mean 8.16x10-5 0.307 0.204 0.696 
F. insipida - mean 5.65x10-4 0.032 0.744 0.110 
T. micrantha “black” - mean 1.46 x10-4 0.156 0.614 0.066 
T. micrantha “brown” - mean 1.68 x10-3 0.090 0.906 0.001 
Z. ekmanii - mean 1.26 x10-4 0.196 0.000 1.000 
A. membranacea - relative 9.27 x10-5 0.245 0.000 1.000 
F. insipida - relative 5.40 x10-4 0.051 0.000 1.000 
T. micrantha “black” - relative 7.39 x10-5 0.238 0.295 0.434 
T. micrantha “brown” - relative 1.55 x10-4 0.139 0.856 0.011 
Z. ekmanii - relative 3.76 x10-4 0.048 0.959 0.061 
Overall mean 2.46 x10-4 0.055 0.772 0.024 
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Fig. 1. Fraction of seeds that (a) were colonized by fungi, or (b) germinated, as a 

function of seed species and fungal OTU. Each bar represents 100 seeds. Error bars 

represent ±1 standard error. Bars marked with a “+” indicate OTUs that were isolated 

from seeds of that species in field surveys, and bars marked with a “–“ have not yet been 

isolated from seeds of that species. At the time of publication, we did not have 

association data for F. insipida or Z. ekmanii. T. micrantha “black”, T. micrantha 

“brown,” and Z. ekmanii did not germinate under any conditions, and so were excluded 

from (b).  

 

Fig. 2. Overall colonization fraction for each OTU, taking into account previous 

known associations. Error bars represent ±1 standard error of per-plate colonization 

fraction. OTU have higher colonization fractions on seeds that they have been associated 

with in field surveys (p = 0.053, generalized linear mixed model).  

 

Fig. 3. Fraction of seeds that (a) were colonized by fungi, or (b) germinated, as a 

function of seed species and fungal isolate. Each bar represents 100 seeds. Error bars 

represent ±1 standard error. Bars marked with a “+” indicate OTUs that were isolated 

from seeds of that species in field surveys, and bars marked with a “–“ have not yet been 

isolated from seeds of that species.  

 

Fig. 4. Dormancy class is not a strong predictor of fungal colonization on seeds. A 

histogram displays the AIC values of a generalized linear model of every possible fungal 

grouping. There are 40 possible ways to group five fungi into two to three groups; one of 
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these ways is by dormancy class. The dormancy class grouping (F. insipida paired with 

T. micrantha “black”, Z. ekmanii paired with T. micrantha “brown”, and A. 

membranacea by itself) had an AIC of 1103.4, indicated by the arrow. The best model (Z. 

ekmanii by itself, A. membranacea by itself, and a group of T. micrantha “brown,” T. 

micrantha “black”, and F. insipida) had an AIC of 992.4. Every other group with an AIC 

less than 1103.4 placed Z. ekmanii and A. membranacea in the same group.  
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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ABSTRACT 

Optimal foraging a major predictive theory of how predators forage.  Optimal foraging 

behavior can generate frequency dependent predation.  Other forms of frequency 

dependence can powerfully promote prey coexistence, and become stronger in a variable 

environment.  However, no study has examined whether an optimally foraging predator 

could allow multiple prey to coexist, nor whether their effect interacts with 

environmental variation.  Here we study the impact of optimal foraging on prey 

coexistence using the annual plant model, with and without annual variation in seed 

germination.  Seed predators are modeled using Charnov’s model of adaptive diet choice.  

We show that multiple prey species can coexist if the there is a competition-predation 

trade-off.  It occurs because, when a prey species becomes rare, it is often favorable for 

predators to specialize on stronger competitors for longer, and add weaker competitors to 

their diet sooner; thus, prey gain a low-density advantage because they experience less 

predation relative to their competitors.  Variable germination interacts with predator 

satiation to produce a negative storage effect, which creates a low-density disadvantage 

and undermines prey coexistence.  This occurs because abundant prey species can satiate 

the predators during favorable years, whereas rare prey cannot.  However, the effect of 

satiation is inconsequential when predators regularly act as specialists, because the 

benefit of occasionally satiating the predators is minor compared to the benefit of not 

being eaten.  Our results suggest that frequency dependent predation due to optimal 

foraging can be a strong mechanism for promoting coexistence, and its effects are 

unhampered by environmental variation.  
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 1. Introduction 

Optimal foraging theory is one of the major predictive theories for how animals forage 

(Perry and Pianka, 1997).  Models of optimal foraging attempt to predict behavior based 

on the assumption that predators are optimizing some factor relating to fitness (Parker 

and Smith, 1990).  For example, the Charnov model assumes that predators try to 

maximize their calorie intake per unit time by adaptively changing their diet (Charnov, 

1976).  It predicts that predators should specialize on high-calorie prey when such prey 

are common, and become generalists when high-calorie prey are rare (Charnov, 1976).  

Optimal foraging theory has been criticized for both empirical (Pyke, 1984) and 

philosophical reasons (Pierce and Ollason, 1987); however, many empirical studies have 

found predators whose behavior agrees with its predictions (Jaenike, 1990; Krebs and 

McCleery, 1984).  For example, insectivorous birds (Krebs et al., 1977), crabs (Elner and 

Hughes, 1978), and coyotes (Hernández et al., 2002) have each shown behavior that is 

qualitatively similar to the predictions of the Charnov model (1976).  Despite its 

importance, however, it is not well understood how such optimally foraging predators 

could affect prey coexistence in a diverse community.  Here, we analyze when an 

optimally foraging seed predator will promote coexistence in a community of annual 

plants.  We focus on a particularly important model of optimal foraging, Charnov’s 

model of adaptive diet choice (Charnov, 1976), while acknowledging that other models 

of optimal foraging may be important for future studies.  This work unites two major 

fields of ecological theory – optimal foraging theory and modern coexistence theory – 

which are mostly disconnected.   
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Previous studies have mainly examined if an optimal forager will cause 

competitive exclusion between prey species that could otherwise coexist, rather than if 

the predators actually promote coexistence (Fryxell and Lundberg, 1994; Holt, 1984; 

Křivan and Eisner, 2003; Krivan and Sikder, 1999; Křivan and Sikder, 1999; Ma et al., 

2003; Yamauchi and Yamamura, 2005).  Several studies have shown that an optimally 

foraging predator can allow two prey species to coexist (Abrams and Matsuda, 1996; 

Genkai-Kato and Yamamura, 1999; Gleeson and Wilson, 1986; Hambäck, 1998; Krivan, 

2003).  However, two prey can coexist in the presence of a shared predator and resource, 

even in the absence of optimal foraging (Armstrong, 1979; Chesson and Kuang, 2008; 

Holt et al., 1994; Levin, 1970).  One study found that three species could coexist because 

of an optimal forager, but this required invoking an additional mechanism – temporal 

partitioning (Hambäck, 1998).  As far as we are aware, no study has examined if the 

nonlinearities brought about by optimal foraging can allow multiple species to coexist, or 

if two species is an upper limit.   

The nonlinearities in optimal foraging will produce a form of frequency 

dependent predation, and frequency dependent predation can strongly promote 

coexistence amongst prey species (Chesson and Kuang, 2010; Kuang and Chesson, 

2010).  For example, when frequency dependent predation arises due to a learning 

constraint, predators will attack abundant prey disproportionately more (McNair, 1980; 

Murdoch, 1969).  This generates a low-density advantage for prey species, potentially 

allowing them to recover if they fall to low densities (Chesson and Kuang, 2010; Kuang 

and Chesson, 2010).  Such behavior can allow a potentially unlimited number of prey 

species to coexist, and that it can become stronger in a variable environment (Chesson 
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and Kuang, 2010).  However, there is an important distinction between these two forms 

of frequency-dependence: an optimally foraging predator will not exclude a prey from its 

diet simply because the prey species is rare, it will only exclude a prey if higher-calorie 

prey are abundant.  Such behavior creates important asymmetries, as high-calorie prey 

are never ignored.   

A deeper understanding of optimal foraging will be particularly important for 

understanding communities of how desert annual plants.  Seed predation is thought to 

play a major role in allowing desert annuals to coexist (Brown and Heske, 1990; 

Davidson et al., 1984).  Granivorous rodents show strong preference hierarchies based on 

seed size (Brown and Heske, 1990; Inouye et al., 1980b), and thus models of optimal 

foraging, or adaptive diet choice more generally, are likely applicable.  Environmental 

variation is also thought to drive coexistence in these systems (Angert et al., 2009; 

Chesson et al., 2013; Pake and Venable, 1996).  Thus, the annual plant model provides an 

opportunity to study how predators interact with yearly variation in the environment.  

Previous work has taken advantage of this system to study how generalist predators 

(Kuang and Chesson, 2009), frequency-dependent predation due to constraint (Chesson 

and Kuang, 2010; Kuang and Chesson, 2010), and pathogen outbreaks (Mordecai, 2011) 

interact with environmental variation to affect coexistence.   

In previous models of desert annual communities, environmental variation 

promotes coexistence through a storage effect (Chesson, 1994; Chesson et al., 2013).  

Seeds of different species have different germination rates each year due to variation in 

the weather (Adondakis and Venable, 2004; Facelli et al., 2005).  High germination rates 

favor population growth, because only seeds that germinate can reproduce.  However, 
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when an abundant species has a high germination rate, competition will be high; thus, 

very abundant species are unable to take advantage of good years (Chesson, 1994).  

Species can gain a low-density advantage by germinating under different conditions, 

because they can germinate in years when competition is low, and remain dormant in the 

seed bank when competition is high (Chesson, 1994).  Predators can produce an 

analogous storage effect: species can gain a low-density advantage by remaining dormant 

through years of high predation, and germinating when the risk of predation is low 

(Chesson and Kuang, 2010; Mordecai, 2011).  To work, the predators must have a rapid 

numerical or behavioral response to their prey (Chesson and Kuang, 2010; Mordecai, 

2011).   

In this paper, we study how seed predators that behave according to the Charnov 

model of adaptive diet choice (Charnov, 1976) affect the coexistence of annual plants.  

We examine the effect of predators both when germination rates are constant, and when 

they vary.  This model allows us to analyze, for the first time, how a major form of 

predator behavior is influenced by environmental variation, and how this affects prey 

coexistence in a diverse community.  Our results show that such predators can promote or 

undermine coexistence through different mechanisms, depending upon how much they 

differentiate their prey.   

 

2. Model 

Our model is based upon the life history of desert annual plants, which are competing in 

the presence of seed predators (Kuang and Chesson, 2008).  All variables are listed in 

Table 1.  Our population variable, Nj(t), is the number of seeds of species j at the start of 
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year t, before germination.  By using Nj(t) to represent seeds before germination, we can 

track population density with a single number (rather than the number of both seeds and 

flowering plants).  At the beginning of each year, t, some fraction of the seeds from each 

species germinate, Gj(t) (j for species).  A fraction s of the ungerminated seeds will 

survive and be present in the seed bank the following year.  Seeds that germinate compete 

for resources and grow into adult plants that produce new seeds.  Each adult produces 

Yje–C(t) seeds, where Yj is species j’s seed yield, and C(t) is the effect of exploitative 

competition.  After seeds are produced, the new seeds are exposed to predators, and have 

a chance e–Aj(t) of surviving (“A” for apparent competition).  Surviving seeds enter the 

seed bank, where they are protected from predators and competition, and can germinate 

in future years.  Taken together, the yearly finite rate of increase of species j, λj(t), is  

 λ j (t) = 1−Gj (t)( )s +YjGj (t)e
−C (t )−Aj (t )  ,  (1) 

and the population growth rate is rj(t) = ln λj(t).   

Exploitative competition is modeled as  

 C(t) = ln α1 +α 2 Gj
j=1

n

∑ (t)N j (t)
⎧
⎨
⎩⎪

⎫
⎬
⎭⎪

 , (2) 

where α1 and α2 are competition parameters, and n is the number of competing species.  

For small population densities, each germinating seed produces approximately Yj/α1 

seeds; for high population densities, seed production is inversely proportional to the 

number of plants.  Each species has an identical effect on every other species; thus, in the 

absence of environmental variation or predators, this form of competition will not allow 

species to coexist (Chesson, 2000; Levin, 1970). 
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Environmental variation is modeled as variability in the germination rate, Gj(t).  

We assume that the mean of Gj(t) is  G  for all species, and there is no temporal 

autocorrelation.  The environmental response, used below for calculating the impact of 

variability, is defined as Ej(t) = ln Gj(t).  The variance of Ej(t) is σ2 for every species, and 

the correlation between Ej(t) and Ek(t) is ρ for j ≠ k.   

In the results presented here, the number of predators is held as a constant, so that 

we could focus on the behavioral response of predators (rather than their numerical 

response).  According to computer simulations, the results are qualitatively similar when 

predator density is affected by prey density, except when predator-prey oscillations 

occurred.  If the predators have a Type-I functional response and a constant density, they 

cannot impact coexistence (Chesson and Huntly, 1997).  In contrast, we find that the 

shifting predation rates caused by a Type-II functional response and adaptive diet choice 

do affect prey coexistence.   

 

2.1 The effect of seed predation, Aj(t) 

We assume that predators have access to seeds for a period of time within the year that 

they are produced.  We use the variable u for time during this period.  We define u = 0 as 

the time of seed production (i.e., when seeds are first available to the predators), and u = 

1 as the time when seeds enter the seed bank (i.e., are mixed into the soil) and are no 

longer available to seed predators.   

The effect of predation, Aj(t), is defined such that e–Aj(t) is the probability that a 

seed is not consumed in the year it is produced.  In its most general form, 
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 e−Aj (t ) = seeds entering the seedbank
seeds produced at the start of the year

=
bj (1)
bj (0)

 , (3) 

where bj(u) is the number of seeds of species j at within-year time u; therefore, 

 Aj (t) = ln
bj (0)
bj (1)

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
. (4) 

The number of seeds at the start of the year, bj(0), is  

 bj 0( ) = YjGj (t)N j (t)e
−C (t ) . (5) 

Predator functional response and diet choice determines Aj(t). 

Predators in this model have a Type-II functional response (Holling, 1959).  Each 

predator finds seeds at a rate abj(u), where a is the attack rate.  Once a predator has found 

a seed, it must spend time handling that seed, h.  All together, predators will consume 

seeds of species j at a rate 

 
dbj (u)

du = −P
apj (u)bj (u)

1+ ah pj (u)bk (u)
k=1

n

∑
 , (6) 

where P is the number of predators, and 0 ≤ pj(u) ≤ 1 is the probability that a predator 

will attack seeds of species j if given the opportunity.  The predator’s dietary choice is 

thus modeled using pj(u), and this is what distinguishes the predator’s effect on different 

species.  If we modeled prey choice as being the result of a learning constraint (as done 

by Chesson and Kuang, 2010; Kuang and Chesson, 2010; McNair, 1980), then pj(u) 

would be an increasing function of the density of each prey; in this study, we modeled 

pj(u) using the Charnov diet choice model of optimal foraging (Charnov, 1976).   

The Charnov model assumes that a predator will dynamically change its diet to 

maximize its calorie intake at any given time (Charnov, 1976).  Based on the Type-II 
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functional response, (6), previous work has shown that the probability of consuming a 

seed at a particular time, pj(u), will be either 0 or 1 (Charnov, 1976).  If the predator 

encounters a seed of species j, it will eat that seed if the energy it would gain is greater 

than the energy it would typically gain by searching for more energetic seeds.  If ej is the 

energy content of a species j seed, and e1 > e2 > … > en, then  

 pj u( ) = 1 if
ej
h
>

a bk (u)ek
k=1

j−1

∑

1+ ah bk (u)
k=1

j−1

∑
0 otherwise

⎧

⎨

⎪
⎪⎪

⎩

⎪
⎪
⎪

,  (7) 

(Charnov, 1976).  Thus, p1(u) will always equal 1, and pj(u) will equal 1 when (b1(u) + 

b2(u) + … + bj–1(u)) is lower than the critical switching density, bj
*, calculated as 

 bj
* = 1

ah
⎛
⎝⎜

⎞
⎠⎟

ej
ej−1 − ej

 , (8) 

where ej−1  is the density-weighted mean value of ek for species 1 through j – 1, 

 ej−1 =
ekbk (u)

k=1

j−1

∑

bk (u)
k=1

j−1

∑
, (9) 

(Charnov, 1976).   

Because the prey densities change over time, the value of pj(u) may change from 

0 to 1 during the interval u = (0, 1).  In a two prey system, there are three possibilities.  A 

predators in any given year might be a generalist, a specialist, or a partial specialist (Fig. 

1).  When a predator species is a generalist, p1(u) = p2(u) = 1 for all u, and thus it 

consumes both prey indiscriminately.  This will occur when e1 and e2 are close, or when 

species 1 is rare (Fig. 1.A).  When a predator species is a specialist, p1(u) = 1 and p2(u) = 
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0 for all u, and thus it only consumes species 1.  This will occur when species 1 is 

abundant and e1 is much larger than e2 (Fig. 1.C).  When a predator species is a partial 

specialist, p1(u) = 1 for all u, but p2(u < u2
*) = 0 and p2(u > u2

*) = 1 for some time u2
*, 

where 0 < u2
* < 1.  Thus, a partial specialist switches from being a specialist to a 

generalist during the year; as a result, it consumes both species, but consumes species 1 

disproportionately more.  The term u2
* is can be calculated as the time when b1(u2

*) = b2
* 

(Appendix A, Fig. 1.B).  Similar behaviors are possible in multi-prey systems.   

