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Abstract 

Vertebrate seed dispersers and seed predators, insect seed predators, and 

pathogens are known to influence plant survival, population dynamics, and species 

distributions. The selective pressure of these mutualists and antagonists have resulted in a 

myriad of plant adaptations, including morphological and nutritional fruit traits to attract 

seed dispersers, and plant defenses to deter seed predators and pathogens. The importance 

of vertebrates, insects, and pathogens for plant communities has long been recognized, 

but their absolute and relative importance in early recruitment of multiple coexisting 

tropical plant species has not been quantified. Further, little is known about the 

relationship of fruit traits to seed dispersal and natural enemy induced seed and seedling 

mortality in tropical plants. My dissertation investigates the importance of these groups 

of organisms in the sequential stages of early plant recruitment (i.e. from fruit developing 

in the crown to seedlings on the ground) in tropical forests. I used a combination of 

empirical and theoretical studies: an experimental study of pre-dispersal seed mortality in 

plant canopies of seven species, a bioassay experiment examining patterns of fruit 

toxicity for eleven species, a simulation study of the interacting effects of seed dispersal 

and enemy attack on spatial patterns of surviving seedlings in theory, and a field study of 

the effects of partial defaunation of vertebrates (by hunting) on pre-dispersal seed 

predation and seed removal in two tree species.   

 

To determine the influences of vertebrates, insects, and pathogens on reproduction of 

plants varying in fruit traits, I investigated reductions in fruit development and seed 

germination due to vertebrates, insects, and fungal pathogens through experimental 

removal of these enemies using canopy exclosures, insecticide, and fungicide, 

respectively at the Canopy Crane Access System in Parque Natural Metropolitano in 

Central Panama. Results suggest that predispersal seed mortality is attributable to 

different natural enemies in different canopy species. Fruit morphology explained some 

of the interspecific variation in fruit development and seed survival in response to natural 

enemy removal treatments. This is the first experimental test of the relative effects of 

vertebrates, insects, and pathogens on seed survival in the canopy.  
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To investigate patterns of fruit toxicity, I used bioassays involving brine shrimp (Artemia 

franciscana) and two foliar fungal pathogens (Fusarium sp, Phoma sp.) to understand 

how chemical defenses of coexisting canopy plants differ from the immature to the 

mature stage of fruit development and between the seed and pericarp. Every plant species 

tested in this study exhibited toxicity to at least one bioassay organism but patterns of 

toxicity depended on plant species and bioassay organism.  

 

To explore how patterns of natural enemy attack and seed dispersal affect seedling 

recruitment patterns, I developed a spatially-explicit, individual-based model to study 

plant life stages following seed dispersal. With this model, I explored how different seed 

deposition patterns and natural enemies affect the spatial patterns of surviving seedlings 

in a simulated model community. The seedling recruitment patterns observed in the 

model reproduced the range of patterns observed empirically. Recruitment patterns were 

sensitive to the type of natural enemy attack and the movement distances and fecundity of 

natural enemies, as well as to seed dispersal distances and the degree of clumping.  

 

To investigate how hunting alters seed dispersal and seed predation, I compared these 

processes for two canopy tree species that differ 16-fold in seed size in both hunted and 

protected forests in Central Panama. The results of this study suggest that in hunted areas 

there are greater reductions in seed removal and seed predation of the larger-seeded 

compared to the smaller-seeded tree. Overall, the results of my dissertation contribute to 

an emerging, but still very incomplete, trait-based approach to understanding interspecific 

variation in biotic interactions. Determining the relative roles of vertebrates, insects, and 

pathogens throughout the stages of plant recruitment will aid in our understanding of the 

mechanisms that limit plant populations, contribute to our knowledge of diversity 

maintenance, and is critical to predicting the consequences of anthropogenic pressures on 

plant communities.
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Chapter 1: Linking Fruit Traits to Variation in Vertebrate Seed Predation, Insect 

Seed Predation, and Pathogen Attack during the Predispersal Stage Among Seven 

Neotropical Trees and Vines 

 

INTRODUCTION  

Vertebrates, insects, and pathogens are known to influence plant survival, population 

dynamics, and species distributions (Crawley 1997, Nathan and Muller-Landau 2000, 

Maron and Crone 2006). The relative importance of vertebrates and insects has been 

controversial (Maron and Crone 2006), and the influence of pathogens is generally 

omitted from this debate. However, there is a growing body of literature that reveals the 

importance of pathogens in natural plant communities (Coley and Barone 1996, Gilbert 

2002). Vertebrates, insects, and pathogens play crucial roles in the early stages of plant 

recruitment, when plants experience their highest mortality. During fruit development, all 

three groups of organisms result in large reductions in plant fecundity through seed 

mortality (Crawley 2000) and may reduce seedling performance by damaging seeds 

during development (Sousa et al. 2003, Bonal et al. 2007). Due to the difficulty of 

studying processes occurring in the tree canopy (Crawley 2000, Lewis and Gripenberg 

2008), there have been few manipulative experiments that differentiate the simultaneous 

effects of vertebrates, insects, and pathogens on seed survival at the pre-dispersal stage in 

forests (Nakagawa et al. 2005).  

 

Part of the motivation in determining the effects of vertebrates, insects, and pathogens on 

plant communities stems from a larger unresolved issue concerning the influences of 

specialists versus generalists on plant communities (Maron and Crone 2006). Specialized 

natural enemies are hypothesized to contribute to the maintenance of diversity through 

frequency-dependent mortality (Janzen 1970, Connell 1971); generalist predators may 

also contribute by causing differential mortality across species (Paine and Beck 2007). 

Insect seed predators include larvae of flies (Diptera), moths (Lepidoptera), beetles 

(Coleoptera), and wasps (Hymenoptera) and tend to be specialized on one or a few 

related plant species (Janzen 1971, Crawley 2000, Hulme and Benkman 2002). Insect 
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seed predators may also damage seeds in ways that increase pathogen colonization or 

even act as vectors (Mills 1983). Far less is known about seed pathogens in natural forest 

communities, however several studies demonstrate that fungal pathogens may have a 

limited host range. In tropical forests, foliar fungal pathogens tend to infect closely 

related species (Gilbert and Webb 2007), while soil fungal pathogens can exhibit host 

affinity to plant species and individual trees within species (Gallery et al. 2007). 

Vertebrates, on the other hand, tend to be generalists (Hammond and Brown 1998). 

Determining the influence of different natural enemy groups may direct future research in 

understanding whether specialists or generalists have a greater impact on plant 

communities and their potential role in diversity maintenance. 

 

The few previous studies of pre-dispersal seed predation and pathogen attack suggest 

wide variation in attack rates among species and forest types. In Panama, studies 

quantifying pre-dispersal predation from seeds collected in seed traps under fruiting trees 

found that the proportion of seeds infested with insect seed predators ranged from 3 to 

100 percent across species (DeSteven 1981, Forget et al. 1999, Sousa et al. 2003, 

Beckman and Muller-Landau 2007); in two of three mangrove species, insect seed 

predation at the predispersal stage also reduced seedling size compared to uninfested 

seeds (Sousa et al. 2003). Among 10 species in Puerto Rico and Costa Rica, pre-dispersal 

seed mortality due to fungal disease ranged from 0 to 80 percent (Myster 1997). In the 

one published study that excluded vertebrate and insect seed predators in the canopy, 

Nakawaga et al. (2005) found that insects reduced fruit development more than vertebrate 

seed predators for one tree species in a Malaysian tropical forest. Given the limited 

available data, little can be concluded concerning the causes of variation in pre-dispersal 

seed mortality due to natural enemy attack.  Interspecific and among-site variation is 

likely due to variation in seed defenses, natural enemy densities, climate, and seed 

production (Crawley 2000, Hulme and Benkman 2002, Kolb et al. 2007). 