The number of seeds that survive to the end of the year, bj(1), can be calculated 

by integrating dbj(u)/du over the season.  The effect of apparent competition, Aj(t), can 

then be calculated using equations (4) and (5).  For example, if the predators act as 

generalists (i.e., pj(u) = 1 for all u and j),  

 Aj (t) = ln
bk (0)

k=1

n

∑⎛⎝⎜
⎞
⎠⎟
ah

W ah bk (0)
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n
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e
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n
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⎝
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⎩
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⎫

⎬

⎪
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⎪

⎭

⎪
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⎪

  (10) 

where W(Z) is the Lambert W function (the solution to z = W(z)eW(z)) (Appendix A).  If 

the predator acts as a specialist in a two-prey system, A2(u) = 0.  If the predator acts as a 

partial specialist, A1(u) > A2(u) > 0.  Importantly, if pj(u) = 1 for any u < 1, then A1(t), 

A2(t), …, Aj(t) are decreasing functions of bj(0) (Fig. 2). 

 

3. The invader growth rate,  ri , of a specific species 

The model was analyzed using an invasion analysis, a standard approach for determining 

stable coexistence (Chesson, 2000; Schreiber et al., 2011).  In an invasion analysis, one 
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species is chosen to be an invader (indicated by the subscript i in place of j or k), and its 

density is set to zero.  We will use the superscript {-i} to indicate that species i has been 

removed from the system (e.g., Aj(t){-i} is species j’s risk of predation when species i is 

the invader).  The remaining species (referred to as residents, subscript r) are allowed to 

come to an equilibrium or a stochastic steady state (i.e. rr = 0 , where  rr  is rr(t) averaged 

over time).  If the invader has a positive growth rate under these conditions (i.e., if ri > 0

), then it cannot be eliminated from the system purely through endogenous factors 

(Chesson, 2000).  Species can coexist if, for some vector p with entries pj, ∑pi ri  > 0 for 

any subcommunity (Schreiber et al., 2011); thus, a sufficient (but not necessary) 

condition is that every species has a positive invader growth rate in every possible 

subcommunity.   

For  ri  to be positive when   rr = 0 , the invader species must have some type of 

advantage over the residents.  Thus, either the invader must be a stronger competitor 

overall (i.e., it must have a high species-average fitness), or else it must gain an 

advantage when its density is reduced to 0 (i.e., there must be stabilizing mechanisms) 

(Chesson, 2000).  It is not possible for every species to have a species-average fitness that 

is higher than its competitors; thus, in the absence of stabilizing mechanisms, only the 

strongest competitor could persist (Chesson, 2000).  It is only possible for weak 

competitors to coexist with other species if the stabilizing mechanisms are strong enough 

to offset the difference in species-average fitness (Chesson, 2000).  For this reason, our 

analysis focused mainly on quantifying the effect of stabilizing mechanisms on invader 

growth rates.   
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To understand how competition and germination affected growth rates – and 

ultimately stabilizing mechanisms – we approximated rj(t) as a quadratic function of Ej(t), 

Aj(t), and C(t) (Appendix C).  Our methods closely follow those of Kuang and Chesson 

(2010) and Chesson and Kuang (2010), which were based on Chesson (1994).  

Approximating rj(t) in this fashion has two major benefits.  First, it allows us to partition 

rj(t) into the separate contributions of exploitative competition, apparent competition, 

variation in germination, and their interactions.  This allows us to analyze how each 

process promotes or undermines coexistence, and how they interact.  Second,  
rj  can then 

be calculated as the mean value of each term.  As we show in Appendix C, this 

partitioning allows us to express  
rj  as a linear function of the means of Ej(t), Aj(t), and 

C(t), and their variances and covariances.   

Having partitioned  
rj  into the contributions from competition, germination, and 

their interaction, we can compare each term in  ri  to its analogous term in  rr .  Any term 

that is larger in  ri  than  rr  represents an advantage gained by the invader, and any term 

that is smaller in  ri  represents a disadvantage.  Any advantage that is independent of the 

invader’s density represents a contribution to the species-average fitness difference, and 

any advantage that occurs because Ni(t) = 0 is a stabilizing mechanism.  We use this to 

calculate individual invader growth rates, and later to determine whether species can 

coexist (see Section 4). 

Because   rr = 0 ,  ri  equals 
  
ri −

1
n−1

rr
r≠i
∑ .  By approximating  ri  and  rr  as a series 

of additive terms,  ri can be written as the sum of the invader-resident difference in each 
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term.  Thus,  ri  is thus the sum of the species-average fitness difference and stabilizing 

mechanisms.  Using these methods, we can write the invader growth rate as 

 ri
β
≈ lnYi −

1
n −1

lnYr
r≠i
∑⎛

⎝⎜
⎞
⎠⎟
+ ΔPi + ΔICi + ΔIPi  , (11) 

where β = 1− s 1−G( )  is the proportion of seeds lost from the seed bank each year (and 

thus  ri /β is the growth rate on a per-generation timescale), ΔPi is the mean difference in 

apparent competition between invaders and residents, and ΔICi and ΔIPi are the storage 

effect from exploitative and apparent competition (Table 2, Appendix C).  Each Δ will 

vary slightly, depending on which species is the invader; we use the subscript i to indicate 

that this is the value when species i is the invader.  Here, the term lnYi −
1

n −1
lnYr

r≠i
∑⎛

⎝⎜
⎞
⎠⎟

 

represents the mean difference in competitive ability.  In the absence of differential 

predation or environmental variation, the species with the highest Yj will be the strongest 

competitor under all conditions, and it will drive all other species to extinction.  Thus, a 

species with a low Yj can only persist if ΔPj + ΔICj + ΔIPj is large enough to offset this 

disadvantage.   

Our approximations of  
rj  are based on the assumption that σ2, and between-

species differences in ln Yj and Aj(t), are small (Appendix C).  Computer simulations 

were used to check the quality of our approximations when these values were not small 

(Appendix D).  We calculated exact values of  ri  for particular parameter sets using 

simulations, and these exact values were compared to our approximations.  Generally, we 

found that our approximations held very well over a wide range of parameter values (Fig. 

3, D2, D4).   



 

 195 

 

3.1 The mean difference in apparent competition, ΔPi 

Because optimal foragers can specialize on particular prey, the risk of predation can be 

different for different plant species.  If the invader’s seeds are at lower risk of predation 

than are the seeds of its competitors, this will increase  ri ; if the invader’s seeds are at 

higher risk of predation, this will lower  ri .  This effect is quantified by ΔPi, mean 

resident-invader difference in apparent competition,  

 ΔPi =
1

n −1
Ar (t)

{− i}

r≠i
∑⎛

⎝⎜
⎞
⎠⎟
− Ai (t)

{− i} , (12) 

where the bar represents the mean value of Aj(t){-i} over time (Appendix B and C).  If the 

predators are always generalists (Fig. 1A), Ai(t){-i} = Ar(t){-i} for all r and t, and thus ΔPi = 

0.  If the predators exclude certain prey species from their diet during certain times of the 

year (i.e., are partial specialists or specialists, Fig. 1B and 1C), then ΔPi can be non-zero.   

The term ΔPi will generally be positive for some species and negative for others.  

To see this, note that if e1 > e2 > … > en, then a predator who eats species j at time u will 

also eat species 1, 2, …, and j – 1 at that time (Charnov, 1976), and therefore, A1(t) ≥ 

A2(t) ≥ … ≥ An(t).  When species n is an invader (i.e., the low-calorie species), ΔPn ≥ 0, 

and predators will generally increase species n’s ability to invade.  When species 1 is an 

invader (i.e., the high-calorie species), ΔP1 ≤ 0, and the predators will reduce species 1’s 

ability to invade.  Thus, for species 1 to invade, it must have some other advantage.   

In the absence of environmental variation, only ΔPi and differences in yield affect 

invader growth rates.  Thus, a species can invade if 
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 lnYi +
1

n −1
Ar (t)

{− i}

r≠i
∑⎛

⎝⎜
⎞
⎠⎟
− Ai (t)

{− i} > 1
n −1

lnYr
r≠i
∑⎛

⎝⎜
⎞
⎠⎟

. (13) 

For example, in a community with two prey species, this condition simplifies to  

 lnYi + Ar (t)
{− i} − Ai (t)

{− i} > lnYr (2 spp.)  . (14) 

When the preferred prey is the invader (i.e., ei > er), the predators will be generalists: it is 

optimal for the predators to consume invader seeds, but not to specialize on them.  Thus, 

when the preferred prey is the invader, Ar(t){-i} = Ai(t){-i}, and invasion is only possible if 

ln Yi > ln Yr (i.e., the preferred prey is also the strongest competitor).  If the less preferred 

prey is the invader (i.e., ei < er), then Ar(t){-i} ≥ Ai(t){-i}, and invasion is possible if ΔP2 is 

large enough to offset the disadvantage of having a smaller yield.  There are two ways 

that this can happen.  First, if the predators are specialists, then species 2 will not be 

consumed (Fig. 1C); in this case, A2(t){-2} = 0, and ΔP2 = A1(t){-2} = ln b1(0) – ln b1(1).  

Thus, species 2 will have a positive invader growth rate if 

 lnY2 + lnb1(0)
{−2} − lnb1(1)

{−2} > lnY1 (specialist)  . (15) 

Alternatively, if the predators are partial specialists, then species 2 will be consumed 

from within-year time u = u2* (i.e., when b1(u2*) = b2*, the critical switching density) 

until time u = 1 (i.e., when there are b1(1) resident seeds; Fig. 1B).  The chance that a 

seed is consumed during that time is b1(1)/b2*; therefore A2(t){-2} = ln b2* – ln b1(1), and 

ΔP = ln b1(0) – ln b2*.  Thus, species 2 will have a positive invader growth rate if 

 lnY2 + lnb1(0){−2} − lnb2
* > lnY1 (partial specialist)  . (16) 

Similar results extend to the n-species case (Appendix B).  This illustrates a necessary but 

not sufficient condition for species to coexist: there be a competition-predation trade-off, 
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such that A1(t){-i} ≥ A2(t){-i} > … > An(t){-i} (and therefore e1 > e2 > … > en) whenever Y1 > 

Y2 > … > Yn (Appendix B).  We outline the additional requirements for coexistence in 

Section 4. 

Although Aj(t) is a nonlinear function of germination, Gk(t), and seed density, 

Nk(t), our analysis indicates that under many circumstances, variation in Gk(t) and Nk(t) 

have little impact on ΔPi (Appendix C and D).  In general, variation can only affect ΔPi if 

it causes predators to switch their behavior qualitatively from year to year (e.g., if they 

are generalists some years and partial specialists in others, Appendix C).  Computer 

simulations corroborate this result (Appendix D, Fig. 5).  Thus, if the predators are 

specialists or partial specialists each year, then each Aj (t)
{− i}  term in (12) can be 

approximated as Aj(t){-i} evaluated at the mean of Gk(t) and Nk(t) for all k.  

 

3.2 The storage effect from competition, ΔICi 

As in previous studies of the annual plant model, annual variation in germination rates 

promote coexistence through a storage effect from competition, ΔICi (Chesson, 1994).  

The functioning of the storage effect has been described in great detail elsewhere (e.g., 

Chesson, 1994; Chesson, 2000; Kuang and Chesson, 2009; Kuang and Chesson, 2010); 

here we present the main results of our model.  The storage effect from competition 

boosts the invader’s mean growth rate by an amount  

 ΔICi = s
1

n −1
cov Er (t),C(t)

{− i}( )
r≠i
∑⎛

⎝⎜
⎞
⎠⎟
− cov Ei (t),C(t)

{− i}( )⎡

⎣
⎢

⎤

⎦
⎥  , (17) 

where s is the survival rate of seeds in the seed bank (Appendix C) (Chesson, 1994).  If s 

= 0, there is no long-term seed bank, and thus no advantage to staying dormant.   
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The factors affecting the magnitude of ΔICi can be seen more clearly though the 

approximation,  

 ΔICi ≈ s
σ 2 1− ρ( ) ′Ci

n −1
, (18) 

where Ci’/(n – 1) is the average amount that a change in Er(t) changes C(t){-i}, 

 ′Ci =
∂C(t){− i}

∂Er (t) Gr (t )=G ,Nr (t )=Nr
{− i}

r≠i
∑ =

α 2 GNr
{− i}

r≠i
∑

α1 +α 2 GNr
{− i}

r≠i
∑

  (19) 

(Chesson, 1994; Kuang and Chesson, 2009).  Thus, we see that ΔICi depends both on the 

amount that germination rates vary, σ2, and the amount that the invader’s germination 

rate differs from the residents, (1 – ρ).  The storage effect is proportional to Ci’ because 

this sets a limit on how much exploitative competition can vary: if resident germination 

has little effect on C(t) (i.e., if Ci’ is small), then there will be little variation in 

competition, and cov(Er(t), C(t){-i}) will be small.  As with previous models, predators 

can weaken the storage effect from competition by reducing  Nr , and thereby reducing 

the amount that residents can generate exploitative competition (Chesson and Kuang, 

2010; Kuang and Chesson, 2009; Kuang and Chesson, 2010).   

 

3.3 The storage effect from predation, ΔIPi 

In our model, predation risk varies from year to year.  Dormant seeds are protected from 

predators; thus, a population can benefit by staying dormant through years of high 

apparent competition.  This produces a storage effect from predation, ΔIPi, that is 

analogous to the storage effect from competition (Chesson and Kuang, 2010).  It affects 

invader growth rates by an amount 
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 ΔIPi = s
1

n −1
cov Er (t),Ar (t)

{− i}( )
r≠i
∑⎛

⎝⎜
⎞
⎠⎟
− cov Ei (t),Ai (t)

{− i}( )⎡

⎣
⎢

⎤

⎦
⎥  , (20) 

 (Appendix C).  The statistical quantity cov(Ej(t), Aj(t)) quantifies how likely a seed is to 

germinate in a year of high predation.  Thus, species j will benefit when cov(Ej(t), Aj(t)) is 

small or negative.  The strength of ΔIPi depends on the predators’ behavior, and is 

qualitatively different when the predators are generalists (ΔIPi-Generalist) vs. specialists or 

partial specialists (ΔIPi-Specialist).   

First, we consider the case where the predators are generalists (Fig. 1A).  In this 

case, each prey is consumed throughout the year (i.e., pk(u) = 1 for all species k and time 

u), and the risk of predation is identical between species (i.e., Aj(t) = Ak(t) for all j and k).  

In this case, variation in Aj(t) occurs because predator satiation varies between year.  

Analogous to our approximation of ΔICi, (18), the factors affecting ΔIPi-Generalist can be 

seen through its approximation 

 ΔIPi-Generalist ≈ s
σ 2 1− ρ( ) ′Ai

n −1
, (21) 

where Ai’/(n – 1) is the average amount that a change in Er(t) changes Ar(t){-i}, 

 ′Ai =
∂Ar (t)

{− i}

∂Er (t) Gr (t )=G ,Nr (t )=Nrr≠i
∑ == 1− ′Ci( ) 1− 1+ ha br 0( )∑

1+ ha br 1( )∑ Gr (t )=G ,Nr (t )=Nr

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

{− i}

,(22) 

(Appendix C).  The term Ai’ is the product of two factors: the amount that seed 

production increases when germination increases, (1 – Ci’), and the amount that predator 

satiation increases when seed production increases, 1−
1+ ha br 0( )∑
1+ ha br 1( )∑ Gr (t )=G ,Nr (t )=Nr

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

{− i}

.  

Thus, like the storage effect from competition, the storage effect from predation is 
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proportional to four factors: amount that germination varies, σ2, the amount that 

germination differs between species, (1 – ρ), the amount that a change in Er(t) changes 

Ar(t){-i}, Ai’/(n – 1), and the seed survival rate, s. 

Unlike ΔIC, the term ΔIP-Generalist is negative.  To see this, note that Ai’ is negative 

because Ci’ < 1 and br(0) > br(1) for all species, and every term other than Ai’ is positive.  

The term Ai’ is negative because Aj(t) is a decreasing function of seed germination, due to 

predator satiation (Fig. 2).  If an abundant resident has a year of high germination, the 

high density of seeds it produces will satiate the predators, and the per-seed predation risk 

will be reduced (Fig. 2).  Thus, cov(Er(t), Ar(t){-i}) will be negative (Appendix C).  

Invaders are too rare to satiate the predators, and as a result, Ei(t) will not affect Ai(t){-i}.  

Thus, cov(Ei(t), Ai(t){-i}) will be less negative than cov(Er(t), Ar(t){-i}), and ΔIPi-Generalist 

will be negative (Appendix C).  Because the residents gain an advantage that the invader 

does not, the storage effect from predation will reduce  ri  relative to  rr , and undermine 

coexistence.   

When predators exclude certain prey from their diet for some or all of the year 

(i.e., pk(u) = 0 for all species k > 1 and some time u), the storage effect from predation, 

ΔIPi-Specialist, will be insignificant compared to the mean difference in predation, ΔPi.  This 

occurs because when Ai(t) ≠ Ar(t) in most years, the effect of yearly variation in Aj(t) is 

very small compared to between-species differences in 
  
Aj (t)  (Appendix C).  To see this, 

we will first consider the two-species case, in which the predator specializes on the 

resident (i.e., pr(u) = 1 and pi(u) = 0 for all u, Fig. 1C).  Because Ai(t){-i} = 0 for all t, and 

therefore cov(Ei(t), Ai(t){-i}) = 0, the storage effect from predation is 
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 ΔIPi−Specialist = scov Er (t),Ar (t)
{− i}( ) (2 spp., specialist predator)  . (23) 

By the definition of a covariance, 

 cov Er (t),Ar (t)
{− i}( ) =σσ Ar (t )

ρEr (t ),Ar (t )
  (24) 

where σ is the standard deviation of Er(t) (i.e., since σ2 is defined as the variance of Ej(t)), 

σAr(t) is the standard deviation of Ar(t){-i}, and ρEr(t),Ar(t) is the correlation between Er(t) and 

Ar(t){-i}.  Because Ar(t){-i} ≥ 0 is continuous, and can be approximated with a linear 

function of Er(t), the σAr(t) is at most on the same order of magnitude as   Ar (t){− i}  

(Appendix C).  Thus, because σ is very small, |cov(Ar(t){-i}, Er(t))| is much smaller than 

  
Ar (t){− i} , and therefore ΔIPi-Specialist << ΔPi.  Similar results hold when the predators are 

partial specialists most years (i.e., when pj(u) switches from 0 to 1 in most years, Fig. 

1B): σAr(t) will be on same order of magnitude as   Ar (t){− i} − Ai(t)
{− i} , and therefore ΔIPi-

Specialist << ΔPi (Appendix C).  These results also hold for the case of n species (Appendix 

C).  Simulations suggest that these results are robust to fairly large values of σ (Appendix 

D).  Thus, when the predator regularly specializes on particular prey species, yearly 

variation in predator satiation will be minor, and ΔIPi-Specialist will have a negligible impact 

on coexistence.   

If the predators are generalists during most years, but on rare occasions become 

partial specialist (i.e., Aj(t) ≠ Ak(t) during a small proportion of years, t), it is possible for 

ΔIPi and ΔPi to be of similar magnitude (Appendix C).  Detailed requirements are 

outlined in Appendix C, but briefly sketched here for the two species case.  By (24), 

cov(Er(t), Ar(t)) = σσAr(t)ρEr(t),Ar(t).  Similarly, because Ai(t) = Ar(t) during most years, 
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cov(Ei(t), Ai(t)) ≈ cov(Ei(t), Ar(t)), and therefore approximately σσAr(t)ρEi(t),Ar(t) (Appendix 

C).  Thus, as long as ρEr(t),Ar(t) and ρEi(t),Ar(t) are not approximately equal (i.e., when ρ is not 

close to 1, Appendix C), then cov(Er(t), Ar(t)) – cov(Ei(t), Ai(t)) is on the same order as 

σσAr(t).  As we show in Appendix C, if predators act as partial specialists during a small 

proportion of years, then   Ar (t){− i} − Ai(t)
{− i}  is on the same order of magnitude as 

pspecializeσAr(t), where pspecialize is the proportion of years that the predators are not 

generalists (i.e., the probability that Ai(t) ≠ Ar(t)).  Thus, if pspecialize and σ are of the same 

order of magnitude, then   Ar (t){− i} − Ai(t)
{− i}  and cov(Er(t), Ar(t)) – cov(Ei(t), Ai(t)) are of 

the same order of magnitude.  Thus, when the predator is almost always generalists, 

variation in Aj(t) can be much larger than  Ar (t){− i} − Ai(t)
{− i} , and both ΔPi and ΔIPi can 

significantly impact coexistence.  In this case, ΔPi can be calculated using equation (12), 

ΔIPi can be approximated using the case of generalist predators, equation (21).   

 

4. Multispecies coexistence due to optimal foraging 

Unlike predators with a learning constraint, optimal foragers have a highly asymmetric 

effect on each prey species.  As a result, ΔPi is positive for some species and negative for 

others.  In this section, we discuss the net effect this has on species coexistence.  Below, 

we show conditions for two and three species to coexist due to optimal foraging, and 

outline general conditions we found for n species coexistence.  In this section, we will 

assume that the environment is constant (i.e., Gj(t) =  G  for all t), since, as we have 

shown, environmental variation generally has little effect on ΔPi when the predators are 

not generalists.  In this section, we will thus write Gj, Aj, C, and so on without the (t), to 

emphasize that they will be constant. 
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First, we derive a general condition for species to coexist through optimal 

foraging predation alone.  By definition, each resident in a population will be at 

equilibrium; thus, Ar + C must be large enough that λr = 1.  By setting λr to 1 and 

rearranging (1), we see that  

 
  
lnYr − Ar = C + ln 1− 1−G( )s( )   (25) 

Only Ar and ln Yr will differ between resident species.  Thus, when at equilibrium, 

stronger competitors must experience additional predation, which will exactly cancel out 

their heightened competitive ability.  An invader can invade only if Ai
{-i} + C{-i} is small 

enough that λi > 1 (Fig. 4), i.e.,  

 
  
lnYi

{− i} − Ai
{− i} > C{− i} + ln 1− 1−G( )s( )   (26) 

Combining (25) with (26) we see that a species can invade if 

 lnYi + Ar
{− i} − Ai

{− i}( ) > lnYr  (27) 

for all residents in the system, r.  If this holds when every species is an invader, then the 

species coexist.  This is our general requirement for coexistence: Each species must 

experience less apparent competition relative to its competitors when it is an invader (Fig. 

4).  Thus, when a weak competitor is an invader, it must experience an even lower level 

of apparent competition, and when a strong competitor is an invader, the level of apparent 

competition it experiences must be more similar to what the weaker competitors 

experience.   

Equation (27) can only hold when there is a competition-predation trade off.  

Thus, below we will assume that that e1 > e2 > e3 and Y1 > Y2 > Y3. 
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4.1 Two-species coexistence 

We first consider a two species community.  When species 1 is an invader, the predator 

will be a generalist; therefore, A1
{-1} = A2

{-1}.  Thus, (27) will hold, because if Y1 > Y2.  In 

this case, species 1 is gaining an advantage because when it is an invader, the predator 

does not differentiate it from species 2.  As a result, species 1 experiences the same 

amount of predation as its weaker competitor, and thus gains an advantage.   

When species 2 is the invader, the predators can be generalists, specialists, or 

partial specialists (Fig. 1).  If the predators are generalists, then A1
{-2} – A2

{-2} = 0, and 

(27) will not hold.  The reason is simple: species 2 does not experience less apparent 

competition relative to species 1 as an invader, so it gains no advantage from being at low 

density.   

If the predators are specialists or partial specialists, it is possible for the invader to 

experience less apparent competition.  We outlined conditions for species 2 to have a 

positive invader growth rate in Section 3.1. In this case, because species 2 is absent, 

species 1 will be more abundant.  As a result, the predator will spend more time each year 

specializing on resident seeds.  Thus, species 2 gains a benefit because it experiences less 

apparent competition relative to the resident when it is an invader.   

 

4.2 Three-species coexistence 

We have detailed the requirements for three prey species to coexist under the special case 

of α1 = 0 (i.e., when exploitative competition is modeled with lottery competition).  The 

species can coexist if 
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(1) P > 1
a
ln b1(0)b3

*

b2
* b2 (0)+ b2

*( )
⎛

⎝
⎜

⎞

⎠
⎟

{−3}

+ h b1(0)+ b2 (0)− b3
*( ){−3}

(2) Y2 >Y3
e2

e1 − e2
e1 − e3
e3

(3) Y2 <Y3 ah e3
{−3} − e3
e3

⎛
⎝⎜

⎞
⎠⎟
b2 (0)

{−3} + b2
*( )

(4) Y3 >
α 2

ah
e3

e2 − e3

 , (28) 

where e3
−3{ }  is the density-weighted mean value of e1 and e2 when species 3 is an invader 

and the predator is consuming both species 1 and 2 (Appendix B).  In short, condition (1) 

guarantees that there are enough predators, and conditions (2), (3), and (4) are conditions 

that will guarantee that each species can invade each subcommunity.  When these 

conditions hold, Aj + C is lower for each species when they are an invader than when they 

are a resident (Fig. 4).  Below, we will consider each possible invader-resident scenario, 

and show how these conditions allow coexistence amongst every possible subcommunity. 

When species 1 is an invader, it will be able to invade any subcommunity because 

Y1 > Y2 > Y3.  Its low-density advantage is very similar to the two-species case: When 

species 1 is an invader, the predator will never specialize on it.  As a result, it will 

experience the same level of apparent competition as species 2, and a similar level of 

apparent competition as species 3.   

Species 3 can invade when species 1 and 2 are residents whenever condition (3) 

holds.  As described in Appendix B,  

 A2
{−3} − A3

{−3} = ln b2
*{−3} + b2 (0)

{−3}( )− lnb3*{−3} = ln b2
*{−3} + b2 (0)

{−3}( )− ln 1
ah

e3
e3
{−3} − e3

⎛
⎝⎜

⎞
⎠⎟

 (29) 
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whenever there are a sufficient number of predators (which is guaranteed by condition 

(1)).  Thus, if condition (3) holds, then ln Y3 + A2
{-3} – A3

{-3} > ln Y2, and equation (27) is 

satisfied.  Here, species 3 gains a similar advantage as in the two-species case: When 

species 3 is an invader, species 1 and 2 are more abundant, and as a result, the predator 

will spend more time specializing on species 1 and 2 (and thus A3
{-3} is reduced).   

Species 2 can invade when species 1 and 3 are residents whenever condition (2) 

holds.  As described in Appendix B,  

 A2
{−2} − A3

{−2} = lnb2
*{−2} − lnb3

*{−2} = ln e2
e1 − e2

e1 − e3
e3

⎛
⎝⎜

⎞
⎠⎟

  (30) 

whenever there are a sufficient number of predators (which is guaranteed by condition 

(1)).  Thus, analogous to condition (3), when condition (2) holds, ln Y2 + A3(t){-2} – A2(t){-

2} > ln Y3(t), and equation (27) is satisfied.  Here, species 2 gains advantages that are 

similar to the advantages gained by both species 1 and species 3.  When species 2 is an 

invader, species 1 will be more abundant; thus, the predator will spend more time 

specialized on species 1, and A2
{-2} is reduced relative to A1

{-2}.  Additionally, because 

species 2 is absent (and thus cannot satiate the predator), the predator will begin 

consuming species 3 earlier in the year.  As a result, A2
{-2} will be more similar to A3

{-2}.  

We show in Appendix B that conditions (2) and (3) can both hold.   

If species 1 is absent, species 2 and 3 will be able to coexist whenever condition 

(4) holds.  This condition is actually equation (16) (the requirement for coexistence with 

partial specialists), for the special case of α1 = 0.   

Taken together, these conditions are sufficient to guarantee that species 2 and 3 

can invade in a community if only species 1 is the resident.  Thus, every possible 

subcommunity is stable, and therefore these species can coexist (Schreiber et al., 2011).   
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4.3 n-species coexistence 

Computer simulations support the extension of our results for the case of n prey species 

(Appendix D).  In each case, the qualitative results are similar.  Species 1 gains an 

advantage as an invader, because the predators will not specialize on it; thus A1
{-1} will be 

similar to Ar
{-1}.  Species n gains an advantage, because when it is absent, there are more 

seeds of species 1 through n – 1 for the predators to specialize on; thus, An
{-n} is reduced 

relative to Ar
{-n}.  Finally, species 2 through n – 1 gain both advantages: the predators 

spend more time specializing on stronger competitors (and thus Ai
{-i} is reduced relative 

to Ar
{-i} for r > i), and the predators begin consuming weaker competitors earlier (and 

thus Ai
{-i} is more similar to Ar

{-i} for r < i).   

Simulations have found parameter sets that allow nine prey species to coexist, and 

we suspect that more are possible.  However, in many of these cases, pairwise mutual 

invasibility does not occur (Appendix D).  For example, in many cases, removing the top 

competitor causes the third or fourth strongest competitors to go extinct, because A3(t) 

and A4(t) increase significantly relative to A2(t) in the absence of species 1 (Appendix D, 

Fig. D5).  Additionally, ej and Yj must trade off in a very specific way to allow for 

coexistence, and as more species are added to the community, a much smaller range of 

(ej, Yj) pairings are permitted.  Figure 5 shows this clearly: the coexistence region for two 

species (Fig. 5A) is much wider than the coexistence region for three species (Fig. 5B).   

 

5. Discussion 
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Though not perfect, optimal foraging theory provides a good first approximation for 

predator behavior in a variety of systems (Krebs and McCleery, 1984; Perry and Pianka, 

1997).  The Charnov model of adaptive diet choice (Charnov, 1976) produces several 

well-documented behaviors: preference hierarchies (Inouye et al., 1980b), predator 

satiation (Holling, 1959), and malleable diet choice (Hernández et al., 2002).  Such 

behaviors will often cause a predator to affect its prey differentially, and differential 

effects are a basic requirement for any mechanism that promotes coexistence (Chesson, 

2000).  Despite this, much is unknown about when an optimally foraging predator will 

actually be able to promote coexistence amongst its prey.  In this paper, expand on 

previous work by analyzing the effect of optimal foraging on diverse prey communities, 

and in the presence of temporal variation in the environment.  We found that an optimally 

foraging predator can allow multiple prey species to coexist through a competition-

predation trade-off.  This result differed from many previous models, which showed that 

a competition-predation trade-off could only allow two species to coexist.  We also 

revealed a new way that generalist predators can undermine coexistence: if abundant 

species can satiate predators in years of high germination, this will lead to a disadvantage 

to being rare.  However, this effect will tend to be inconsequential if the predator is a 

specialist.   

Our model was based specifically on annual plants; however, its qualitative 

results may be applicable to other organisms.  Fundamentally, our model assumes that 

predators will become satiated when their prey have large reproductive events, and that 

such events can cause the predators to specialize on very desirable prey.  Similar 

behavior has been observed in other communities.  For example, mast seeding trees have 
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large, infrequent reproductive bouts that are known to satiate seed predators (Janzen, 

1971; Kelly and Sork, 2002).  Below we describe qualitative predictions that we expect to 

generalize to similar communities, although we return to implication for annual plants at 

the end.   

 

5.1 Multispecies coexistence from a competition-predation trade-off 

In our model, prey can coexist due to optimal foraging alone when there is a strict 

competition-predation trade-off, such that more competitive plants produce more 

desirable seeds.  Under this trade-off, the predator will begin each year specializing on 

only the most desirable seed species.  As these seeds are depleted, it becomes 

advantageous for the predator to include additional prey species to its diet.  As a result, 

the most competitive species have the highest risk of predation (because their seeds are 

consumed throughout the year), and the least competitive species have the lowest risk of 

predation (because their seeds are only consumed at the end of the year).  For coexistence 

to occur, each species must be consumed less when they become very rare (Fig. 4).  This 

can occur because, when a species’ population declines, it is less able to satiate the 

predator, and thus the predators spend less time focused on that species.  The net result is 

that predation risk is reduced for the species at low density relative to the more abundant 

species.  Our results suggest that a potentially unlimited number of species can coexist 

through this form of predation.   

Empirical studies have suggested that competition-predation trade-offs may be 

common in nature (Chase et al., 2002).  However, this mechanism has been criticized on 

theoretical grounds as being weak.  Previous models have shown that when predators 
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have fixed preferences, at most two prey species can coexist because of a competition-

predation trade-off (Chesson and Kuang, 2008; Holt et al., 1994; Levin, 1970).  However, 

in these simple models there are only two ways for prey species to benefit from being at 

low population density: their competitors must either generate less competition or support 

fewer predators.  Our model suggests conditions under which a competition-predation 

trade-off can allow additional prey species to coexist: the predators must have malleable 

preferences, and they must satiate themselves on the strong competitors when those prey 

are common.   

Our quantitative results rely on the specific (and arguably unrealistic- Pierce and 

Ollason, 1987; Pyke, 1984) assumptions of the optimal foraging model used here.  

However, we expect our results to be qualitatively similar to other models of adaptive 

diet choice.  Many predators do not instantaneously switch between being a strict 

specialist to a preference-free generalist as prey densities change.  Rather, when desirable 

prey are abundant, many predators reduce the proportion of undesirable prey in their diet, 

without eliminating those prey entirely (Pyke, 1984).  Our results suggest that 

specialization per se is not important, only that different prey experience a different risk 

of predation.  Thus, the results should be the qualitatively similar under more realistic 

models: the less desirable seeds will benefit from a lower risk of predation, and the 

desirable seeds will benefit from being stronger competitors.   

Our results suggest that it is fairly easy for a small number of prey species to 

coexist due to adaptive diet choice alone.  However, two lines of evidence suggest that 

adaptive diet choice, by itself, is unlikely to be the sole mechanism promoting 

coexistence in diverse communities.  First, we found that if prey species are removed 
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from the community (particularly the most competitive species), this can cause a large 

shift in which species are able to persist.  Thus, the order that species enter the 

community matters, and if they do not enter the community in a particular order, diversity 

can be lost.  Second, as more prey species are added to the community, the proportion of 

parameter space that will allow species to coexist shrinks (Fig. 3).  A similar relationship 

has been found in many other models; however, in those models, many species can 

coexist by having similar competitive ability (e.g. Chesson and Kuang, 2010; Holt and 

Chesson, 2014; Stump and Chesson, in prep).  In this model, species must differ in their 

yields, and yield must trade-off with seed energy content along a particular relationship 

(Fig. 3).  It seems unlikely that yield (or competitive ability more generally) will trade off 

so perfectly with energy content (or desirability more generally) in a real community.  

Thus, it is probably not realistic to expect this to be the only factor promoting coexistence 

in diverse communities. 