 

Fruit morphology and chemistry are likely to be particularly important in determining 

interspecific variation in seed predation and pathogen attack (Leishman et al. 2000). 
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Morphological fruit traits that influence seed survival include fruit size, seed size, pulp-

to-seed ratio, and physical protection. Seed size is negatively correlated with pathogen 

attack (Leishman et al. 2000), and positively correlated with the size of mammals 

consuming seeds (Dirzo et al. 2007). Seed size is also predicted to be positively 

correlated with insect seed predation: larger seeds, which have greater energy reserves, 

may be more susceptible to insect seed predators and be attacked by a greater variety of 

insects (large and small) than smaller seeds (Mucunguzi 1995, Espelta et al. 2009).   

However, larger seeds may be able to survive damage by insects better than smaller seeds 

(Mack 1998, Espelta et al. 2009) with potentially decreased seedling growth compared to 

similar-sized uninfested seeds (Sousa et al. 2003, Bonal et al. 2007). High pulp-to-seed 

ratios are hypothesized to have evolved to protect seeds from natural enemy attack (Mack 

2000). Physical protection (i.e. mass of endocarp and testa relative to seed) increases with 

seed size (Moles et al. 2003) and may in part explain the increased susceptibility of small 

seeds to pathogen attack. Thus, the inclusion of fruit morphological data in studies 

ascertaining the influence of natural enemies is likely to enhance our understanding of 

proximate mechanisms mediating interactions between seeds and their natural enemies 

and provide a foundation for generalization to unstudied species. 

 

In this study, we investigated the role of vertebrate seed predators, insect seed predators, 

and fungal pathogens in reducing adult fecundity of tropical canopy trees and vines, and 

further examined the degree to which fruit morphology explains interspecific variation in 

these interactions. The high diversity of tropical forests enabled us to include species that 

range widely in morphological traits (Table 1). We used canopy cranes to access 

developing fruit, to exclude each natural enemy group from these fruit, and to monitor 

plant responses in fruit development, seed survival, and seed quality – assessed by 

collecting seeds, measuring germination rates, and tracking subsequent growth. This is 

the first study that examines inter- and intra-specific variation in enemy-induced seed 

mortality in the canopy and establishes quantifiable measures using morphological fruit 

traits to predict the mechanism that dominates during the pre-dispersal stage of early 

plant recruitment. Our manipulative canopy experiment addressed the following 
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questions: 

1. What pre-dispersal effects do vertebrates, insects, and pathogens have on seed 

survival and on the growth rates of surviving seedlings? 

2. Does variation in fruit traits explain variation in seed survival due to vertebrate 

seed predation, insect seed predation, and/ or pathogen attack? 

 

METHODS   

Study Site. The canopy crane is located in Parque Natural Metropolitano (PNM), a dry, 

semi-deciduous, old secondary forest located near Panama City on the Pacific coast 

(Wright et al. 2003). The dry season in Central Panama begins in mid-December and lasts 

until the end of April, and the average annual rainfall at PNM is 1740 mm. The crane 

reaches 42 m in height and covers an area of ca. 1 ha, providing access to 80 species of 

canopy plants. We selected reproductive individuals of species accessible from the crane 

that represent a range of life forms, dispersal modes, and families (Table 1). For all but 

one species, the study was conducted from January 2008 to June 2009; for Antirhea 

trichantha, we conducted an additional study on predispersal effects of natural enemies 

on germination in 2007. 

 

Methodology. We selected branches and randomly assigned each to natural enemy 

removal treatments and controls. Vertebrates were excluded from fruit using lightweight 

exclosures designed for canopy-level work in the same forest communities (Fig. 1; Van 

Bael 2003). Exclosures were made out of Bird-X Standard 2 cm mesh (product code 

NET-STD-200) and eight 6 mm x 1200 mm dowels. The exclosures were assembled with 

a combination of wires, rubber bands, and fishing line, and attached to branches with 

plastic-coated garden wire. Previous experiments showed that exclosures effectively 

excluded vertebrates, without affecting insect herbivore density or levels of insect 

herbivory inside exclosures compared to controls and did not physically damage plants 

(Van Bael 2003). To remove fungal pathogens and insect seed predators, we sprayed 

fruits weekly with pesticides at the onset of fruit development following pollination. To 

remove fungal pathogens, we used Captan (N-Trichloromethylthio-4-cyclohexene-1, 2-
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dicarboximide), a broad-spectrum fungicide that kills most seed-decay pathogens (e.g. 

Fusarium, Phytophthora, Pythium, and Rhizoctonia), at a concentration of 10g Captan L-1 

water, which was previously tested and used on seeds of pioneer species in Panama 

(Dalling et al. 1998). We focus on fungal pathogens because they make up the highest 

percentage of known plant pathogens (Shivas and Hyde 1997). To remove insects, we 

used Mavrik AquaflowⓇ (tua-Fluvanilate) at the label-recommended concentration of 

1.48 ml Mavrik AquaflowⓇ gal-1 water. Mavrik AquaflowⓇ kills a variety of insects, 

including larvae of Diptera, Lepidoptera, Coleoptera, and Hymenoptera, with low toxicity 

to honey bees (Apis mellifera; Johnson et al. 2006). During the summer of 2006, we 

tested whether pesticide application affected vertebrate seed removal for seeds of one 

common tree species, Pourouma bicolor, and found no effect (data not shown). 

 

Fruit Development. To determine the effects of natural enemy removal treatments on 

fruit development, we monitored the number of fruits that developed to maturity. We 

counted developing fruit on marked branches within each treatment biweekly until 

mature. At the beginning of the fruiting season, treatments contained ca. 12-220 

immature fruits depending on the species. For Bonamia trichantha, we also counted the 

number of healthy versus aborted diaspores in each fruit at the end of the fruiting season. 

Because Cecropia peltata fruit are long finger-like projections containing thousands of 

seeds and parts of the fruit tended to be removed or aborted, we measured fruit length 

instead of number. Vertebrates removed fruit immediately following maturation, thus we 

censused more frequently prior to fruit maturation to determine the number or length of 

immature fruit that successfully reached maturity and to collect mature seeds prior to 

removal by vertebrates.  

 

Germination. To determine the effects of natural enemy removal treatments on seed 

viability, we measured germination of mature seeds collected from treatments. For 

Luehea seemanni, Antirhea trichantha, and Castilla elastica, we also measured diaspore 

mass for half of the diaspores to assess the effect of diaspore mass on germination in 
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response to treatments. For fleshy fruits, seeds were removed from pulp in water and 

germinated within a week of collection (Sautu et al. 2006). Cecropia peltata seeds were 

processed in a dark room and air-dried within two-three days of collection (Dalling et al. 

1997b). Due to limited growing house space, species with high longevity were stored in 

an air-conditioned laboratory until germination studies began (Sautu et al. 2006).  