 

5.2 The storage effect from predation 

Generalist predators with a Type-II functional response will produce a negative storage 

effect (ΔIP-Generalist), undermining coexistence.  This result differs from most previous 

studies that found the storage effect promotes coexistence (e.g. Chesson, 1994; Chesson 

and Kuang, 2010; Holt and Chesson, 2014), and is the first study we are aware of 

showing that predators can produce a negative storage effect.  The negative storage effect 

results from an unusual property of the Type-II functional response.  Exploitative 

competition, pathogen outbreaks, and predators with a Type-III functional response 

produce negative density-dependence. Thus, high plant density will lower fecundity or 
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seed survival (Chesson, 1994; Chesson and Kuang, 2010; Mordecai, 2011).  As a result, 

abundant species are self-limiting because they produce high exploitative and apparent 

competition in years of high germination.  However, predators with a Type-II functional 

response produce positive density-dependence.  Thus, high plant density will satiate the 

predators and increase seed survival.  This process gives abundant species an advantage 

because they can satiate predators by germinating in high numbers.  Very rare species 

cannot do this.  As a result, variation in germination benefits species more when they are 

abundant than when they are rare, and thus coexistence is undermined.   

The storage effect from predation is inconsequential when the predators regularly 

specialize on the more desirable prey, because the storage effect will always be much 

smaller than the mean difference in predation (ΔPi).  Intuitively, a benefit that occurs 

infrequently (such as predator satiation during an extreme germination event) must be 

much stronger than a benefit that occurs every year (such as being excluded from a 

predator’s diet) for both to have the same effect.  When the predators specialize on 

resident species, such high variation in predation risk is not possible in this model.  The 

resident gain a small benefit from occasionally experiencing less predation, but this effect 

is minor compared to the invader, who always experience less predation than the 

residents.  As a result, yearly variation in predator satiation could be safely ignored, 

without greatly affecting predictions about coexistence. 

 

5.3 Implications and future work 

We now ask what our results suggest about real communities, such as desert annual 

plants in the southwestern United States.  Diversity in these communities is thought to be 
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maintained by both differential seed predation (Davidson et al., 1984) and variable 

germination (Angert et al., 2009; Chesson et al., 2013).  Long-term experiments near 

Portal, AZ, have shown that when rodents are excluded, the community becomes 

dominated by plants with large seeds (Brown and Heske, 1990).  Can our model make 

sense of these results? 

Our model suggests that predators can have reduce differences in specie-average 

fitness by preferentially consuming the competitive dominants; however, it seems 

unlikely that predators will play a strong stabilizing role in a very diverse community.  In 

our model, adaptive foraging can only promote diversity in diverse communities when 

there is an extremely tight relationship between competitive ability and desirability.  

There is no reason to expect such a tight relationship to evolve naturally.  One alternative 

possibility is that in the presence of rodents, differences in species-average fitness are 

small and diversity can be maintained by a storage effect from competition; in the 

absence of rodents, large-seeded plants have a large advantage, and the storage effect is 

too weak to maintain diversity.   

Another possibility is that predators are having a strong stabilizing effect in these 

communities, and our model left out some important aspect of their behavior.  For 

example, our model considered communities with only one predator.  It would be very 

interesting to understand how multiple predators with different preference hierarchies 

would interact (e.g., rodents that prefer large seeds, ants that prefer small seeds- Inouye et 

al., 1980a).  Alternatively, rodent foraging may be limited by learning constraints, as this 

mechanism has been shown to promote coexistence very strongly (Chesson and Kuang, 

2010). 
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Finally, our model suggests that a storage effect from predator satiation is 

unlikely to be important in this system.  Because predators strongly differentiate their 

prey, our model suggests that this effect will greatly outweigh the impact of predators 

occasionally being satiated during years of high germination.  This is consistent with the 

result that rodents have a positive impact on diversity, rather than a negative impact.   

One system where the negative storage effect from predator satiation may be very 

important are communities of mast seeding trees (Kelly and Sork, 2002).  Mast seeding 

species have large, infrequent reproductive bouts, which are synchronized within a 

species (Janzen, 1971).  A leading hypothesis is that mast-seeding is an adaptation to 

satiate predators (Kelly and Sork, 2002).  Indeed, several studies have demonstrated that 

seed mortality is reduced during mast-seeding events (Andersen, 1987; Crawley and 

Long, 1995; De Steven, 1983; O'Dowd and Gill, 1984).   

A mast-seeding event could be considered a type of environmental response, 

equivalent to annual plants with highly variable germination.  Thus, because seed 

production covaries negatively with predation, a negative storage effect from predation 

may be important in communities of mast-seeding plants.  However, additional evidence 

is needed.  Our results suggest that for the negative storage effect to be important, the 

predators must be mostly generalists.  This would suggest that during a mast-seeding 

event, both the mast-seeding species and its competitors would experience a reduced risk 

of predation.  If only the mast-seeding species benefits from predator satiation, it would 

suggest that the predators are specialists and the storage effect from predation will be 

weak.  If, however, the predators appear to be mostly generalists, attempts could be made 

to quantify the storage effect from predation in these systems.  Simply, seed production 
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and seed predation would need to be tracked over several years.  These data could be 

used to estimate how much each species benefits from predator satiation, and how much 

they would benefit if they were too rare to satiate predators. 

 

6. Conclusion 

Our model suggests that optimally foraging predators can have one of two effects on prey 

coexistence, depending upon whether they consume their prey differentially.  If the 

predators preferentially consume stronger competitors, they can allow multiple prey 

species to coexist, and their impact will not be hampered by environmental variation.  If 

the predators are indiscriminant generalists, they cannot promote prey coexistence, and 

can undermine prey coexistence through an interaction between predator satiation and 

environmental variation.  This model provides a basis for understanding how adaptive 

foraging will produce effects on the prey community that would not occur if the predators 

had fixed preferences. 
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Here we derive the value of Aj(t) = ln(bj(0)/bj(1)), the risk of predation.  First, we will 

consider the case of a single prey.  The instantaneous risk of mortality that each seed 

experiences at any moment is 

 
1

bj (u)
⎛

⎝⎜
⎞

⎠⎟
dbj (u)
du

= − aP(t)
1+ ahbj (u)

, (A31) 

where u is within-year time.  This rearranges to 

 −
1+ ahbj (u)
aP(t)bj (u)

dbj (u) = du . (A32) 

Next we integrate this between times u0 and u1,  

 −
1+ ahbj (u)
aP(t)bj (u)

dbj (u)
bj (u2 )

bj (u1 )

∫ = du
u0

u1

∫ .  (A33) 

Solving this integral, we get 

 − 1
aP
ln bj (u)( )− h

P
bj (u)

bj (u0 )

bj (u1 )

= u1 − u0 ,  (A34) 

which simplifies to 

 ahb(u1)e
ahb(u1 ) = ahb(u0 )e

ahb(u0 )−aP u1−u0( ) .  (A35) 

The Lambert W function, W(Z), is the defined such that for any real or complex Z,  

 W (Z )eW (Z ) = Z .  (A36) 

Because the right side of equation (A35) takes the form ZeZ, where Z = ahb(u1),  

 ahbj (u1) =W ahbj (u0 )e
ahbj (u0 )−aP u1−u0( )( ) ,  (A37) 

and thus, 

 bj (u1) =
W ahbj (u0 )e

ahbj (u0 )−aP u1−u0( )( )
ah

.  (A38) 
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By our definition of u, u = 0 represents the start of the year, and u = 1 represents the end 

of the year.  Thus,  

 Aj (t) = ln
bj (0)
bj (1)

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
= ln

ahbj (0)
W ahbj (0)e

ahbj (0)−aP( )
⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
. (A39) 

Under our interpretation of optimal foraging theory, it is possible that a predator 

will begin the year specializing on species 1, and then add additional species to its diet.  

We will derive this for a two species system.  Seeds of species 1 will be consumed from 

the beginning of the year until only b2
* seeds remain, where b2

* is the critical switching 

density defined in equation (8) (originally derived in Charnov, 1976).  This occurs at the 

time u2
*, derived below.  Thus, the chance that a species 1 seed survives from u = 0 to u = 

u2
* is 

 
  
P spp. 1 seed survives to u2

*( ) = seeds at time u2
*

seed at time 0
=

b2
*

b1(0)
  (A40) 

After time u2
*, the predator will consume species 1 and 2 at an equal rate until the end of 

the year (u = 1).  Because species 2 has not been consumed up to that point, there will be 

b2(0) seeds of species 2 at time u2
*.  If we define bfinal = b1(1) + b2(1), then  

 
  
P seed survives from u2

*  to 1( ) = seeds at time 1
seed at time u2

* =
bfinal

b2
* + b2(0)

 . (A41) 

We can calculate bfinal using (A38), where u0 = u2
*, u1 = 1, and b0 = b2

* + b1(0).  Thus, 

 

  

P seed survives from u2
*  to 1( ) = ah b2

* + b2(0)( )
W ah b2

* + b2(0)( )eah b2
*+b2 (0)( )−aP 1−u2

*( )⎛
⎝

⎞
⎠

 . (A42) 

Because Aj(t) can be written as –ln(probability of surviving to time 1),  
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 A1(t) = ln
b1(0)
b2
*

ah b2
* + b2 (0)( )

W ah b2
* + b2 (0)( )eah b2*+b2 (0)( )−aP 1−u2*( )( )

⎧

⎨
⎪

⎩
⎪

⎫

⎬
⎪

⎭
⎪

  (A43) 

and 

 A2 (t) = ln
ah b2

* + b2 (0)( )
W ah b2

* + b2 (0)( )eah b2*+b2 (0)( )−aP 1−u2*( )( )
⎧

⎨
⎪

⎩
⎪

⎫

⎬
⎪

⎭
⎪

  (A44) 

We can calculate u2
*, the amount of time it takes to reduce the density of species 1 

seeds from b1(0) to b2
*, using our integral in (A33),  

 − 1+ ahb1(u)
aP(t)b1(u)

db1(u)
b1(0)

b2
*

∫ = du
0

u2
*

∫   (A45) 

Integrating this, we find that  

 u2
* = 1

aP
ln b1(0)

b2
*

⎛
⎝⎜

⎞
⎠⎟
+ h
P
b1(0)− b2

*( )   (A46) 

In a system with three or more species, Aj(t) can be calculated using similar 

methods. 

 

Appendix B. Coexistence in a constant environment 

In this section, we will define the conditions necessary for species to coexist because of 

predator diet choice alone.  We assume that there is no environmental variation, and thus 

we will not write the t in Gj(t), Aj(t), and C(t).  We will number species such that e1 > e2 > 

… > en.  

We will first define the general conditions necessary for n species to coexist.  We 

will then show specific conditions for two species and three species to coexist. 
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B.1 General coexistence conditions 

Our derivation of the general conditions for coexistence closely follow Chesson and 

Kuang (2010).  Coexistence can occur if each species has a positive growth rate as an 

invader while each resident is at equilibrium, i.e. 

 
λi = 1−G( )s +YiGe−C−Ai >1
λr = 1−G( )s +YrGe−C−Ar = 1 ∀r ≠ i

 . (A47) 

By rearranging the resident growth rate, we can calculate the effect of exploitative 

competition, C,  

 C = lnG + lnYr − ln 1− 1−G( )s( )− Ar  . (A48) 

The term C will be the same for any species r; however, for a general case, it will be 

more useful to define C as an average value 

 C = 1
n −1

C
r=1

n−1

∑ = lnG − ln 1− 1−G( )s( ) + 1
n −1

lnYr − Ar( )
r=1

n−1

∑ . (A49) 

Rearranging the invader growth rate, we find that invasion is possible if  

 C < lnG + lnYi − ln 1− 1−G( )s( )− Ai{− i}  . (A50) 

Therefore, substituting (A49) into (A50), we find that invasion will succeed when  

 lnYi >
1

n −1
lnYr

r=1

n−1

∑⎛
⎝⎜

⎞
⎠⎟
+ Ai

{− i} − 1
n −1

Ar
{− i}

r=1

n−1

∑⎛
⎝⎜

⎞
⎠⎟

 . (A51) 

Note, however, that it is also true that  

 lnYi > lnYr + Ai
{− i} − Ar

{− i} , (A52) 

for all r. 
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A necessary but not sufficient condition for coexistence is that Yj > Yk implies that 

ej > ek (i.e., if there is a competition-predation trade-off).  To see this, note that ej > ek 

implies that Aj ≥ Ak, and thus Aj – Ak ≥ 0.  Thus, by condition (A52), species j will only 

succeed as an invader if  

 lnYj > lnYk + Aj
{− j} − Ak

{− j} ≥ lnYk . (A53) 

 

B.2 Three species coexistence 

Here, we examine the case of three species coexistence.  For our analysis, we will assume 

the special case of α1 = 0 (i.e., lottery competition), so that predators cannot drive the 

prey species extinct, and so that knowing the proportional relationship of N1, N2, and N3, 

rather than their exact values, is sufficient to calculating the number of seeds produced.   

We define the difference in predation between species 1 and species j, Ψj, such 

that 

 Ψ j = A1 − Aj . (A54) 

Under this definition, conditions (A51) is equivalent to  

 lnYi >
1

n −1
lnYr

r=1

n−1

∑⎛
⎝⎜

⎞
⎠⎟
+Ψ i

{− i} − 1
n −1

Ψr
{− i}

r=1

n−1

∑⎛
⎝⎜

⎞
⎠⎟

 . (A55) 

and (A52) is equivalent to 

 lnYi > lnYr +Ψ i
{− i} −Ψr

{− i} . (A56) 

For A2 ≠ A3 to hold, it must be the case that predators are able to reduce the 

number of species 1 seeds below b2
*.  Additionally, the coexistence region will be the 

largest, and simplest to calculate, when the number of species 1 and 2 seeds are reduced 

to below b3
* in all cases.  It may be possible for coexistence to occur with fewer 
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predators, and thus our result here do not represent the full parameter range under which 

three species can coexist (and rather show a subset where species are guaranteed to 

coexist).   

It will be the most difficult for predators to reduce the number of species 1 and 2 

seeds below b3
* when both species 1 and 2 are residents.  In this case, the predator will 

add species 1 to its diet once it has reduced the number of species 1 seeds to b2
*.  By 

equation (A46), this will occur at time  

 u2
* = 1

aP
ln b1(0)

b2
*

⎛
⎝⎜

⎞
⎠⎟

{−3}

+ h
P
b1(0)− b2

*( ){−3}  . (A57) 

At time u2
*, there will be b2

* seeds of species 1, and b2(0) seeds of species 2.  Thus, to 

reduce the total number of available seeds to b3
* will be require an additional amount of 

time 

 u3
* − u2

* = 1
aP
ln b2 (0)+ b2

*

b3
*

⎛
⎝⎜

⎞
⎠⎟

{−3}

+ h
P
b2 (0)+ b2

* − b3
*( ){−3}  . (A58) 

Combining these,  

 u3
* = 1

aP
ln b1(0)b3

*

b2
* b2 (0)+ b2

*( )
⎛

⎝
⎜

⎞

⎠
⎟

{−3}

+ h
P
b1(0)+ b2 (0)− b3

*( ){−3}  . (A59) 

Thus, u3
* < 1 whenever 

 P > 1
a
ln b1(0)b3

*

b2
* b2 (0)+ b2

*( )
⎛

⎝
⎜

⎞

⎠
⎟

{−3}

+ h b1(0)+ b2 (0)− b3
*( ){−3}  ; (A60) 

This is condition (1) in the main text.  When α1 = 0, there is no upper-limit to the number 

of predators in the community. 
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When species 1 is an invader, it will have a positive invasion rate whenever Y1 > 

Y2 and Y2 > Y3.  To see this, note that when species 1 is an invader, A1 = A2, and thus Ψ2
-1 

= 0.  Thus, by condition (A56), 

 ln Y1{ } > ln Y2{ } . (A61) 

When species 2 is an invader, it will have a positive growth rate when  

 lnY2 > lnY1 −Ψ2
{−2} , (A62) 

and  

 lnY2 − lnY3 >Ψ2
{−2} −Ψ3

{−2} = A3
{−2} − A2

{−2} . (A63) 

When species 2 is an invader, it will be added to the predator’s diet when the number of 

species 1 seeds, b1(u), has been reduced to  

 b2
* = 1

ah
⎛
⎝⎜

⎞
⎠⎟

e2
e1 − e2

 , (A64) 

and species 3 will added to the predator’s diet when b1(u) has been reduced to 

 b3
* = 1

ah
⎛
⎝⎜

⎞
⎠⎟

e3
e1 − e3

 . (A65) 

The probability that a seed of species 2 will be killed between time u2
* (when species 2 is 

added to the predator’s diet) and u3
* is thus b3

*/b2
*.  After time u3

*, every seed will have 

the same risk of predation.  Thus, 

 

  

A2
{−2} = ln

b2
*{−2}

b3
*{−2} − ln P survival after time u3

*( )( )
A3

{−2} = − ln P survival after time u3
*( )( )

  (A66) 

Thus, substituting (A64), (A65), and (A66) into (A63), we see that species 2 will be able 

to invade when 



 

 223 

 
Y2 >Y3

b2
*{−2}

b3
*{−2}

⎛
⎝⎜

⎞
⎠⎟

Y2 >Y3
e2

e1 − e2
e1 − e3
e3

. (A67) 

This is condition (2) in the main text. 