 

Germination trials took place in Gamboa, Panama in a growing house under 60% shade 

cloth and transparent plastic to protect seeds from rainfall. Different germination 

conditions were used to accommodate requirements of each species. Approximately sixty 

seeds were planted per replicate, except for Anacardium excelsum, for which ca. ten 

seeds were planted per replicate (its low fruit production precluded larger sample sizes). 

Seeds of Luehea seemannii and Cecropia peltata, the smaller-seeded species, were 

germinated in Petri dishes lined with paper towels. Large-seeded species were planted in 

soil collected from BCI mixed with sand (2 soil: 1 sand) and planted in 72 square-cavity 

Plug Sheets (LandMarkTM). The sand-soil mixture was autoclaved for one hour at 121°C 

in a Sterilmatic Steam Pressure Autoclave. Cells of trays and Petri dishes were watered 

individually to reduce cross contamination of fungi. Because L. seemannii seeds have 

initial dormancy, seeds that did not germinate after 6 weeks were given a hot-water 

treatment: seeds were submerged in 80˚C water for 2 minutes (Acuña and Garwood 1987, 

Sautu et al. 2006). In 2008, we observed diaspores of Antirhea trichantha germinating 

twice (once from each locule), and this was also recorded. 

 

Germination trials ended after one month of no germination within species (Sautu et al. 

2006). Seeds that did not germinate were opened to determine the status of the embryo, 

which was characterized as viable or dead, and with or without apparent insect or fungal 

damage (see Supplementary Material for methods and results).  After germination, a 

subset of seedlings of Castilla elastica and Anacardium excelsum were transplanted to 

determine seedling relative growth rates.  
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Seedling Growth Rates. For Anacardium excelsum and Castilla elastica, the relative 

growth rates of seedlings were measured to determine whether vertebrates, insects, and 

pathogens at the predispersal stage affect the seedling stage. For the seedling study, 

germinating seeds were randomly chosen within each treatment. Sample sizes differed 

per species and depended on the number of viable seeds per treatment. For C. elastica, 

38-70 individuals were randomly chosen per treatment, and for A. excelsum, 13-29 

individuals were chosen. Initial measurements of seedling height, leaf number, leaf length 

and width were taken when first leaves were fully expanded for C. elastica and one week 

after leaf expansion for A. excelsum. Thirty seeds from non-treated branches were grown 

and harvested at the same time to determine linear relationships between initial 

measurements and initial biomass and leaf areas.   

 

Seedlings from treatments were transplanted into 4” x 6” pots filled with soil collected 

locally from Gamboa and maintained in the growing house. Soil was collected from the 

first 30 cm, sieved to remove large rocks, roots, and clay clumps, and autoclaved for 1 

hour. Seedlings were watered to field capacity and rotated 3 times a week to ensure 

similar light conditions. After six weeks, seedlings were harvested and seedling height, 

leaf area, and biomass were measured. At time of harvest, roots of seedlings had not 

filled the pots. Height was measured from the base of the stem to the apical meristem. To 

measure leaf area, leaves were placed in plastic bags with moist paper towels, transferred 

to Barro Colorado Island in a cooler, and measured with a LI-COR Leaf Area Meter 

(ModelLI-3100). Leaves, stem, roots, and remaining cotyledons were dried at 60°C until 

constant weight and final biomass was determined.  

 

Morphological traits. We measured morphological traits on fifteen mature fruits 

collected from three individuals of each focal species (Cornelissen et al. 2003). We 

measured fruit length and width, the number of seeds per fruit, and the dry masses of 

fruit, pulp, capsule, diaspore, and seed reserve. For Anacardium excelsum, only the 

drupe, and not the pedicel, was considered in the following calculations. Fruit samples 

were dried at 60°C for at least 72 h and weighed using an analytical balance with a 
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precision of 0.01 mg. The diaspore, or unit of dispersal, includes the seed (i.e. seed 

reserve and testa) and endocarp and excludes the pappus, flesh, and any other part that 

come off easily. Seed reserve includes the endosperm, embryo, and cotyledons. 

Protective structures include the testa and all other structures of the diaspore surrounding 

the embryo and endosperm except for the wings or awns in wind dispersed species 

(Moles et al. 2003). We calculated the following to use as morphological fruit traits: 

pulp-to-fruit dry mass ratios, capsule-to-fruit dry mass ratios, protective structure-to-

diaspore dry mass ratios, log (mean fruit dry mass), log (mean fruit length), log (mean 

fruit width), log (mean seed reserve dry mass), and log (mean number of seeds); 

protective structures were calculated as seed reserve dry mass subtracted from diaspore 

dry mass  (Moles et al. 2003). All subsequent cross-species analyses are based on 

species-level means or log-transformed means. 

 

Statistical Analyses. For community-level and species-level analyses, we used a 

generalized linear mixed model (GLMM) with binomial errors to analyze variation in the 

proportion of seeds removed and germinated in response to vertebrate, insect, and 

pathogen removal treatments. Fruits and seeds were considered experimental units. 

Natural enemy removal treatments were considered fixed effects. To account for spatial 

autocorrelation among seeds within branches and branches within trees, branches nested 

within trees were considered random effects, except for species-level analyses of the vine 

species. For these, we assumed each vine species comprised one individual, and therefore 

did not include individual as a random effect. To analyze variation in final fruit length of 

Cecropia peltata, we used a linear mixed model with normal errors and included initial 

length as a covariate to account for differences in initial fruit length. 

 

In community-level analyses, we included plant responses of all species to analyze the 

influence of interspecific variation in fruit morphology on fruit development and 

germination. Interspecific variation in fruit morphology was summarized with principal 

component analysis using standardized variables of traits (i.e. correlation matrix in the 

PCA; Schaefer et al. 2003). In these analyses, natural enemy removal treatments, 
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principal components of fruit morphology, and the interaction between treatments and 

principal components were included as fixed effects, and branches nested within 

individuals were included as random effects.  Cecropia peltata was not included in the 

community-level analysis of fruit development because fruit removal was measured in a 

different way than the other species.  

 

For species-level analyses of germination, we included predictor variables describing 

interannual variation in germination and intraspecific variation in diaspore mass when 

data were available. For Antirhea trichantha, we had two years of germination data and 

included year and an interaction between year and treatment as fixed effects. To 

determine the effect of diaspore mass on germination within species, we included it as a 

covariate in species-level analyses of L. seemannii, A. trichantha, and Castilla elastica. 

For A. trichantha, we measured diaspore mass in 2008, and included it in analyses of 

germinating once or twice. We standardized diaspore mass by subtracting the mean and 

dividing by one standard deviation to make coefficient estimates easier to interpret 

(Gelman and Hill 2007). Treatments, standardized diaspore mass (SDiaM), and their 

interactions were included as fixed effects and branches nested within individuals as 

random effects in germination analyses. Variation of SDiaM among treatments was 

analyzed using a linear mixed model with normal errors.   