Similarly, species 3 will have a positive growth rate as an invader when  

 lnY3 > lnY1 −Ψ3
{−3} , (A68) 

and 

 lnY2 − lnY3 <Ψ2
{−3} −Ψ3

{−3} = A3
{−3} − A2

{−3} . (A69) 

Now, species 2 will be added to the predator’s diet when the number of species 1 seeds, 

b1(u), has been reduced to b2
* (which is the same as in equation (A64)), and species 3 will 

added to the predator’s diet when b1(u) + b2(u) has been reduced to 

 b3
* = 1

ah
⎛
⎝⎜

⎞
⎠⎟

e3
e3
{−3} − e3

 , (A70) 

where e3
{−3} , the mean weighted value of e1 and e2 when species 3 is an invader, is 

 e3
{−3} = e1b2

* + e2b2 (0)
{−3}

b2
* + b2 (0)

{−3}

⎛
⎝⎜

⎞
⎠⎟

. (A71) 

The probability a seed will be consumed between when species 2 and species 3 are added 

to the predator’s diet is b3
*/(b2

* + b2(0)).  Thus, (A69) will hold when 

 
Y2 <Y3

b2 (0)
{−3} + b2

*

b3
*{−3}

⎛
⎝⎜

⎞
⎠⎟

Y2 <Y3 ah e3
{−3} − e3
e3

⎛
⎝⎜

⎞
⎠⎟
b2 (0)

{−3} + b2
*( )

, (A72) 

This is condition (3) in the main text. 
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Here we show that conditions (2) and (3) can both hold.  With some rearranging, 

equations (A67) and (A72), 

 Y3
b2
*{−2}

b3
*{−2}

⎛
⎝⎜

⎞
⎠⎟
<Y2 <Y3

b2 (0)
{−3} + b2

*{−3}

b3
*{−3}

⎛
⎝⎜

⎞
⎠⎟

 , (A73) 

which reduces to 

 
b2
*{−2}

b3
*{−2} <

b2 (0)
{−3} + b2

*{−3}

b3
*{−3}  , (A74) 

The critical switching density for species 2, b2
*, does not depend on the density of species 

1 or 3, and thus b2
*{-2} = b2

*{-3}.  For this reason, we will write both as simply b2
*, 

 
b2
*

b3
*{−2} <

b2 (0)
{−3} + b2

*

b3
*{−3}  . (A75) 

Using Charnov’s (1976) derived value of bj
*, equation (8), will write each b3

* in terms of 

ej values,  

 ah e1 − e3
e3

⎛
⎝⎜

⎞
⎠⎟
b2
* < ah e3

{−3} − e3
e3

⎛
⎝⎜

⎞
⎠⎟
b2 (0)

{−3} + b2
*( )  . (A76) 

With some rearranging, this simplifies to 

 e1b2
* < e3

{−3} b2 (0)
{−3} + b2

*( )− e3b2 (0){−3}  . (A77) 

By our definition of e3
{−3} , (A71),  

 e1b2
* < e1b2

* + e2b2 (0)
{−3}

b2
* + b2 (0)

{−3}

⎛
⎝⎜

⎞
⎠⎟
b2 (0)

{−3} + b2
*( )− e3b2 (0){−3}  , (A78) 

which simplifies to 

 e1b2
* < e1b2

* + e2b2 (0)
{−3} − e3b2 (0)

{−3}  , (A79) 

which reduces very simply to 
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 e3 < e2 , (A80) 

which is true by our assumption of a competition-predation trade-off. 

For species 2 and 3 to coexist as in the absence of species 1, it must be the case 

that species 3 can invade when only species 2 is the resident.  By condition (A52), this 

will occur when  

 Y3 >Y2
b3
*{−1,3}

b2 (0)
{−1,3}

⎛
⎝⎜

⎞
⎠⎟

 , (A81) 

(where superscript {–1,3} indicates that species 1 and 3 are absent).  When species 2 is the 

resident, and α1 = 0,  

 
  
b2(0) =

Y2N2
{−1,3}G

α 2N2
{−1,3}G

=
Y2

α 2

 . (A82) 

By our equation for bj
*, equation (8), 

 b3
*{−1,3} = 1

ah
⎛
⎝⎜

⎞
⎠⎟

e2
e3 − e2

. (A83) 

Combining these, species 2 and 3 can coexist if 

 Y3 >
α 2

ah
e3

e2 − e3
. (A84) 

This is condition (4) of the main text.  If species 2 and 3 can coexist, and all other 

conditions hold, then pairwise coexistence amongst all species is possible. 

 

Appendix C. Species coexistence in a variable environment 

In this section of the appendix, we derive conditions necessary for species to coexist 

when there is year-to-year variation in germination.  Our derivation follows the 

framework of Chesson (1994), and the derivation of Kuang and Chesson (2010).  In 
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short, after giving the assumptions that are required for our analysis, we approximate rj(t) 

as a quadratic polynomial, in order to partition the mean invader growth rate,  ri , as a 

function of environmental effects, density-dependent effects, and their interaction.  Each 

term represents a different way that predators, competition, or environmental variation 

affect  ri , and by partitioning the terms, we are able to more clearly see their separate 

effects (and how those effects can interact).  Generalists, partial specialists, and specialist 

predators will have a different effect on  ri ; thus, we begin by calculating the terms in 

 ri  that are common to all types of predators, and then calculate effects that depend on 

predator behavior separately. 

 

C.1 Size assumptions 

Our analysis relies on small effect assumptions.  These are described in detail in Chesson 

(1994).  We assume that σ2, the variance in Ej(t), is small enough that rj(t) can be 

approximated by a second-order Taylor series.  A function f(σ) is O(σ) if there exists a k 

such that |f(σ)| < kσ as f(σ)/σ → 0.  We assume that Ej(t) varies over a finite range of O(σ) 

and that |ln Yj – ln Yk| is O(σ2).  Because C(t) is a linear combination of Ej(t) values, any 

two C(t) values will be within O(σ), and the variance in C(t) will be O(σ2).  We show 

that, as with previous models (e.g. Chesson, 1994; Kuang and Chesson, 2010), these 

assumptions lead to  ri  = O(σ2) when E[Aj(t) – Ak(t)] is O(σ2).  In our analysis, we ignore 

terms that are smaller than O(σ2), which we refer to as o(σ2), as these will not generally 

impact the sign of  ri .  Computer simulations suggest that they will have little effect, 

even when σ2 is reasonably large (Appendix D).   
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It is not possible to guarantee that E[Aj(t) – Ak(t)], the difference in predation 

between species 1 and 2, is O(σ2).  Most of our analysis will be derived assuming that 

E[Aj(t) – Ak(t)] is O(σ2).  However, we show at the end that when E[Aj(t) – Ak(t)] is O(σ) 

or larger, then ri =O maxr Ar (t)− Ai (t)( ) , and thus the O(σ2) terms can be safely 

ignored.  When this occurs, the constant-environment case provides a good 

approximation for when species can coexist (Appendix B). 

In this analysis, we use the symbol ≈ to indicate that terms differ by no more than 

o(σ2).   

 

C.2 Partitioning rj(t) into the effects of environment and density-dependence 

Using the methodologies in Chesson (1994) and Kuang and Chesson (2010), we first 

write each species’ growth rate as a function of environmental and density dependent 

effects, rj(t) = gj(Ej(t), Dj(t)), where Dj(t) = C(t) + Aj(t).  Under this definition, 

 rj (t) = gj Ej (t),Dj (t)( ) = ln 1− eEj (t )( )s +Yje
Ej (t )−Dj (t )( ) . (A85) 

The long-term average growth rate, rj , can be determined by taking the average of 

gj(Ej(t), Dj(t)) over t.  However, because gj(Ej(t), Dj(t)) is a nonlinear function of Ej(t) and 

Dj(t), 

 E gj Ej (t),Dj (t)( )⎡⎣ ⎤⎦ ≠ gj Ej (t),Dj (t)( ) . (A86) 

Rather, by Jensen’s inequality, it will be affected by variation in Ej(t) and Dj(t).  There is 

no general formula for calculating E[gj(Ej(t), Dj(t))] as a function of the mean and 

variation of Ej(t) and Dj(t).  Instead, we will use a Taylor series to approximate gj(Ej(t), 
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Dj(t)) as a quadratic polynomial, as there is a general formula for calculating the mean of 

a quadratic polynomial. 

To approximate gj(Ej(t), Dj(t)) using a Taylor series, we must first choose a value 

of Ej(t) and Dj(t) to expand around.  Following Chesson (1994), we will call these values 

Ej
* and Dj

*, and chose them such that 

 gj Ej
*,Dj

*( ) = 0  . (A87) 

Choosing Ej
* and Dj

* in this fashion will allow us to center our Taylor series around the 

bifurcation point rj(t) = 0.  We define Ej
* = lnG , which will be the same for all species.  

This Ej
* is not exactly the mean value of E[Ej(t)], but it is within O(σ2), which is close 

enough for our approximation.  Then, by (A85) and (A87), Dj
* = 

ln GYj( )− ln 1− s 1−G( )( ) .   

Rather than approximating rj(t) as a function of Ej(t) and Dj(t), we will 

approximate it using the standardized parameters Ej and Dj, 

 

 

E j = rj Ej (t),Dj

*( ) = ln 1− eEj (t )( )s + e
Ej (t )

G
1− 1−G( )s( )⎛

⎝⎜
⎞
⎠⎟

D j = −rj E j

*,Dj (t)( ) = − ln 1−G( )s +YjGe
−Dj (t )( )

 , (A87) 

(Chesson, 1994).  These variables translate Ej(t) and Dj(t) directly into units of rj(t), 

because rj(t) = –Dj when Ej = 0, and rj(t) = Ej when Dj = 0.  We then approximate rj(t) 

around the point Ej = 0 and Dj = 0, 

 

 

rj (t) ≈ 0 + E j − 0( ) ∂gj∂E j E j=D j=0

+ D j − 0( ) ∂gj∂D j E j=D j=0

+ 1
2

E j − 0( )2 ∂
2gj

∂E j
2

E j=D j=0

+ 1
2

D j − 0( )2 ∂2gj
∂D j

2
E j=D j=0

+ E j − 0( ) D j − 0( ) ∂2gj
∂E j ∂D j E j=D j=0

 .(A88) 
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Because gj is a linear function Ej and Dj when Ej = 0 or Dj = 0, ∂gj/∂Ej = 1, ∂gj/∂Dj = –

1, ∂2gj/∂Ej
2 = 0 and ∂2gj/∂Dj

2 = 0.  Equation (A88) therefore simplifies to 

  rj (t) ≈E j −D j + γE jD j  (A89) 

where 

 

 

γ =
∂2gj

∂E j ∂D j E j=D j=0

= − s
1− s

. (A90) 

 

Using (A89), the long-term average growth rate can be calculated as 

 
 
rj ≈ E E j⎡⎣ ⎤⎦ − E D j⎡⎣ ⎤⎦ + γ E E jD j⎡⎣ ⎤⎦  . (A91) 

The quantity rr  will be 0 for all residents, by definition.  However, each expected value 

will not necessarily be 0.  By comparing each term in ri  to its analogous term in rr , we can 

see clearly where the invader gains any advantages.  Thus, we write ri  as a comparison 

between the resident and invader growth rate, 

 ri = ri − qirrr
r≠i
∑ = ΔEi − ΔDi + ΔIi  , (A92) 

where the effect of the environment, ΔEi, is 

 
 
ΔEi = E Ei

{− i}⎡⎣ ⎤⎦ − qirE Er
{− i}⎡⎣ ⎤⎦

r≠i
∑  , (A93) 

the effect of density-dependent factors, ΔDi, is 

 
 
ΔDi = E D i

{− i}⎡⎣ ⎤⎦ − qirE D r
{− i}⎡⎣ ⎤⎦

r≠i
∑  , (A94) 

the storage effect, ΔIi, is 

 
 
ΔIi = γ E Ei

{− i}D i
{− i}⎡⎣ ⎤⎦ − qirγ E Er

{− i}D r
{− i}⎡⎣ ⎤⎦

r≠i
∑  , (A95) 
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and qir is a weighting constant, 

 
 
qir =

∂D i
{− i}

∂D r
{− i}  . (A96) 

Because rr = 0 , (A92) will be true for any value of qir; however, Chesson (1994) showed 

that it was most informative to define qir = Dj
{-i}/Dr

{-i}.  Because this is O(1/(n – 1) + 

[Ai(t) – Ar(t)]), we will use the approximation qir = 1/(n – 1), as this will introduce an 

error that is at most O(σ4).   

Note that equation (A92) has been written in terms of the per-year growth rate, ri , 

rather than the per-generation growth rate ri /β.  Because of this, all of the Δ terms 

reported in the appendix will be larger by a factor β.  We chose to do we because felt that 

it made the math easier to follow.   

 

C.3 Simplifying the mean invader growth rate, ri  

By our definition of Ej, E[Ej] will be the same between species whenever the variance in 

Ej is the same.  Thus, the mean difference in environmental conditions, (A93), is 

 
 
ΔEi = E Ei

{− i}⎡⎣ ⎤⎦ −
1

n −1
E Er

{− i}⎡⎣ ⎤⎦
r≠i
∑ = 0 . (A97) 

Intuitively, this result is simple: When a species’ density changes, its mean germination 

rate will not change (e.g., it will not rain more, and mean temperatures will not change).   

The effect of density-dependence, ΔDi, and the storage effect, ΔIi, can be 

partitioned further, to separate the factors influencing Dj.  To do this, we will 

approximate Dj as a function of Dj(t) = Aj(t) + C(t), such that 

 
 
D j ≈ Aj (t)+C(t)− Dj

*( )β + Dj (t)− Dj
*( )2 β 1− β( )

2
+O Dj (t)− Dj

*( )3( )   (A98) 
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where 

 

 

β =
∂D j

∂Dj (t) Ej (t )=Ej
* ,Dj (t )=Dj

*

= 1− s 1−G( ) . (A99) 

Using equation (A98), we can partition ΔDi into 

 ΔDi ≈ β −Di
* + 1

n −1
Dr
*

r≠i
∑⎛

⎝⎜
⎞
⎠⎟
− ΔPi + ΔNi   (A100) 

where 

 ΔPi =
1

n −1
βE Ar (t)

{− i}⎡⎣ ⎤⎦
r≠i
∑⎛⎝⎜

⎞
⎠⎟
− βE Ai (t)

{− i}⎡⎣ ⎤⎦ , (A101) 

and 

 ΔNi =
β 1− β( )
2

E Di (t)
{− i} − Di

*( )2⎡
⎣

⎤
⎦ −

β 1− β( )
2

1
n −1

E Dr (t)
{− i} − Dr

*( )2⎡
⎣

⎤
⎦r≠i

∑ .(A102) 

Because Dj
* is very close to E[Dj(t)], equation (A102) can be approximated as 

 ΔNi ≈
β 1− β( )
2

var Di (t)
{− i}( )− β 1− β( )

2
1

n −1
var Dr (t)

{− i}( )
r≠i
∑ . (A103) 

We will show later that ΔNi ≈ 0. 

The storage effect, ΔIi, can also be partitioned into the effects of exploitative and 

apparent competition.  First, note that the expected value of a product can be written as  

 
 
E E jD j⎡⎣ ⎤⎦ = E E j⎡⎣ ⎤⎦E D j⎡⎣ ⎤⎦ + cov E j ,D j( )  . (A104) 

Because of our choice of Ej
* and Dj

*, E[Ej] and E[Dj] are O(σ2).  Thus, their product is 

O(σ4), and can be ignored.  We can approximate Ej from (A87) as a function of Ej(t) 

using a Taylor polynomial,  

 
 
E j ≈ 1− s( ) Ej (t)− Ej

*( ) +O Ej (t)− Ej
*( )2( )   (A105) 
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Combining our approximation of Dj and Ej, (A98) and (A105), with equation (A104), we 

find that 

 
 
− s
1− s

⎛
⎝⎜

⎞
⎠⎟ E E jD j⎡⎣ ⎤⎦ ≈ −sβ cov Ej (t),Aj (t)+C(t)( )  . (A106) 

Substituting (A106) into our definition of ΔIi, (A95), we find that the storage effect can 

be partitioned into  

 ΔI = ΔICi + ΔIPi   (A107) 

where the storage effect from competition, ΔICi, is 

 ΔICi ≈ −sβ cov Ei (t),C(t)
{− i}( ) + sβ

n −1
cov Er (t),C(t)

{− i}( )
r≠i
∑  , (A108) 

and the storage effect from predation, ΔIPi, is 

 ΔIPi ≈ −sβ cov Ei (t),Ai (t)
{− i}( ) + sβ

n −1
cov Er (t),Ar (t)

{− i}( )
r≠i
∑  . (A109) 

(Note, these are on a per-year timescale, and thus differ from the equations in the main 

text by a factor β.) 

 

C.4 The storage effect from competition, ΔICi 

The storage effect from competition does not depend upon the type of predator.  Using a 

Taylor series, C(t) can be approximated as 

 
C(t) = C(t) Ej (t )=Ej

* ,N j (t )=N j
+ Ej (t)− lnG( ) ∂C(t)∂Ej (t) Ej (t )=Ej

* ,N j (t )=N j
j=1

n

∑

+O Er (t)− lnG( )2( )
 , (A110) 

Where ∂C(t)/∂Ej(t) is the amount that a change in Ej(t) affects C(t) near Ej(t) = Ej
* and 

Dj(t) = Dj
* for all species, 
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 ∂C(t)
∂Ej (t) Ej (t )=Ej

* ,N j (t )=N j

= α 2GN j

α1 +α 2G Nk
k=1

n

∑
. (A111) 

The terms C(t) Ej (t )=Ej
* ,Fj (t )=Fj

*  and − lnG  in (A110) are constant, and will therefore not 

contribute to a covariance.  For notation simplicity, we will generally not write the 

Ej (t )=Ej
* ,Fj (t )=Fj

*  below.  Similarly, the O Er (t)− lnG( )2( )  terms will contribute o(σ2).  

Thus, the covariance between Ej(t) and C(t) can be approximated as 

 cov Ej (t),C(t)( ) ≈ cov Ej (t),
∂C(t)
∂Ek (t)

Ek (t)
⎛
⎝⎜

⎞
⎠⎟k=1

n

∑ . (A112) 

By our definition, cov(Ej(t), Ej(t)) = σ2, and cov(Ej(t), Ek(t)) = ρσ2 for k ≠ j.  Thus, this 

covariance simplifies to 

 
cov Ej (t),C(t)( ) ≈σ 2 ∂C(t)

∂Ej (t)
+ σ 2ρ ∂C(t)

∂Ek (t)k≠ j
∑

=σ 2 1− ρ( ) ∂C(t)
∂Ej (t)

+ σ 2ρ ∂C(t)
∂Ek (t)k=1

n

∑
. (A113) 

Note that the summation will be identical between species.  Thus, by our definition of 

ΔICi, (A108), the storage effect from competition is 

 ΔICi ≈ −sβσ 2 1− ρ( ) ∂C(t)
{− i}

∂Ei (t)
+ sβ
n −1

σ 2 1− ρ( ) ∂C(t)
{− i}

∂Er (t)r≠i
∑  . (A114) 

Because   Ni = 0 , then ∂C(t){-i}/∂Ei(t) = 0.  Thus, (A114) can be simplified as 

 ΔICi ≈ sβ
σ 2 1− ρ( ) ′Ci

n −1
 , (A115) 

where Ci’ is the sum of the ∂C(t){-i}/∂Er(t) terms across the residents (and thus, Ci’/(n – 1) 

is the average value of ∂C{-i}(t)/∂Er(t)) 
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 ′Ci =
∂C(t){− i}

∂Er (t) Ej (t )=Ej
* ,N j (t )=N j

r≠i
∑ =

α 2G Nr
{− i}

r≠i
∑

α1 +α 2G Nr
{− i}

r≠i
∑

 . (A116) 

This general result was previously shown in Kuang and Chesson (2010).  

 

C.5 Generalist predators 

We begin by determining ΔPi, ΔNi, and ΔIPi for a generalist predator.  This situation will 

occur when species 1 is the invader, or when species 2 is the invader and e1 and e2 are 

close.  Under this situation, Ai(t){-i} = Ar(t){-i} and Di(t){-i} = Dr(t){-i}.  Because of this,  

 ΔPi =
β
n −1

E Ar (t)
{− i}⎡⎣ ⎤⎦

r≠i
∑⎛⎝⎜

⎞
⎠⎟
− βE Ai (t)

{− i}⎡⎣ ⎤⎦ = 0 , (A117) 

and 

 ΔNi ≈
β 1− β( )
2

var Di (t)
{− i}( )− β 1− β( )

2
1

n −1
var Dr (t)

{− i}( )
r≠i
∑ ≈ 0 . (A118) 

Generalist predators only affect  ri  through the storage effect from predation, ΔIPi.  

We derive its approximate using a method similar to ΔICi.  Using a Taylor series, Aj(t) 

can be approximated as 

 Aj (t) = Aj (t) Ej (t )=Ej
* ,N j (t )=N j

+ Ek (t)− Ek
*( ) ∂Aj (t)
∂Ek (t)k=1

n

∑ +O Ek (t)− Ek
*( )2( )  . (A119) 

To determine ∂Aj(t)/∂Er(t), note that Aj(t), defined in (A39), can be rewritten as 

 Aj (t) = ln br (0)∑( ) + ln ah( )− ln W br (0)∑ ahe br (0)∑ ah−aP( )( ) . (A120) 
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We write br(0) here because bi(0) = 0, and thus will not affect Aj(t).  The term ln(ah) is 

constant with respect to Ej(t).  The derivative of ln br (0)∑( ) , the natural log of the total 

number of seeds at the start of the year,  

 

∂ln br (0)∑( )
∂Er (t)

= Yrα1NrG

α1 +α 2G Nk
k=1

n

∑⎛
⎝⎜

⎞
⎠⎟

2

= α1

α1 +α 2G Nk
k=1

n

∑
br (0)

bk (0)
k=1

n

∑

 . (A121) 

The derivative of ln W br (0)∑ ahe br (0)∑ ah−aP( )( )  can be evaluated using the power law, 

such that 

 

∂ln W br (0)∑ ahe br (0)∑ ah−aP( )( )
∂Ej (t)

=
∂ln W br (0)∑ ahe br (0)∑ ah−aP( )( )
∂W br (0)∑ ahe br (0)∑ ah−aP( )

×
∂W br (0)∑ ahe br (0)∑ ah−aP( )
∂ br (0)∑ ahe br (0)∑ ah−aP

×
∂ br (0)∑ ahe br (0)∑ ah−aP

∂ br (0)∑ ×
∂ br (0)∑
∂Ej (t)

  (A122) 

Note that ∂W(z)/∂z = W(z)/[z + zW(z)].  Thus, 

 

∂ln W br (0)∑ ahe br (0)∑ ah−aP( )( )
∂Ej (t)

=

− α1

α1 +α 2G Nk
k=1

n

∑
br (0)

bk (0)
k=1

n

∑
1+ ah br (0)∑

1+W br (0)∑ ahe br (0)∑ ah−aP( )
⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

 . (A123) 

Therefore,  
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∂Aj (t)
∂Er (t)

= α1

α1 +α 2G Nk
k=1

n

∑
br (0)

bk (0)
k=1

n

∑
1−

1+ ah br (0)∑
1+W br (0)∑ ahe br (0)∑ ah−aP( )

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟ .  (A124) 

Because W br (0)∑ ahe br (0)∑ ah−aP( ) /ah is the number of seeds that remain at the end of the 

year (equation (A38)), this can be simplified to 

 
∂Aj (t)
∂Er (t)

= α1

α1 +α 2G Nk∑
br (0)
br (0)∑ 1−

1+ ah br (0)∑
1+ ah br (1)∑

⎛

⎝⎜
⎞

⎠⎟
.  (A125) 

Using our approximation of Aj(t), (A119), the covariance between Ej(t) and Aj(t) can be 

approximated as 

 cov Ej (t),Aj (t)( ) ≈ cov Ej (t),
∂Aj (t)
∂Ek (t)

Ek (t)
⎛
⎝⎜

⎞
⎠⎟k=1

n

∑ . (A126) 

Thus, as with cov(Ej(t), C(t)), equation (A113), simplifies to 

 
cov Ej (t),Aj (t)( ) ≈σ 2 ∂Aj (t)

∂Ej (t)
+ σ 2ρ

∂Aj (t)
∂Ek (t)k≠ j

∑

=σ 2 1− ρ( ) ∂Aj (t)
∂Ej (t)

+ σ 2ρ
∂Aj (t)
∂Ek (t)k=1

n

∑
. (A127) 

Similarly, by our definition of ΔIPi, (A109), the storage effect from predation is 

 
ΔIPi ≈ −sβσ 2 1− ρ( ) ∂Ai (t)

{− i}

∂Ei (t)
+ sβ
n −1

σ 2 1− ρ( ) ∂Ar (t)
{− i}

∂Er (t)r≠i
∑

= sβσ 2 1− ρ( ) 1
n −1

∂Ar (t)
{− i}

∂Er (t)r≠i
∑

. (A128) 

By our definition of ∂Aj(t)/∂Ej(t) 
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ΔIPi ≈ sβσ
2 1− ρ( ) α1

α1 +α 2G Nk
{− i}

k=1

n

∑
1−

1+ ah br (0)∑
1+W br (0)∑ ahe br (0)∑ ah−aP( )

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

{− i}

= sβσ 2 1− ρ( ) 1− ′Ci( ) 1− 1+ ah br (0)∑
1+W br (0)∑ ahe br (0)∑ ah−aP( )

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

{− i}

 ,(A129) 

where Ci’ is equal to the sum of ∂Ar(t){-i}/∂Er(t), defined in (A116). 

 

C.6 Specialist predators 

Next, we consider the case where predators only consume 1, …, m during the entire year 

(i.e., pk(u) = 1 for all u and k ≤ m; with m for “max”), and never consumes species m + 1, 

…, n are never eaten (i.e., pk(u) = 0 for all u and k > m).  We show later that this is the 

only case where E[Aj(t) – Ak(t)] = O(σ2) for all j and k, and between-year switching does 

not occur.  Here we will work under the assumption that E[Ak(t)] are 0 or O(σ2) for k ≤ j, 

to keep with our assumption that E[Aj(t) – Ak(t)] = O(σ2).  We consider both the case 

where the invader is consumed (i.e., i ≤ m), and where the invader is not consumed (i.e., i 

> m).   

First, we will calculate ΔPi.  Because the predator consumes species 1 through m 

throughout the year, A1(t){-i} = … = Am(t){-i}; because the predator never consumes 

species m + 1 through n, Am+1(t){-i} = … = An(t){-i} = 0.  Thus,  

 ΔPi =
1

n −1
βE Ar (t)

{− i}⎡⎣ ⎤⎦
r=1,r≠i

m

∑⎛
⎝⎜

⎞
⎠⎟
− βE Ai (t)

{− i}⎡⎣ ⎤⎦ , (A130) 

which simplifies to 
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 ΔPi =

mβ
n −1

E A1(t)
{− i}⎡⎣ ⎤⎦ i > m

−
β n −m − 2( )

n −1
E A1(t)

{− i}⎡⎣ ⎤⎦ i ≤ m

⎧

⎨
⎪⎪

⎩
⎪
⎪

. (A131) 

Because Ar(t) is a nonlinear function of Er(t) and Nr(t), E[A1(t){-i}] will be affected by 

variation in Er(t) and Nr(t).  However, as we will show, these effects are o(σ2), and thus 

can be ignored.   

The term A1(t){-i} can be approximated using a Taylor series around the point Er(t) 

= Er
* and Nr (t) = Nr  for all r, 

 

A1(t)
{− i} ≈ A1(t)

{− i}
Ej (t )=Ej

* ,N j (t )=N j
+

Ej (t)− Ej
*( ) ∂A1(t)

{− i}

∂Ej (t)
+ 1
2
Ej (t)− Ej

*( )2 ∂
2A1(t)

{− i}

∂Ej (t)
2 +

N j (t)− N j( ) ∂A1(t)
{− i}

∂N j (t)
+ 1
2
N j (t)− N j( )2 ∂

2A1(t)
{− i}

∂N j (t)
2

⎛

⎝

⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟

j=1

m

∑
 . (A132) 

BecauseEj
* = lnG ≠ lnG , the mean value of Ej – Ej

* is –σ2/2.  Similarly, the mean of 

(Ej(t) – Ej
*)2 ≈ var(Ej(t)) = σ2.  By definition, the mean of Nj(t) is  

N j , and the mean of 

(Nj(t) – 
N j )

2 is var(Nj(t)).  Thus, we can approximate E[A1(t)] as 

 

E A1(t)
{− i}⎡⎣ ⎤⎦ ≈ A1(t)

{− i}
Ej (t )=Ej

* ,N j (t )=N j
+

−σ
2

2
⎛
⎝⎜

⎞
⎠⎟
∂A1(t)

{− i}

∂Ej (t)
+ σ

2

2
∂2A1(t)
∂Ej (t)

2 +
1
2
var N j (t)( ) ∂

2A1(t)
{− i}

∂N j (t)
2

⎛

⎝⎜
⎞

⎠⎟j=1

m

∑
 (A133) 

We will next show all but term A1(t){-i} are o(σ2).  First, consider the ∂A1(t){-i}/∂Er(t).  The 

predators are now effectively acting as generalists on species 1 through j.  Thus, by our 

previous formula for ∂A1(t){-i}/∂Ej(t) in (A125),  
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∂A1(t)

{− i}

∂Ej (t)
= α1

α1 +α 2G Nk
k=1

m

∑
bj (0)

bk (0)
k=1

m

∑
1−
1+ ah bk (0)

k=1

m

∑⎛⎝⎜
⎞
⎠⎟

1+ ah bk 1( )
k=1

m

∑⎛⎝⎜
⎞
⎠⎟

⎛

⎝

⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

{− i}

.  (A134) 

With some algebraic manipulation, this becomes 

 ∂A1(t)
{− i}

∂Ej (t)
= α1

α1 +α 2G Nk
k=1

m

∑
bj (0)

bk (0)
k=1

m

∑

ah bk 1( )
k=1

m

∑⎛⎝⎜
⎞
⎠⎟
− bk 0( )

k=1

m

∑⎛⎝⎜
⎞
⎠⎟

⎡

⎣
⎢

⎤

⎦
⎥

1+ ah bk 1( )
k=1

m

∑⎛⎝⎜
⎞
⎠⎟

⎛

⎝

⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟

⎡

⎣

⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥

{− i}

. (A135) 

We will now show that ah[∑bm(1) –  ∑bm(0)]/[1+ah∑bm(1)]{-i} is O(σ2), and therefore 

∂A1(t){-i}/∂Er(t) is O(σ2).  Because the risk of predation on all species is the same for 

species 1 through m,  

 ln b1(0)
b1(1)

⎛
⎝⎜

⎞
⎠⎟
= ln

bm (0)
j=1

m

∑

bm (1)
j=1

m

∑

⎛

⎝

⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟

 . (A136) 

Thus, A1(t){-i} = ln [∑bm(0)/∑bm(1)]{-i}.  However, because A1(t){-i} = O(σ2), we can use 

the approximation 

 

A1(t)
{− i} ≈

br (0)∑
br (1)∑

{− i}

−1

=
br (0)∑ − br (1)∑

br (1)∑
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

{− i}

>
c1 br (0)∑ − br (1)∑( )

c2 + c1 br (1)∑
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

{− i}   (A137) 

for any c1, c2 > 0.  Thus, ∂A1(t){-i}/∂Er(t) is O(σ2), and (–σ2/2)(∂A1(t){-i}/∂Er(t)) = O(σ4).   

Next, we calculate ∂2A1(t){-i}/∂Er(t)2.  With a great deal of algebraic manipulation, 

we see that it is 
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∂2A1(t)
{− i}

∂Er (t)
2 = ∂

∂Er (t)
α1

α1 +α 2G Nk
k=1

m

∑
br (0)

bk (0)
k=1

m

∑

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

ah bk 1( )
k=1

m

∑⎛⎝⎜
⎞
⎠⎟
− bk 0( )

k=1

m

∑⎛⎝⎜
⎞
⎠⎟

⎡

⎣
⎢

⎤

⎦
⎥

1+ ah bk 1( )
k=1

m

∑⎛⎝⎜
⎞
⎠⎟

⎛

⎝

⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟

+

α1

α1 +α 2G Nk
k=1

m

∑
br (0)

bk (0)
k=1

m

∑

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

2 ah 1+ ah bk (0)
k=1

m

∑⎡
⎣⎢

⎤
⎦⎥

2 bk (1)
k=1

m

∑

bk (0)
k=1

m

∑
− ah 1+ ah bk (1)

k=1

m

∑⎡
⎣⎢

⎤
⎦⎥

2

1+ ah bk (1)
k=1

m

∑⎡
⎣⎢

⎤
⎦⎥

3

⎛

⎝

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟

 .(A138) 

Though complex, the first term is proportional to (∑bk(1) – ∑bk(0))/(1 + ah∑bk(1)), which 

is O(σ2), and the second term is approximately proportional to –(∑bk(1) – ∑bk(0))2/(1 + 

ah∑bk(1))3, which is also O(σ2).  Thus, (σ2/2)(∂2A1(t){-i}/∂Er(t)2) = O(σ4).   

Finally, we will calculate ∂2A1(t){-i}/∂Nr(t)2.  Using a process similar to our 

derivation of ∂Ar(t){-i}/∂Er(t), described in equations (A120)-(A123), we see that the first 

derivative, ∂A1(t){-i}/∂Nr(t), is 

 

  

∂A1(t)
{− i}

∂Nr (t)
= 1

Nr

α1

α1 +α 2G Nk
k=1

m

∑
br (0)

bk (0)
k=1

m

∑

1+ ah bk 0( )
k=1

m

∑⎛⎝⎜
⎞
⎠⎟

1+ ah bk 1( )
k=1

m

∑⎛⎝⎜
⎞
⎠⎟

⎛

⎝

⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟

⎡

⎣

⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥

{− i}

 . (A139) 

Therefore, the second derivative is 
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∂2A1(t)
{− i}

∂Nr (t)
2 = − 1

Nr

+ α 2G

α1 +α 2G Nk
k=1

m

∑
+
YrG 1− Nk

k=1

m

∑⎛
⎝⎜

⎞
⎠⎟

Nk
k=1

m

∑⎛⎝⎜
⎞
⎠⎟

2

⎛

⎝

⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟

{− i}

× ∂A1(t)
{− i}

∂Nr (t)
⎛
⎝⎜

⎞
⎠⎟

+ 1
Nr

⎛
⎝⎜

⎞
⎠⎟

2
α1

α1 +α 2G Nk
k=1

m

∑

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

2

br (0)

bk (0)
k=1

m

∑

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

{− i}

×

ah 1+ ah bk (0)
k=1

m

∑⎡
⎣⎢

⎤
⎦⎥

2 bk (1)
k=1

m

∑

bk (0)
k=1

m

∑
− ah 1+ ah bk (1)

k=1

m

∑⎡
⎣⎢

⎤
⎦⎥

2

1+ ah bk (1)
k=1

m

∑⎡
⎣⎢

⎤
⎦⎥

3

⎛

⎝

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟

{− i}

 ,(A140) 

These terms are similar to ∂2A1(t){-i}/∂Er(t)2, and will be O(σ2).  However, they are 

proportional to   1/ Nr  (or smaller than   1/ Nr ).  We will make the substitution 

 var Nr (t)( ) ∂
2Ar (t)

{− i}

∂Nr (t)
2 = var Nr (t)

Nr

⎛
⎝⎜

⎞
⎠⎟
Nr
2 ∂2Ar (t)

{− i}

∂Nr (t)
2

⎛
⎝⎜

⎞
⎠⎟

 , (A141) 

so that we can focus on the variance of   Nr (t) / Nr , rather than the variance of Nr(t).  