 

Relative growth rate of seedlings was calculated as RGR = (ln W2 – ln W1)/(t2 – t1), with 

separate calculations based on height (RGRheight), biomass (RGRbiomass), and leaf area 

(RGRleaf area). We estimated seedling biomass from height at the first time step using a 

linear regression of log10 (initial biomass) versus log10 (height) from initial harvests 

(Castilla elastica: a (intercept) = -2.9153, b (slope) = 0.8997, r2 = 0.53; Anacardium 

excelsum: a = -2.1714, b = 0.9395, r2 = 0.46). Leaf area at the first time step was 

estimated from leaf length and width based on a linear regression of leaf area and the 

product of leaf length and width from initial harvests (C. elastica: a = -0.1789, b = 

0.0057, r2 =0.88; A. excelsum: a = -0.9979, b = 0.0063, r2 =0.98). To determine 

differences in relative growth rate among treatments, we used an ANOVA, including 
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treatment, a covariate to control for initial size, and their interactions as explanatory 

variables. For C. elastica, the covariate was diaspore mass, and for A. excelsum, we used 

initial seedling height. For C. elastica, we randomly selected 38 individuals from each 

treatment to achieve equal sample sizes; this gave similar results to the full dataset, and 

therefore the full dataset was used.  

 

We use the Laplace approximation of likelihoods to estimate parameters of fixed- and 

random-effects using restricted maximum likelihood estimation (Bolker et al. 2008). To 

analyze GLMM, we used the lme4 package in R (Bates and Maechler 2009, R 

Development Core Team 2009). Because of the uncertainty in calculating the degrees of 

freedom in models with normally distributed errors, calculating p-values is controversial 

(Bolker et al. 2008). Instead, we obtained 95% confidence envelopes of parameter 

estimates using MCMC methods and referred to estimates as significantly different from 

zero if they fell outside these envelopes. When appropriate, variables were transformed to 

meet assumptions of normality. All statistical analyses were done using R (R 

Development Core Team 2009). 

 

RESULTS. 

Effectiveness of the treatments. To determine whether our treatments reduced damage by 

insects and fungi, we measured damage due to insects and fungi after germination trials 

ended. Seed damage was difficult to categorize for some species, as seeds that did not 

germinate tended to be rotten. This was especially true for small-seeded species. In three 

out of the four species where insect seed predation was detectable, the insecticide 

treatment significantly reduced insect damage (Supplementary Material, Fig. S1). We 

measured both internal and external seed damage by fungi (Supplementary Material, Fig. 

S2, S3). Internal damage is probably a better indicator of predispersal fungal infection 

than external fungal damage, which may reflect colonization of fungi after planting seeds 

in the growing house. Of the four species in which fungal damage was measured, 

fungicide significantly reduced internal fungal damage of Anacardium excelsum (Fig. 

S2). 
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Fruit Morphology. There were strong correlations among many of the fruit traits (Table 

2). The first three principal components (PC1, PC2, and PC3) explained 91 percent of the 

variance (Table 3). The first principal component most strongly reflects fruit size 

(positively) vs. protective structures-to-diaspore ratio (negatively), the second reflects 

seed size (positively) vs. seed number per fruit (negatively), and the third reflects the 

capsule-to-fruit ratio (positively) vs. the pulp-to-fruit ratio (negatively). To determine the 

effect of fruit traits on development and germination success in response to removal 

treatments, we included the first three principal components and their interactions with 

removal treatments as fixed effects in the generalized linear mixed models discussed in 

the methods.  

 

Community-Level Analyses. The proportion of fruit reaching maturity was significantly 

affected by principal components of fruit traits and their interactions with natural enemy 

removal treatments (Fig. 2). The main effect of the first principal component (i.e. fruit 

size vs. diaspore protection) was not significant. There was a significant positive 

interaction of PC1 with the fungicide treatment (z = 2.78, p < 0.01) and a marginally 

significant positive interaction with the insecticide treatment (z=1.79, p < 0.1). The 

probability of fruit reaching maturity significantly decreased with the second principal 

component (i.e. seed size vs. seed number per fruit; z= -2.86, p < 0.01), and significantly 

increased with the third principal component (i.e. capsule vs. pulp-to-fruit ratio; z = 2.99, 

p < 0.01). There was a significant positive interaction between PC3 and vertebrate 

exclosures (z=2.14, p < 0.05). 

 

The probability of a seed germinating depended on the principal components of fruit 

traits and their interactions with treatments (Fig. 3). The main effect of the first principal 

component on germination was not significant, and there was a significant positive 

interaction between PC1 and the fungicide treatment (z = 2.24, p < 0.05). Germination 

marginally decreased with the second principal component (z = -1.70, p < 0.1) with a 

marginally significant positive interaction between PC2 and the vertebrate exclosures 

(z=1.71, p < 0.1). Germination significantly increased with the third principal component 



 

  12 

(z = 2.64, p <0.01). 

 

Species-Level Analyses. The percent of total fruit that matured and seeds that germinated 

varied among species from 18-89% and 9-86%, respectively (Table 4). At least one 

natural enemy removal treatment significantly affected each species during either fruit 

development or germination, and the influences of treatments varied among species. 

Fungicide reduced fruit maturation in one species, and enhanced germination in the two 

large-seeded species (Fig. 4A, 5A). Reduction of insect seed predation significantly 

affected four species during either fruit maturation or germination (Fig. 4B, 5B). 

Although excluding vertebrates from consuming immature fruits increased development 

success for several species (Fig. 4C), it resulted in mixed responses in germination (Fig. 

5C). The largest-seeded species in our study was responsive to all natural enemy removal 

treatments during fruit development, and all but the insecticide treatment during 

germination.  Including diaspore mass in species-level analyses helped explain 

intraspecific variation in germination. 

 

Cecropia peltata. Vertebrate exclosures significantly increased final fruit length relative 

to the controls (t=2.55, p<0.05; Fig. 4C) while insecticide or fungicide treatments had no 

significant effect (Fig. 4A, B). There was a significant positive effect of initial fruit 

length on final length (t=3.39,p < 0.05). Vertebrate exclosures reduced germination 

success (z = -1.741, p <0.1; Fig. 5C), while the insecticide and fungicide treatments had 

no effect (Fig. 5 A, B).  

 

Luehea seemannii. Vertebrate exclosures significantly increased the probability of fruit 

maturation (z=1.98, p < 0.05; Fig. 4C), insecticide marginally increased fruit maturation 

(z = 1.65, p < 0.1; Fig. 4B), and fungicide did not affect development (Fig. 4A). 

Treatments did not affect germination, however germination significantly increased with 

standardized diaspore mass (SDiaM; z = 4.838, p < .001; Fig. 6). SDiaM did not vary 

among treatments (diaspore mass mean + 1 SD: 2.3 mg + 0.4). 

 



 

  13 

Antirhea trichantha. In 2008, the fungicide treatment significantly reduced the 

probability of immature fruits reaching maturity (z = -2.61, p<0.01; Fig. 4A), while the 

other treatments did not affect development. Insecticide significantly increased 

germination (z = 2.14, p < 0.05) and the probability of germinating was significantly 

higher in 2008 compared to 2007 (z = 4.17, p < 0.001; Fig. 7). 

 

In 2008, diaspore mass was also measured for A. trichantha. The main effects of 

treatments and SDiaM did not significantly affect germination, but there was a 

marginally significant negative interaction between vertebrate exclosures and SDiaM (z = 

-1.96, p = 0.05; Fig. 8). SDiaM did not differ among treatments (diaspore mass mean + 1 

SD: 16.4 mg + 5.6). In 2008, 8.4% of A. trichantha seeds were observed germinating 

from the second locule after germinating once. The probability of germinating a second 

time significantly increased in the insecticide treatment (z = 2.38 p < 0.05; Fig. 9).  