Previous research has suggested that when the variance in Er(t) and Dr(t) are O(σ2), that 

the variance in   Nr (t) / Nr  will be O(σ2) as well (Ripa and Ives, 2003).  Computer 

simulations of our model have suggested that this is the case (Appendix D).  However, as 

long as var(  Nr (t) / Nr ) is o(1), 
  
var(Nr (t) / Nr ) Nr

2 ∂2 Ar (t){− i} / ∂Nr (t)2( )  will be o(σ2).  

Thus, we are left with 
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 E A1(t)
{− i}⎡⎣ ⎤⎦ ≈ A1(t)

{− i}
Er (t )=Er

* ,Nr (t )=Nr
= ln

ah bk (0)
k=1

m

∑

W bk (0)
k=1

m

∑ ahe
bk (0)

k=1

m

∑ ah−aP⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

⎛

⎝

⎜
⎜
⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟
⎟
⎟
Er (t )=Er

* ,Nr (t )=Nr

{− i}

 ,(A142) 

and we conclude that variation in Ej(t) and Nj(t) have no effect on ΔPi. 

Next, we will consider ΔNi, which is a function of the variance of Dj(t){-i}.  By the 

rules of probability theory, 

 var Dj (t)( ) = var Aj (t)+C(t)( ) = var Aj (t)( ) + var C(t)( ) + cov Aj (t),C(t)( )  . (A143) 

Thus, substituting this into our approximation of ΔN, equation (A103), 

 
ΔNi ≈

β 1− β( )
2

var Ai (t)
{− i}( ) + var C(t){− i}( ) + 2cov Ai (t)

{− i},C(t){− i}( )( )−
β 1− β( )
2 n −1( ) var Ar (t)

{− i}( ) + var C(t){− i}( ) + 2cov Ar (t)
{− i},C(t){− i}( )( )

r≠i
∑

. (A144) 

Because Aj(t){-i} = 0 for j > m, var(Aj(t){-i}) = 0 and cov(Aj(t){-i}, C(t){-i}) = 0 for j > m.  

Thus, (A144) reduces to 

 ΔNi ≈
− m
n −1

β 1− β( )
2

var A1(t)
{− i}( ) + 2cov A1(t)

{− i},C(t){− i}( )( ) i > m

n −m − 2( )
n −1

β 1− β( )
2

var A1(t)
{− i}( ) + 2cov A1(t)

{− i},C(t){− i}( )( ) i ≤ m

⎧

⎨
⎪
⎪

⎩
⎪
⎪

.(A145) 

We can approximate these terms using a Taylor series, giving 
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var A1(t)
{− i}( ) ≈ ∂A1(t)

{− i}

∂Ej (t)
⎛

⎝⎜
⎞

⎠⎟
∂A1(t)

{− i}

∂Ek (t)
⎛
⎝⎜

⎞
⎠⎟k=1

m

∑ cov Ej (t),Ek (t)( )
j=1

m

∑ +

∂A1(t)
{− i}

∂N j (t)
⎛

⎝⎜
⎞

⎠⎟
∂A1(t)

{− i}

∂Nk (t)
⎛
⎝⎜

⎞
⎠⎟
cov N j (t),Nk (t)( )

k=1

m

∑
j=1

m

∑

cov Ar (t)
{− i},C(t){− i}( ) ≈ ∂A1(t)

{− i}

∂Ej (t)
⎛

⎝⎜
⎞

⎠⎟
∂C(t){− i}

∂Ek (t)
⎛
⎝⎜

⎞
⎠⎟k=1

m

∑
j=1

m

∑ cov Ej (t),Ek (t)( ) +

∂A1(t)
{− i}

∂N j (t)
⎛

⎝⎜
⎞

⎠⎟
∂C(t){− i}

∂Nk (t)
⎛
⎝⎜

⎞
⎠⎟
cov N j (t),Nk (t)( )

k=1

m

∑
j=1

m

∑

 .(A146) 

As we have previously shown, ∂A1(t){-i}/∂Er(t) = O(σ2) (equation (A135)), and ∂A1(t){-

i}/∂Nr(t) = O(σ2) (equation (A139)); therefore, as long as var(Nr(t)) is o(1), var(A1(t)) will 

be o(σ2).  Similarly, the first term in cov(A1(t){-i}, C(t){-i}) is O(σ4).  Similarly,  

 
  

∂C(t)
∂N j (t)

=
α 2G

α1 +α 2 NkG∑ = 1
Nr

⎛
⎝⎜

⎞
⎠⎟

α 2GN j

α1 +α 2 NkG∑ ≤ 1
N j

. (A147) 

Thus, we can make the substitution 

 ∂A1(t)
{− i}

∂Nr (t)
⎛
⎝⎜

⎞
⎠⎟

∂C(t){− i}

∂Nr (t)
⎛
⎝⎜

⎞
⎠⎟
var Nr (t)( ) ≤ Nr

∂A1(t)
{− i}

∂Nr (t)
⎛
⎝⎜

⎞
⎠⎟
var Nr (t)

Nr

⎛
⎝⎜

⎞
⎠⎟

, (A148) 

into (A146), such that 

 

cov A1(t)
{− i},C(t){− i}( ) ≤ ∂A1(t)

{− i}

∂Ej (t)
⎛

⎝⎜
⎞

⎠⎟
∂C(t){− i}

∂Ek (t)
⎛
⎝⎜

⎞
⎠⎟k=1

m

∑ cov Ej (t),Ek (t)( )
j=1

m

∑ +

Nr
∂Ar (t)

{− i}

∂Nr (t)
⎛
⎝⎜

⎞
⎠⎟
cov

N j (t)
N j

, Nk (t)
Nk

⎛

⎝⎜
⎞

⎠⎟k=1

m

∑
j=1

m

∑
. (A149) 

The covariance between Ej(t) and Ek(t) will be at most σ2, and the covariance between 

  
N j (t) / N j  and   Nk (t) / Nk  will be at most 

  
max var N j (t) / N j( ),var Nk (t) / Nk( )( ) .  Since 

∂Ar(t){-i}/∂Er(t) = O(σ2) and Nr ∂Ar(t){-i}/∂Nr(t) = O(σ2), cov(Ar(t){-i}, C(t){-i}) will be o(σ2) 
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as long as var(  Nr (t) / Nr ) is o(1).  Thus, each of these terms will contribute o(σ2) to 

coexistence, and thus 

 ΔNi ≈ 0 . (A150) 

Finally, we consider ΔIPi.  Because Ak(t){-i} = 0 for k > m, cov(Er(t), Ak(t){-i}) = 0.  

Thus, ΔIPi can be simplified to (A109) 

 ΔIPi ≈ −sβ cov Ei (t),Ai (t)
{− i}( ) + sβ

n −1
cov Er (t),A1(t)

{− i}( )
r=1,r≠i

m

∑  . (A151) 

Each of these covariances can be approximated using (A127), giving 

 ΔIPi ≈

βs
n −1

σ 2 1+ m −1( )ρ( ) ∂A1(t)
{− i}

∂Er (t)r=1

m

∑ i > m

βs
n −1

σ 2 1− ρ( ) ∂A1(t)
{− i}

∂Er (t)r=1,r≠i

m

∑ i ≤ m

⎧

⎨

⎪
⎪

⎩

⎪
⎪

. (A152) 

Thus, ΔIPi will be proportional to σ2 and ∂Aj(t){-i}/∂Ek(t).  However, by (A135), each 

∂Aj(t){-i}/∂Ek(t) term will be at most O(σ2), and thus ΔIP = O(σ4) ≈ 0. 

Our above analysis did not depend on the number of species that the predator 

specializes on, only that E[A1(t)] be O(σ2).  As a result, if the predator became a 

generalist (e.g., if the predator’s behavior changed when invader state changed), but 

E[A1(t)] remained O(σ2), the environmental variation would still have o(σ2) impact on 

ΔIPi, ΔNi, and ΔPi.  Similarly, if variation in Ej(t) or Nj(t) caused yearly changes in the 

predator’s diet (i.e., if m differed from year to year), this would have only o(σ2) impact on 

ΔIPi and ΔNi.  In this case, ΔPi could be affected, however the effect would depend on 

how often each species was in the predator’s diet.   

 

C.7 Partial specialists, and between-year switching 
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Finally, we will consider a more general case, in which the predator acts as a partial 

specialist for at least part of the year.  We will show that when the predator consumes 

some species for only part of the year (i.e., if pj(u < uj
*) = 0 and pj(u > uj

*) = 1 for some 

uj
*, 0 < uj

* < 1), between-year switching will always happen, unless environmental 

variation is very weak.  Additionally, we will show that in most cases, variation has little 

effect on stabilizing mechanisms.  We do this by showing that the difference in predation 

between any two species, Aj(t) – Ak(t), will have little impact on ΔIPi and ΔNi.   

The difference in predation risk between any two species, Aj(t) – Aj+k(t), can be 

expressed as  

 
  
Aj (t)− Aj+k (t) = Aj (t)− Aj+1(t)( ) + Aj+1(t)− Aj+2(t)( ) + ...+ Aj+k−1(t)− Aj+k (t)( ) .(A153) 

Thus, we will focus our analysis on the term Aj(t) – Aj+1(t).  If this term is o(σ2) for all j, 

then Aj(t) – Aj+k(t) will also be o(σ2) 

If a predator consumes both species j and j+1 during the year,  

 
  
Aj (t)− Aj+1(t) = max 0,ln bj

* + bj (0)( )− lnbj+1
*( ) . (A154) 

(Note, a similar equation could be derived if the predator does not consume species j+1).  

Here, bj
*, the critical switching density for species j, is the number of seeds b1(u) + b2(u) 

+ … + bj–1(u) at the time u that a predator adds species j to its diet.  For species 1, b1
* = 0, 

since there are no seeds that are more desirable than species 1 seeds.  We will 

approximate equation (A154) using a Taylor series.  To do this, note that  

 
  

∂ Aj (t)− Aj+1(t)( )
∂Ek (t)

= 1
bj

* + bj (0)
∂bj

*

∂Ek (t)
+
∂bj (0)
∂Ek (t)

⎛

⎝
⎜

⎞

⎠
⎟ −

1
bj+1

*

∂bj+1
*

∂Ek (t)

⎛

⎝
⎜

⎞

⎠
⎟ , (A155) 

Each of these partial derivatives is O(∂bj(0)/∂Ek(t)), and thus O(1) when Nk(t) is O(1).  

Similarly, 
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∂ Aj (t)− Aj+1(t)( )
∂Nk (t)

= 1
bj

* + bj (0)
∂bj

*

∂Nk (t)
+
∂bj (0)
∂Nk (t)

⎛

⎝
⎜

⎞

⎠
⎟ −

1
bj+1

*

∂bj+1
*

∂Nk (t)

⎛

⎝
⎜

⎞

⎠
⎟  . (A156) 

Each of these partial derivatives is also O(1).  Thus, using a Taylor series approximation, 

 
  
Aj (t)− Aj+1(t) ≈ max 0,ln bj

* + bj (0)( )
Er (t )=Er

* ,Nr (t )=Nr

− lnbj+1
*

Er (t )=Er
* ,Nr (t )=Nr

+τ j (t)
⎛
⎝⎜

⎞
⎠⎟  ,(A157) 

where τj(t) is the deviation from average conditions  

 

  

τ j (t) = Ek (t)− Ek
*( ) ∂ Aj (t)− Aj+1(t)( )

∂Ek (t)k=1

n

∑
Er (t )=Er

* ,Nr (t )=Nr

+
Nk (t)

Nk

−1
⎛
⎝⎜

⎞
⎠⎟

Nk

∂ Aj (t)− Aj+1(t)( )
∂Nk (t)

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟k=1

n

∑
Er (t )=Er

* ,Nr (t )=Nr

 . (A158) 

The term τj(t) will be O(Ek(t) – Ej
*), and thus O(σ).  It is possible that 

  
ln bj

* + bj (0)( )− lnbj+1
*  > τj(t) for all t (i.e., the predator acts as a partial specialist in all 

years); however, in this case Aj(t) – Aj+1(t) must be at least O(σ).  In this case, ΔPi will 

also be at least O(σ), and variation-dependent effects can be ignored.  Thus, we are left 

with the conclusion that if the predator switches during the year, either environmental 

variation must be small, or it must change its behavior qualitatively between years (i.e., 

act as a generalist or pure specialist in some years).   

We will consider the situation where the predator acts as a generalist in some 

years.  In this case, 
  
ln bj

* + bj (0)( )− lnbj+1
*  ≤ τj(t), and therefore Aj(t) – Aj+1(t) = 0, for some 

proportion of time pspecialize (i.e., the proportion of time that τj(t) is bigger than 

  
ln bj

* + bj (0)( )− lnbj+1
* , and the predators act as partial specialists).  If pspecialize is O(1), then 

E[Aj(t) – Aj+1(t)] will be O(σ); again, in this case, variation-dependent effects can be 

safely ignored.  Thus, the only way for E[Aj(t) – Aj+1(t)] to be O(σ2) is for pspecialize to be 
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O(σ).  This will occur if the predator is a generalist almost all of the time, but acts as a 

specialist or partial specialist on rare occasions.  We will show that in this case, that ΔNi 

is smaller than O(σ2), and that ΔIPi can be approximated using the case of generalist 

predators.   

To calculate ΔIPi and ΔNi, we will calculate the variance of Aj(t) – Aj+1(t).  We can 

write Aj(t) – Aj+1(t) as the product of two random variables,  

   
Aj (t)− Aj+1(t) ≈ B(t)ω (t)  , (A159) 

where B(t) is a Bernoulli random variable with P(B(t)=1) = pspecialize, and  

 
  
ω (t) = ln bj

* + bj (0)( )
Er (t )=Er

* ,Nr (t )=Nr

− lnbj+1
*

Er (t )=Er
* ,Nr (t )=Nr

+τ j (t)   (A160) 

In this case, 

 

  

var Aj (t)− Aj+1(t)( ) = var ω j (t)B(t)( )
= E ω j (t)

2 B(t)2⎡⎣ ⎤⎦ − E ω j (t)B(t)⎡⎣ ⎤⎦
2  . (A161) 

Because B(t) = 0 or 1, B(t)2 = B(t).  Thus,  

 

  

E ω j (t)
2 B(t)2⎡⎣ ⎤⎦ = E ω j (t)

2 B(t)⎡⎣ ⎤⎦

= E ω j (t)
2 B(t) = 1⎡

⎣
⎤
⎦E B(t)⎡⎣ ⎤⎦

. (A162) 

Because ωj(t) is O(σ), E[ωj(t)2|B(t)=1] = O(σ2).  Thus, var[Aj(t) – Aj+1(t)] is at most O(σ3), 

and by extension, var[Aj(t) – Aj+k(t)] is at most O(σ3). 

We will first calculate ΔIP.  Note that since Aj(t) = Aj(t) – A1(t) + A1(t),  

 
  
cov Aj (t), E j (t)( ) = cov A1(t), E j (t)( )− cov A1(t)− Aj (t), E j (t)( ) . (A163) 

The later term can be written as 
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cov A1(t)− Aj (t), E j (t)( ) ≤ var A1(t)− Aj (t)( ) var E j (t)( )
= O σ 1.5( )O σ( )

 . (A164) 

This term will be at most O(σ2.5), and thus o(σ2).  Thus,  

 
  
cov Aj (t), E j (t)( ) ≈ cov A1(t), E j (t)( ) , (A165) 

and the storage effect from predation, ΔIPi, can be approximated as 

 ΔIPi ≈ s
1

n −1
cov Er (t),A1(t)

{− i}( )
r≠i
∑⎛

⎝⎜
⎞
⎠⎟
− cov Ei (t),A1(t)

{− i}( )⎡

⎣
⎢

⎤

⎦
⎥ . (A166) 

Note that here, ΔIP can be approximated with a similar term to ΔIPi-Generalist.  Thus, if the 

predator acts as a generalist during most years, the few years that it acts as a partial 

specialist will have little impact on ΔIPi.   

Next we will consider ΔNi, which is proportional to the variance of C(t){-i}+Aj(t){-

i}.  To calculate this variance, we will use the substitution Aj(t) = A1(t) – (A1(t) – Aj(t)).  

Thus, 

 

var A1(t)− Aj (t)− A1(t)( ) +C(t)( ) = var A1(t)( ) + var A1(t)− Aj (t)( ) + var C(t)( )
+2cov A1(t),C(t)( )− 2cov A1(t),A1(t)− Aj (t)( )
−2cov A1(t)− Aj (t),C(t)( )

 .(A167) 

Because var(A1(t){-i} – Aj(t){-i}) = O(σ2.5), this term is o(σ2), and can be ignored.  