 

Stigmaphyllon hypargyreum. Treatments did not affect the probability of fruit maturing 

during development (Fig. 4). The insecticide treatment significantly increased 

germination (z = 4.34, p < 0.001; Fig. 5B), while fungicide and vertebrate exclosures had 

no effect (Fig. 5A,C). 

 

Bonamia trichantha. Treatments did not affect the probability of fruit maturation or 

germination; however, the vertebrate exclosures reduced the proportion of healthy versus 

aborted diaspores per fruit (z=-2.7,p<0.01; Fig. 10).  

 

Castilla elastica. The main effects of natural enemy removal treatments did not affect 

probability of development or germination, but germination significantly decreased with 

SDiaM (z  = -4.14, p < 0.001). In germination analyses, there was a significant positive 

interaction between SDiaM and the fungicide (z  = 5.23, p < 0.001) and a marginally 

significant positive interaction between SDiaM and vertebrate exclosures (z  = 1.76, p < 

0.1; Fig. 11). SDiaM did not differ among treatments (diaspore mass mean + 1 SD: 376.5 

mg + 103.7). 
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Of the seeds that recruited into seedlings, diaspores were an average 12% heavier in the 

fungicide treatment compared to controls (t=2.64, p < 0.01), whereas the other treatments 

did not differ from the control. RGRheight tended to increase with the fungicide treatment 

(t=1.74, p<0.1; Fig. 12) and significantly so with diaspore mass (t=2.04, p< 0.05). Seed 

mass significantly increased RGRbiomass (t=6.12, p<0.001) with no effect of treatment. 

There were no significant effects of treatments on RGRleaf area.  

 

Anacardium excelsum. All enemy exclusion treatments significantly increased the 

probability of fruit developing to maturity (fungicide: z = 2.07, p < 0.05, insecticide: z = 

2.74, p < 0.01, vertebrate exclosure: z = 2.69, p < 0.01; Fig. 4). The fungicide 

significantly increased germination (z=2.14, p<0.05; Fig. 5A), and the vertebrate 

exclosures marginally increased germination (z = 1.822, p < 0.0685; Fig. 5C), with no 

effect of the insecticide treatment (Fig. 5B).  

 

Initial seedling height was marginally lower in the insecticide treatment than controls (t=-

1.686, p <0.1). RGRheight  and RGRmass was higher in the vertebrate exclosures (p < 0.05), 

and there was a significant negative interaction between the exclosures and initial height 

(p < 0.05; Fig. 13). RGR leaf area was log-transformed to meet assumptions of normality. 

Log-transformed RGR leaf area was marginally higher in vertebrate exclosures (t = 1.79, p 

< 0.1), and there was a marginally significant negative interaction between vertebrate 

exclosures and initial height (t= -1.69, p < 0.1).  

 

DISCUSSION. Our results suggest that on the community level, pre-dispersal seed 

predation is not due predominantly to any one group of natural enemies; instead, 

responses were species specific and shifted throughout the early recruitment stages 

studied here (i.e. fruit development, seed germination, and seedling growth). These 

species-specific responses to natural enemy removal were partly explained by 

interspecific variation in fruit morphology. Within species, variation in survivorship was 

further explained in part by diaspore size and temporal variation. While the importance of 
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natural enemy groups on plant performance as a whole has been a matter of debate 

(Maron and Crone 2006), insects are generally thought to be the most important seed 

predators at the pre-dispersal stage (Crawley 1997, Hulme and Benkman 2002).  

However, manipulative studies of the effects of different natural enemy groups on pre-

dispersal mortality are rare, especially for canopy plants (Nakagawa et al. 2005). In 

addition, few studies have quantified the impact of fungal pathogens on seed survival and 

how it varies with fruit and seed characteristics at either the pre- or post-dispersal stage 

(Pringle et al. 2007).  

    

FRUIT TRAITS AND INTERSPECIFIC VARIATION IN RESPONSE TO NATURAL ENEMIES. The 

strength of natural enemy removal treatments depended on fruit morphology and differed 

across recruitment stages (Fig. 2, 3). The fungicide treatment and vertebrate exclosures 

affected both development and germination in some species, depending on fruit 

morphology, while the insecticide treatment affected only the development stage.  

 

Fungal pathogen attack. We found that species with less protective structure per 

diaspore and larger fruit experienced more pathogen attack, as PC1 predicted fruit 

development and germination response to the fungicide treatment, while seed reserve 

mass and diaspore number per fruit (PC2) had no effect (Fig. 2, 3).  There are few studies 

relating pathogen susceptibility to fruit and seed morphology, and those that do focus on 

post-dispersal stages. In one study relating seed characteristics to post-dispersal seed 

survival, Pringle et al. found that pathogen susceptibility increased with seed size and 

shade-tolerance and was not related to seed hardness, measured by biting seeds (2007), 

which contrasts with our result on seed reserve mass. In congruence with our results, 

Augspurger and Kelly (1984) found that pathogen-induced mortality of seedlings within 

wind-dispersed species was not explained by among species variation in seed mass.  The 

negative effect of fungicide on germination for species negatively associated with PC1 

could be due to interactions of plants with mutualistic fungi, in which seeds may be 

infected with endophytes that benefit seed survival (Cipollini and Stiles 1993, Rodriguez 

et al. 2009).  Evidence exists that fresh seeds of a pioneer tree species in Panama 
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(Cecropia insignis) harbor fungi that are related to foliar endophytes in Panama (Gallery 

et al. 2007). 

 

Insect seed predation. We found that species with larger fruit and less protective 

structures surrounding seeds (PC1) tended to be more susceptible to insect seed predation 

during fruit development as these species had greater responses in fruit development to 

the insecticide treatments (Fig. 2). Physical defenses surrounding the seed are predicted 

to reduce insect seed predation (Hulme and Benkman 2002). Thicker seed coats have 

been found to protect seeds of agricultural crops from bruchid beetles, a major insect seed 

predator (Theiry 1984, Kitch et al. 1991). The influence of seed size on insect predation 

in previous studies is unclear. Larger seeds are predicted to experience higher levels of 

insect seed predation (Mucunguzi 1995, Espelta et al. 2009), but may be able to survive 

damage better than smaller seeds by satiating the predator (Dalling et al. 1997a, Mack 

1998, Bonal et al. 2007, Espelta et al. 2009). In a large analysis of pre-dispersal seed 

predation and seed size in Australia, Moles found no relationship between seed size and 

survivorship (Moles et al. 2003). Similarly, we did not find a relationship between seed 

size or number per fruit (PC2) with insect seed predation in our community-level 

analysis. While capsules and higher pulp content may act as physical barriers (Mack 

2000, Hulme and Benkman 2002), we found no evidence that species with either capsules 

or higher pulp content (PC3) were more protected from insect seed predators, suggesting 

these have an equivalent effect on seed survival in response to insect seed predation for 

the species in our study.  