Additionally, 

 
cov A1(t)

{− i} − Aj (t)
{− i},C(t){− i}( ) ≤ var A1(t)

{− i} − Aj (t)
{− i},( ) var C(t){− i}( ) =O σ 2.5( )

cov A1(t)
{− i} − Aj (t)

{− i},A1(t)
{− i}( ) ≤ var A1(t)

{− i} − Aj (t)
{− i},( ) var A1(t)

{− i}( ) =O σ 2.5( )
.(A168) 

Thus,  

 var Aj (t)
{− i} +C(t){− i}( ) ≈ var A1(t){− i}( ) + var C(t){− i}( ) + 2cov A1(t)

{− i},C(t){− i}( ) .(A169) 
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This term will be identical between species, and thus ΔNi ≈ 0.   

 

Appendix D. Computer simulations 

We ran computer simulations to back up the following claims that we could not prove 

analytically: 

1) More than three species can coexist in a stable environment. 

2) Our approximations hold, even under moderate σ2 and Ψi(t), and between-year changes 

in behavior. 

3) Variation in Nr(t) was small enough as to not affect  ri .   

 

D.1 Multi-species coexistence in a stable environment 

To determine whether more than three species could coexist in a stable environment, we 

ran computer simulations that successively added species to the community.  We seeded 

our community with two coexisting species.  We then added an additional species with 

yield Y3 = 0.8Y2, and determined the range of e3 values that would allow it coexist with 

species 1 and 2.  e3 was set to the midpoint of those possible values.  Then, this process 

was repeated with Y4 = 0.8Y3, then again with Y5 = 0.8Y4, and so on.   

We have been able to construct communities in which many species are able to 

coexist.  For example, Fig. D.1 shows a community with four coexisting species.  We 

have been able to construct a community with nine coexisting species, and conjecture that 

predators behaving according to optimal foraging theory can allow an arbitrary number of 

species to coexist.  However, we found that when the number of species was high, there 
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was an extremely narrow band of Yj and ej values that would allow species j to persist 

without outcompeting other species.   

Unfortunately, in many cases, the loss of one member of the community causes 

other species to go extinct.  This occurs because the risk of predation, Aj, is a complicated 

function of Nj and ej values.  As a result, Ψj
{-k} ≠Ψj

{-l}.  To see an example of this, 

consider Fig. D.1A.  When species 1 is removed from the system, species 3’s population 

crashes, and cannot reestablish itself until species 1 has become established.    

 

D.2 Moderate variation in Ej(t) and Ψi(t) 

We ran a large number of simulations to test how well our approximations held up at 

moderate to large values of σ2 and Ψi(t).  For each simulation, we calculated  ri  using the 

last 250 years of a 500 year simulation, and then using our approximations for ΔIi and 

ΔPi.  Our simulations were done in a community with two prey species.  Each simulation 

was repeated 3 times, and the mean was recorded.  Additionally, we estimated Y2
*, the 

value of Y2 that would allow  ri  to equal 0, both according to simulations and according 

to our approximations. 

For our analysis, we varied parameters as listed in Table D1.  Parameters were 

chosen using Latin hypercube sampling (McKay et al., 1979).  In some cases, the 

predators were so numerous and effective that a viable resident population could not be 

maintained; in these cases, the simulation results were discarded.  Overall, we used 150 

parameter sets (74 after discarding resident extinctions).   

The value Y2
* acts as a bifurcation point, since coexistence will occur when Y2 > 

Y2
*, and competitive exclusion will occur when Y2 < Y2

*.  To calculate Y2
*, we reran 
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simulations with varying Y2 values until   ri < 0.01 .  To estimate Y2
* using our 

approximations, we used the formula 

 
  
lnY2

* = lnY1 −
1
β

ΔIC + ΔIP + ΔP( )  ; (A170) 

When predators are generalists or partial specialists, we approximate this using, 

 
  
lnY2

* = lnY1 − sσ 2 1− ρ( ) ′C + ′A( )− Ar (t)− Ai(t)( )
Er (t )=lnG ,Nr (t )=Nr

 , (A171) 

and when the predators act as specialists, we approximate this as 

 
  
lnY2

* = lnY1 − sσ 2 1− ρ( ) ′C( )− Ar (t)( )
Er (t )=lnG ,Nr (t )=Nr

. (A172) 

Overall, we found that our approximations worked extremely well over a wide 

range of parameters (Fig. D2).  Both of our estimates had a correlation of greater than 

0.99 with their simulated values.  Our estimate value of  ri , based on approximations, was 

on average within 0.01 of the value of  ri  estimated from simulations (Fig. D.2A).  

Similarly, our estimated values of Y2
* based on approximations were on average within 

1% of the value estimated from simulations (Fig. D.2B).  Thus, we conclude that our 

approximations held under a wide range of parameters.   

Additionally, using computer simulations, we investigated whether our 

approximations held when predators switched their behavior qualitatively between years 

(i.e., if they switched between being a specialist, a partial specialist, and a generalist 

between years).   

We chose several parameter sets, and calculated ΔIi and ΔPi when species 2 was 

an invader.  For each parameter set, we varied e2 over a large range.  Large e2 tended to 
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cause the predators to act as a generalist, and small e2 tended to cause the predators to act 

as specialists.  The storage effect from predation was calculated as 

 
  
ΔIPi = scov Ar (t){− i}, Er (t)( )− scov Ai(t)

{− i}, Ei(t)( ) , (A173) 

and the mean difference in predation was calculated as 

 
  
ΔPi = E Ar (t){− i}⎡⎣ ⎤⎦ − E Ai(t)

{− i}⎡⎣ ⎤⎦ , (A174) 

using the actual values of Aj(t){-i} and Ej(t) during the last 300 years in a 500 year 

simulation.   

Overall, we found that ΔIPi and ΔPi varied fairly continuously with e2 (Fig. D.3).  

In all of our simulations, ΔIPi was relatively unaffected by e2, and was dwarfed by ΔPi 

when the predator acted mainly as a specialist or partial specialist.  The term ΔPi 

appeared to be weighted by how often the predator acted as a specialist, generalist, or 

partial specialist.   

 

D.3 Variation in Nr(t) 

We ran a large number of simulations, and tested whether the amount of variation in 

  Nr (t) / Nr  was comparable to the variation in Er(t).  We also tested the effect of this 

variation on  ri  by measuring its impacts on ΔPi and ΔNi.  To calculate the effect of 

variation in Nr(t) on ΔPi, we calculated Ar(t) – Ai(t) at   Nr (t) / Nr  and   Gr (t) = G , and 

compared it to E[Ar(t) – Ai(t)] at   Gr (t) = G  but with variation in Nr(t), and E[Ar(t) – Ai(t)] 

with variation in both Nr(t) and Er(t).  To simulate variation in Nr(t) and Er(t), we used the 

last 250 Nr(t) and Er(t) values of a 500 year simulation.  To calculate the impact on ΔNi, 
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we calculated ΔNi with variation in Nr(t) alone, and with variation in Nr(t) and Er(t) 

(when both Nr(t) and Er(t) were constant, ΔNi = 0).   

For our analysis, we varied parameters as listed in Table D1.  As before, 

parameters were chosen using Latin hypercube sampling, and simulation results were 

discarded if resident populations went extinct.  We did not consider differences in Y2.  

Values of invader energy content, e2, were not randomly chosen; rather, for each set of 

parameters, we examined the effect when e2 = 0 (i.e., when the predator acted as a 

specialist), and with e2 set so that in the absence of variation, ΔPi would be 0.1 or 0.05.  

In some cases, predators were so rare or ineffective that A1(t) remained below 0.1 or 0.05 

throughout the simulation; in such cases, the predators simply acted as specialists 

throughout the year, and generated the highest possible ΔPi.  Each simulation run was 

repeated 5 times.  Overall, we used 150 parameter sets (76 after discarding resident 

extinctions).   

We found that variation in Nr(t) had almost no effect on  ri .  In all of our 

simulations,   var(Nr (t) / Nr )  was less than σ2 (Fig. D.4A).  Values of ΔPi that were 

calculated with variation in only Nr(t) were always within 0.1% of ΔPi values calculated 

with no variation (Fig. D.4B).  ΔP values that were calculated with variation in both Nr(t) 

and Er(t) differed from ΔPi calculated at mean conditions by as much as 3% (Fig. 5, main 

text).  Estimates of ΔNi differed by as much as 27%, depending on whether variation in 

Er(t) was considered; however, ΔNi never contributed more than 0.0002 to  ri .  Thus, ΔNi 

could be safely ignored.   

Based on these simulation results, we felt safe assuming that   var(Nr (t) / Nr )  is at 

most O(σ2), and thus that variation in Nr(t) does not affect ΔNi and ΔPi.   
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Table 1.  

Variables used. 

Symbol Definition 
Gj(t) Germination rate of species j in year t. 
Ej(t) The environmental response of species j in year t, Ej(t) = ln Gj(t). 

s Seed survival of ungerminated seeds. 
Yj The seed yield of species j. 

C(t) The effect of exploitative competition in year t, 

C(t) = ln α1 +α 2 Gj
j=1

n

∑ (t)N j (t)
⎛

⎝⎜
⎞

⎠⎟
. 

α1, α2 Competition parameters for determining C(t). 
Nj(t) The number of seeds of species j at time t.   
Aj(t) The effect of apparent competition on species j in year t, Aj(t) = 

ln(bj(0)/bj(1)). 
bj(u) The number of seeds of species j at within-year time u (e.g., bj(0) is the 

number of seeds produced, bj(1) is the number entering the seed bank). 
u Within-year time, i.e., the time during which seeds are exposed to 

predators. 
a The predator’s attack rate. 
P The number of predators. 
h The handling time of each seed. 

pj(t) The probability that a predator will consume a species j seed if it 
encounters it.  Under optimal foraging theory, this will be 0 or 1. 

ej The caloric content of a seed of species j. 
bj
*   The critical switching density.  If there are bj

*  or fewer seeds of species 1 
through j – 1, the predator will consume species j. 

λj(t) The population level finite rate of increase of species j at time t. 
rj(t) The population level growth rate of species j, rj(t) = ln λj(t). 
σ2 The variance of Ej(t). 
ρ The correlation between Ej(t) and Ek(t) for j ≠ k. 
β 

The proportion of seeds lost from the seed bank each year, β = 1− s 1−G( )
. 

Ci’ The average amount that a change in resident germination changes the 
level of exploitative competition when species i is an invader. 

Ai’ The average amount that a change in resident germination changes the 
level of apparent competition when species i is an invader. 

r,i Subscripts to indicate resident and invader species, respectively. 
{-i} Superscript to indicate that species i has been removed from the 

community. 
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Table D1.  

Values used for randomization tests.  

Variable Minimum Maximum Distribution 
seed survival, s 0.1 0.8 uniform 
resident yield, Y1 30 150 uniform 
yield difference, Y2/Y1 0.6 1.0 uniform 
competition parameter, α1 10-4 1 exponential 
competition parameter, α2 10-1 101.5 exponential 
correlation for germination -0.8 0.8 uniform 
variance for germination 0.01 0.6 uniform 
mean for calculating germination -1 1.5 uniform 
encounter rate, a 0.1 0.7 uniform 
predator density, P 3 30 uniform 
handling time, h 0.05 0.4 uniform 
relative energy in seeds, e2/e1 0.01 1 uniform 
Our analysis of variation in Nr(t) did not consider difference in yield (Y2/Y1), because this 

would not affect the results.  Germination rates, Gj(t), were calculated using a Johnson’s 

distribution (i.e., eX/(1+eX), where X is a normal random variable); values for the mean, 

variance and correlation in germination listed below are for X, rather than the mean or 

variance of Ej(t) or the correlation between E1(t) and E2(t).   
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Fig 1. Predator behavior that can occur under optimal foraging.  The solid line 

represents the number of species 1 seeds, b1(u), between when seed predators first gain 

access to the seeds (u = 0) and when the seeds enter the seed bank (u = 1).  The dashed 

line represents b2
*, the critical switching density (equation (8)).  When b1(u) > b2

*, the 

predator will consume only species 1 (i.e., p1(u) = 1 and p2(u) = 0).  When b1(u) < b2
*, the 

predator will consume both species 1 and 2 indiscriminately (i.e., p1(u) = p2(u) = 1).  (A) 

Here, b2
* > b1(0) (i.e., b1(u) begins the year below the critical switching density).  As a 

result, the predator acts as a generalist and consumes both species throughout the year.  

(B) Here, b1(0) > b2
* > b1(1).  As a result, the predator acts as a partial specialist: it 

consumes only species 1 until u = 0.42 (i.e., when b1(u) = b2
*), and after that consumes 

both species.  (C) Here, b2
* < b1(1) (i.e., b1(u) never drops below the critical switching 

density).  As a result, the predator acts as a specialist and consumes only species 1. 

 

Fig. 2.  Effect of apparent competition, Aj(t).  Because predators have a Type-II 

functional response, Aj(t) is a decreasing function of the initial number of seeds, bj(0).  

The above graph was generated with parameter values a = 0.1, h = 0.1, and P = 20, and 

with one prey species.   

 

Fig. 3.  Effect of variation in germination on ΔPi.  We simulated coexistence 

communities randomly generated parameters (Appendix D).  We calculated E[Ar(t) – 

Ai(t)] using the last 250 years in a 500 year simulation (ΔP- with variation), and 

compared this to Ar(t) – Ai(t) calculated at   Nr (t) = Nr  and   Gr (t) = G  (ΔP- no variation).  
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Each dot represents a simulation, and the line represents the where the no-variation 

approximation is exactly correct. 

 

Fig. 4.  Density-dependence as a function of resident and invader states.  Here we display 

the combined effect of exploitative competition, C(t), and apparent competition, Aj(t), 

that each species experiences for each resident-invader combination.  In each case, Aj(t) is 

reduced relative to its competitors when species j is an invader, and the amount it is 

reduced by corresponds to population growth.  Because each species has a positive 

population growth as an invader, the species can coexist.  In all simulations, s = 0.5, Y1 = 

150, Y2 = 120, Y3 = 60, e1 = 1, e2 = 0.55, e3 = 0.45, h = 0.1, α1 = 0, α2 = 0.1, a = 0.1, P = 

100, Gj = 0.5, and σ2 = 0.   

 

Fig. 5.  Coexistence region without environmental variation.  (A) We determine what 

combination of Y2 and e2 values will allow two species to coexist.  ΔP2 is an increasing 

function of e2; thus, species 2 can invader under a wider range of Y2 values when e2 is 

small.  In this simulation, s = 0.5, Y1 = 100, e1 = 1, h = 0.05, α1 = 0, α2 = 0.3, a = 0.25, P 

= 12, Gj= 0.5, and σ2 = 0.  (B) We determine what combination of Y3 and e3 values allow 

three species to coexist.  In this simulation, s = 0.5, Y1 = 100, Y2 = 85, e1 = 1, e2 = 0.7, h = 

0.05, α1 = 0, α2 = 0.3, a = 0.25, P = 12, Gj= 0.5, and σ2 = 0.   

 

Fig. D1. Mutual invasibility in a four species community.  Each community was seeded 

with 10 individuals of each resident, and no invaders.  At time t = 200, Ni was set to 10-5, 

and allowed to grow naturally from there.  Any resident populations that had fallen below 
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10-5 were also set to 10-5 at t = 200.  Simulations were run with the following parameters: 

s = 0.5, Y1 = 150, Y2 = 90, Y3 = 45, Y4 = 21, e1 = 1, e2 = 0.6, e3 = 0.5, e4 = 0.4, α1 = 0, α2 = 

0.1, a = 0.1, h = 0.1, P = 100, G = 0.5, σ2 = 0. 

 

Fig. D2. Simulation results for the quality of approximations when σ2, Ψi(t), and ln Y1 – 

ln Y2 are large.  We simulated coexistence in 74 communities with randomly generated 

parameters (Table D1).  Each point is the mean value of three simulations, and the dotted 

line is when the approximations were exactly correct.  (A) We calculated the invader 

growth rate,  ri , based on the mean of ri(t) over 250 years of simulation, and compared 

this to  ri  calculated using our approximations.  (B) We estimated Y2
*, the value of Y2 

needed to make  ri  = 0, using computer simulations, and compared this to Y2
* estimated 

using our approximations.   

 

Fig. D3. Simulation results when predator behavior could change between years.  In this 

simulation, the predator acted as a partial specialist in >99% of years when e2 ≤ 0.325, it 

acted as a generalist every year when e2 ≥ 0.575, and it switched between behaviors when 

0.35 ≤ e2 ≤ 0.55.  Simulations were run with the following parameters: s = 0.5, Y1 = 40, 

Y2 = 40, e1 = 1, α1 = 1, α2 = 0.1, a = 0.1, h = 0.1, P = 30,  G  = 0.41, σ2 = 0.14, ρ = -0.5.  

Germination rates were generated from a Johnson’s distribution using N(-0.4, 0.4) 

random variables, with correlation -0.5.  This figure represents a typical result.   

 

Fig. D4. Simulation results for the impact of variation in Nr(t).  We simulated 

coexistence in 76 communities with randomly generated parameters (Table D1).  (A) 
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Histogram of   var Nr (t) / Nr( ) /σ 2  over the last 250 years of a 500 year simulation.  The 

highest value in this simulation was 0.79.  (B) Comparison of Ar(t) – Ai(t) calculated at 

  Nr (t) = Nr  and   Gr (t) = G  to the mean value of Ar(t) – Ai(t) calculated at   Gr (t) = G , but 

with variation in Nr(t) generated from simulations.  Each set of parameters was run with 

the predators acting as specialists, and with e2/e1 set so that ΔPi ≈ 0.1 and ΔPi ≈ 0.05. 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. D1 
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Fig. D2 
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Fig. D3 
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Fig. D4 
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