 

Vertebrate seed predation. Species with fleshy fruits had a lower probability of fruit 

maturation in the vertebrate exclosures compared to the controls than species with 

capsules (PC3, Fig. 2).  Presence of vertebrates may have indirectly reduced damage of 

fleshy fruits by other natural enemies. Vertebrate insectivores may reduce abundances of 

insects near developing fruit, thereby reducing insect damage that may also facilitate 

fungal colonization or transmission (Mills 1983). Studies have documented increased 

herbivore abundances and foliar damage when vertebrates are excluded from leaves (Van 
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Bael 2003, 2005, Kalka et al. 2008). Tri-trophic interactions among vertebrates, fruits, 

and insects may have parallel consequences in reducing fruit damage and seed 

consumption in species with fleshy fruits. 

 

The vertebrate exclosures increased the probability of germination for species with 

heavier seed reserves and fewer seeds per fruit, while reducing it for species with less 

seed reserves and more seeds per fruit (PC2, Fig. 3). These results suggest that larger-

seeded species with fewer seeds per fruit suffer greater direct physical damage from 

vertebrates that reduces seed viability, while species with many, small seeds per fruit gain 

some benefit from being accessible to vertebrates, potentially due to tritrophic 

interactions with vertebrates as discussed above. Seed predation depends on the 

community composition and abundance of vertebrates. Although there are few studies on 

the influence of interspecific variation in seed size on seed predation, defaunation tends 

to decrease removal at the post-dispersal stage for larger seeds and increase it for smaller 

seeds (Demattia et al. 2004, Beckman and Muller-Landau 2007, Dirzo et al. 2007, 

Mendoza and Dirzo 2007). Although our study site, PNM, is in close proximity to 

Panama City, and abundances of large vertebrates have been greatly reduced due to 

hunting and habitat fragmentation (Ibanez et al. 2002), we found vertebrates caused the 

largest reductions in seed viability for species that have fewer, larger seeds per fruit. 

 

INTERSPECIFIC VARIATION IN PREDISPERSAL SURVIVORSHIP. Interspecific variation in fruit 

morphology significantly affected fruit development and seed germination in our study. 

Species with heavier seed reserves and fewer seeds per fruit (PC2) had a lower 

probability of fruit maturation and germination in the controls (Fig. 2, 3). Our study adds 

to the equivocal results of other studies documenting seed survivorship at the pre-

dispersal stage, which show a range of responses including increased, decreased, or no 

effect of seed size on survivorship across species (Moles et al. 2003, Moles and Westoby 

2006).  
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We found species with capsules had a higher probability of fruit reaching maturity and 

higher germination compared to those with fleshy fruits (PC3; Fig 2C, 3C). The reduced 

germination of species with fleshy fruits may suggest that seeds of these fruits require 

ingestion by vertebrates. For vertebrate-dispersed species, passage through the gut of 

vertebrates tends to increase germination (Traveset 1998). This can occur via two 

mechanisms: 1) due to mechanical or chemical scarification of the seed coat or endocarp 

(scarification effect) or 2) through physical separation of the diaspore from the pulp, 

which may contain compounds that inhibit germination (deinhibition effect; reviewed in 

Samuels and Levey 2005, Robertson et al. 2006). Studies to date have not adequately 

distinguished between these two mechanisms (Samuels and Levey 2005). A recent 

review of bird-dispersed species suggests that the deinhibition effect was greater than the 

scarification effect and advocate the hand-cleaning method we employed as an easy and 

effective method to simulate the deinhibition effect (Robertson et al. 2006). Similarly, 

removing the pulp surrounding diaspores may be sufficient for germination of Cecropia 

seeds (Lobova et al. 2003).  

 

SPECIES-SPECIFIC RESPONSES TO NATURAL ENEMIES. The effect of treatments on fruit 

development and seed germination depended on species identity (Tables S2, S3). For the 

two large-seeded species in our study, effects of natural enemies at the predispersal stage 

may carry over to the seedling stage. Furthermore, analyzing at the species-level allowed 

us to determine causes of intraspecific variation in survivorship for several species due to 

diaspore size and temporal variation.  

 

Fungal pathogen attack. Antirhea trichantha had reduced probability of fruit maturation 

in the fungicide treatment (Fig. 2), possibly due to elimination of mutualistic fungi. The 

fungicide treatment tended to enhance germination and seedling growth in Castilla 

elastica (Fig. 5A, 12). Larger seeds in controls had significantly reduced germination 

than smaller seeds, most likely due to increased fungal damage of larger seeds 

(Supplementary Material). Relative growth rates (based on height) were also slightly 

higher in the fungicide treatment after adjusting for diaspore mass, therefore it is 
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plausible that pre-dispersal effects of pathogenic fungi may persist to the seedling stage. 

The lower germination and recruitment of smaller seeds of C. elastica in the fungicide 

treatment may indicate the potential role of mutualistic fungi in enhancing recruitment for 

seeds with lower seed reserves (Rodriguez et al. 2009).  

 

Insect seed predation.  In L. seemannii, insecticide tended to increase the proportion of 

mature fruit (Fig. 4B). We observed stingless bees (Meliponine) chewing the capsules of 

L. seemannii, which may have facilitated insect seed predation or fungal attack of seeds 

(Fig. 14A). Although we did not quantify capsule damage, P. Tiansawat, conducting a 

study within the same forest, found 24% (+ 5.2 SE) of L. seemannii capsules per branch 

contained damaged seeds or were externally damaged (P. Tiansawat, pers. comm.). 

Within damaged capsules of L. seemannii, insects consumed approximately half of the 

seeds, and fungi infected only three percent of seeds (P. Tiansawat, per. comm.). 

Tiansawat also observed a 3-4 mm long Eucnemidae beetle emerge from capsules, 

exiting from one exit hole and leaving behind several destroyed locules (pers. comm.).  

 

Vertebrate seed predation. For Cecropia peltata, L. seemannii, and Anacardium 

excelsum vertebrate exclosures had a positive effect on fruit development (Fig. 4C). 

Many vertebrates may act as predispersal seed predators (Haugaasen and Peres 2007). In 

PNM, vertebrate seed predators may include a variety of birds as well as Geoffroy’s 

tamarins (Sanguinus geoffroyi), common opossums (Didelphis marsupialis), three-toed 

and two-toed sloths (Bradipus variegates, Choloepus hoffmani; Fig. 14B), and red-tailed 

squirrels (Sciurus granatensis; Glanz et al. 1996).   

 

Vertebrate exclosures tended to reduce germination of smaller-seeded species (Fig. 5C). 

Because exclosures reduced removal of immature fruit of C. peltata, diaspores would 

have had longer exposure time to insects and fungi compared to controls, and may have 

therefore experienced increased mortality due to these natural enemies. In other studies, 

ripe fruit incurred higher damage from invertebrates when removal rates of mature fruit 

were low (Thompson and Willson 1978, Jordano 1987). This may have been the case for 
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C. peltata as diaspores from exclosure treatments had reduced germination and slightly 

higher fungal infection compared to controls (Supplementary Material). We also 

observed stingless bees (Meliponine) chewing on immature and mature fruit of C. peltata 

as well as dispersing diaspores on their legs (Fig. 14C). There was also a reduction in 

mature diaspores per fruit in B. trichantha (Fig. 10). An undescribed beetle in the genus 

Megacerus (Bruchidea) emerged from seeds and is being identified by Henry Stockwell 

(Fig. 14D). Potentially excluding insectivorous vertebrates, increased seed mortality 

induced by insect seed predators for this species. 

 

Vertebrate seed predation resulted in lower germination probabilities for larger seeds.  

Vertebrate exclosures marginally increased germination of the largest-seeded species in 

our study, Anacardium excelsum (Fig. 5C), which translated into higher seedling growth 

rates of seedlings from exclosures compared to controls. In the second-largest seeded 

species, Castilla elastica, there was a marginally significant increase in germination 

success of larger seeds when vertebrates were excluded (Fig. 11). In these species, 

vertebrates may have damaged seeds reducing seed viability or facilitating insect and 

fungal attack. In contrast, smaller seeds of Antirhea trichantha within exclosures tended 

to have a higher probability of germination than larger seeds (Fig. 8), potentially smaller 

seeds of A. trichantha were more susceptible to vertebrate damage. Although larger seeds 

may be more tolerant to seed damage (Dalling et al. 1997a, Mack 1998), this depends on 

the species and amount of damage (Vallejo-Marin et al. 2006).  

 

INTRASPECIFIC VARIATION IN PREDISPERSAL SURVIVORSHIP. Studies on within species 

variation in seed size have found a positive or no relationship between seed size and 

survival (Sousa et al. 2003, Pizo et al. 2006, Lazaro and Traveset 2009). In our study, 

SDiaM increased the probability of a seed germinating for L. seemannii (Fig. 6), had no 

effect for A. trichantha  (Fig. 8), and decreased a seed’s probability of germinating for C. 

elastica (Fig. 11). Larger seeds may have higher germination because of greater seed 

reserves, higher tolerance to seed predators, or a positive correlation with physical 

structures protecting the seed (Dalling et al. 1997a, Mack 1998, Moles et al. 2003). For A. 
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trichantha, the lack of a relationship between seed size and viability may be due to a 

higher investment in protective structures in the diaspore or higher overall seed 

germination in 2008 (Table 1).  In contrast, C. elastica invests a small proportion of the 

diaspore in protective structures (Table 1), increasing the susceptibility of larger seeds to 

natural enemies. A reduction in seed survival with mass may suggest a greater preference 

of natural enemies for larger seeds within that species (Moegenburg 1996, Brewer 2001, 

Diaz-Fleischer et al. 2010). Plant interactions with natural enemies may contribute to the 

opposing selective forces acting across recruitment stages that maintain intra-specific 

variation in seed size (Janzen 1969, Harper 1977, Moegenburg 1996, Espelta et al. 2009). 

 

For Antirhea trichantha, we found a significant effect of year on initial seed germination, 

with seeds in 2008 having a higher probability of germination than 2007. Because the 

insecticide treatment had a significant effect on seeds across years (Fig. 7), but not when 

2008 was analyzed separately (Fig 5B), this interannual variation in germination is 

potentially due to temporal variation in insect seed predation. Temporal variation in 

insect seed predation may result from fluctuations in insect or fruit abundances between 

years (reviewed in Crawley 2000, Kolb et al. 2007). In a recent review of predispersal 

seed predation by insects, intraspecific variation of predation among years was higher 

than spatial variation for six out of nine species (Kolb et al. 2007).  

 

EFFECTS OF PREDISPERSAL SEED PREDATION ON PLANT POPULATIONS AND COMMUNITIES. 

This study offers a snapshot of the influence of several groups of natural enemies on 

plant reproduction. Due to the difficulties of canopy research, the scope of the study is 

limited in temporal and spatial scale, though pre-dispersal seed predation is known to 

vary in time and space (Crawley 2000, Kolb et al. 2007).  Whether the documented 

reductions in fecundity due to enemy attack influence population dynamics depends 

partly on whether plant species are more seed- or microsite-limited (Kolb et al. 2007). 

Seed limitation, attributed to a limited number of seeds produced, tends to be higher than 

microsite limitation for the majority of species that have been tested in Panama 

(Svenning and Wright 2005). Lower fecundity maybe also alter spatial distributions of 
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recruiting seedlings by altering density-dependent processes (Janzen 1970, Nathan and 

Casagrandi 2004).  

 

Our research suggests that there is no one group of natural enemy that has a dominant 

effect on tropical forest plant communities at the pre-dispersal stage.  Instead, each group 

may differentially affect pre-dispersal seed predation depending on interspecific variation 

in fruit morphology. Our study was limited in temporal and spatial scale, as well as the 

number of species that were included. We advocate studies that include more plant 

species, are of longer time-scales, and incorporate larger spatial scales to better 

characterize the community-level effects of these natural enemy groups. If seed survival 

responses to natural enemies prove to vary strongly among species, then future research 

should aim to characterize morphological and chemical fruit and seed traits that might 

predict this variation and enable a mechanistic understanding of these interactions. Not 

only will incorporating plant traits benefit our basic understanding of the consequences of 

natural enemies for plant communities, they may also aid our ability to predict changes in 

plant communities in the face of increasing anthropogenic pressures. 

 

Under the myriad environmental modifications induced by humans, plant-animal 

interactions are expected to change with unclear outcomes for plant communities 

(Harvell et al. 2002, Mitchell et al. 2003, Wright 2003). Identification of consistent 

relationships of relatively easily measured fruit traits with impacts of natural enemies on 

seed survival would greatly facilitate generalization to unstudied species and be useful in 

identifying species most at risk from anthropogenic global change. This is particularly 

important in tropical forest, where the high species diversity makes it logistically 

impossible to study every species. Consequently, it is imperative to obtain a trait-based 

understanding of the roles of vertebrates, insects, and pathogens in structuring plant 

communities as a basis for predicting how these environmental changes can affect plant 

reproduction (Beckman and Muller-Landau 2007, Wright et al. 2007b). 

 

SUPPLEMENTARY MATERIAL  
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Methodology. Following germination trials, seeds that did not germinate were opened to 

determine the status of the embryo, which was characterized as viable, dead, or with 

apparent insect or fungal damage. Insect predation was recorded if larvae, frass, or 

emergence holes were observed, and fungal damage was recorded if fungal hyphae were 

observed either internally or externally. Both internal and external fungal damage were 

included because observed fungus outside of the seed may include fungus that colonized 

seeds during the period seeds were germinating in the greenhouse, and may therefore not 

reflect fungal infection at the pre-dispersal stage. 

Statistical Analyses. We use a general linear mixed model (GLMM) with binomial errors 

to analyze variation in the proportion of seeds (of the total seeds planted) with insect 

predation and fungal infection in response to vertebrate, insect, and pathogen removal 

treatments. Analyses follow statistical analyses of variation in germination (see text for 

further details). We used Pearson’s product-moment correlation test to analyze whether 

the proportion of seeds with internal and fungal damage were correlated and aggregated 

seeds by branch. For some species, insect seed predation or internal fungal damage was 

not detectable either because the seeds were too small or because they were too decayed 

at the end of the experiment; these are noted in the species-level results below.  

 

Results. Total insect seed predation was <10% for four species in which it was 

quantifiable, whereas fungal damage varied from 0.4-24% among species when observed 

(Table S1). 

 

Cecropia peltata. Insect seed predation was not detectable. Vertebrate exclosures 

marginally increased external fungal damage (z = 1.791, p < 0.1; Fig. S3). There were no 

significant treatment effects on internal fungal damage of C. peltata seeds. The 

proportion of total seeds with external vs. internal fungus were significantly correlated 

(t17 = 3.56, p < 0.01, sample estimate = 0.0.65, 95 percent confidence interval = [0.28, 

0.85] ).  

 

Luehea seemannii. L. seemannii external fungal attack was very low and not analyzed 
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(Table 2). Insect seed predation and internal fungal damage were not detectable.  

 

Antirhea trichantha. Natural enemy removal treatments and SDiaM had no affect on 

external fungal damage. Insect seed predation and internal fungal damage were not 

detectable.  

 

Stigmaphyllon hypargyreum. The insecticide treatment tended to reduce the number of 

seeds with insect predation (z = -1.793, p < 0.1; Fig. S1) and external fungal damage 

compared to controls (z = -1.666, p < 0.1). There was no effect of treatments on internal 

pathogen damage. The proportion of seeds with internal damage and external fungal 

growth were not correlated (t6 = 1.30, p-value > 0.05, sample estimate = 0.47, 95 percent 

confidence interval = [-0.35, 0.88]).  

 

Bonamia trichantha. Overall, insect seed predation of germinating seeds was low (Table 

S1), and the fungicide treatment marginally increased insect seed predation (z = 1.711, p 

< 0.1; Fig. S1). Treatments had no effect on external fungal damage, and internal fungal 

damage was not detectable. 

 

Castilla elastica. Insecticide significantly reduced detectable insect seed predation (z = -

1.962, p < 0.05; Fig. S2). When including SDiaM in the model available for of half the 

seeds studied, insecticide marginally reduced insect seed predation (z =  -1.65, p < 0.1).  

 

Treatments did not affect internal fungal damage, while insecticide (z =  -1.90, p < 0.1) 

and vertebrate exclosures (z =  -2.14, p < 0.05) reduced external fungal damage (Fig. S3). 

When including SDiaM in the analyses, it significantly increased with external (z =  1.99, 

p < 0.05) and internal (z =  3.55, p < 0.001) fungal damage. In this model, vertebrate 

exclosures tended to reduce both fungal external (z =  -2.49, p < 0.05) and internal (z =  -

1.88, p < 0.1) damage, and insecticide tended to reduce external fungal damage (z =  -

1.90, p < 0.1). The proportion of seeds with external fungus and internal damage was 
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significantly correlated (Pearson's product-moment correlation; t19 = 2.92, p <0.01; 

sample estimate = 0.56, 95 percent confidence interval = [0.16, 0.80]).  

 

Anacardium excelsum. Insect seed predation was low overall (Table S1), and no insect 

seed predation was observed in the insecticide treatment. Fungicide and insecticide 

significantly reduced the proportion of seeds with internal fungal damage, while 

vertebrate exclosures had a marginally significant reduction (fungicide: z = -2.05, p < 

0.05, insecticide: z = -2.09, p <0.05; vertebrate exclosures: z = -1.71, p < 0.1; Fig. S2). 

Treatments did not affect external fungal damage (Fig. S3). The proportion of seeds with 

external fungus and internal damage was significantly correlated across treatments 

(Pearson's product-moment correlation; t26 = 3.66, p < 0.01, sample estimate: 0.0.58, 95 

percent confidence interval: [0.27, 0.79]). 
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Table 1. Study species and descriptions. Masses reported are dry masses. 

†S. J Wright personal communication, ‡Seed reserve mass, * Density ha-1 

 

Family Genus Species Lifeform† 
Dispersal 

Mode† 

Seed 

size 

(mg)‡ 

Fruit 

size 

(mg) 

Seed 

per 

Fruit 

Protective 

Structures: 

Diaspore (g/g) 

Pulp: 

Fruit 

(g/g) 

Capsule: 

Fruit (g/g) Density* 

Cecropiaceae Cecropia peltata Midstory Tree 
Mammal, 

Bat, Bird 
.5 2221.1 1868 0.54 0.40 0 9 

Tiliaceae 
Luehea 

seemannii 
Canopy Tree Wind .8 392.9 47 0.52 0 0.74 19 

Rubiaceae 
Antirhea 

trichantha 
Canopy Tree Bird 1.5 34.6 1 0.85 0.62 0 15 

Malpighiaceae 
Stigmaphyllon 

hypargyreum 
Vine Wind 9.8 34.4 1 0.60 0 0 NA 

Convolvulaceae 
Bonamia 

trichanta 
Vine Wind 16.1 276.1 4 0.47 0 0.60 NA 

Moraceae Castilla elastica Midstory Tree 
Mammal, 

Bird 
203.3 5996.3 12 0.11 0.25 0 35 

Anacardiaceae 
Anacardium 

excelsum 
Canopy Tree 

Mammal, 

Bat 
1459.1 2222.9 1 0.34 0 0 34 
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Table 2. Correlations between morphological fruit traits (^ P <  .1, * P < .05, ** P < 0.01, *** P <0.001) 

 
Capsule: Fruit 

Ratio 

Protective Structure: 

Diaspore Ratio 

Log (Fruit 

Dry Mass) 

Log 

(Fruit 

Length) 

Log 

(Fruit 

Width) 

Log (Seed 

Reserve Dry 

Mass) 

Log 

(Number of seeds 

per fruit) 

Pulp: Fruit Ratio -0.427 0.481 0.097 0.131 -0.325 -0.701^ 0.508 

Capsule: Fruit Ratio  -0.028 -0.187 -0.394 -0.199 0.050 -0.170 

Protective Structure: 

Diaspore Ratio 
  -0.706^ -0.444 -0.951*** -0.663 -0.071 

Log (Fruit Dry Mass)    0.779* 0.643 0.148 0.658 

Log (Fruit Length)     0.451 -0.202 0.806* 

Log (Fruit Width)      0.609 0.047 

Log (Seed Reserve 

Dry Mass) 
      -0.632 
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Table 3. Principal component analysis of fruit morphology. Only loadings greater than 0.25 are shown. Loadings greater than 0.40 are in bold.  

 PCM 1 PCM 2 PCM 3 

Pulp: Fruit Ratio  -0.357 -0.554 

Capsule: Fruit Ratio   0.767 

Protective Structure: Diaspore Ratio -0.493   

Log (Fruit Dry Mass) 0.453 -0.210  

Log (Fruit Length) 0.392 -0.344  

Log (Fruit Width) 0.477   

Log (Seed Reserve Dry Mass) 0.336 0.489 -0.202 

Log (Number of seeds per fruit)  -0.673  0.213 

Cumulative Percent Variance 47.9 72.0 90.8 

 

Table 4. Percent total maturation and germination from raw data summing fruit and seed that survived across all treatments and individuals. Percent 

mean maturation and germination are adjusted means estimated from the controls (intercept) of species-level generalized linear mixed models. For 

models including standardized diaspore mass, this is interpreted as the mean in controls for diaspores having average mass.   

Species 
Nu. 

Individuals 

Nu. 

Branches 

% Total 

Maturation 

% Mean 

Maturation 

% Total 

Germination 

% Mean Germination 

(SE) 

Cecropia peltata 3 20 54 36 (32) 77 83 (5) 

Luehea seemannii 3 28 89 86 (4) 86 91 (4) 

Antirhea trichantha 2 15 52 64 (8) 61 59 (11) 

Stigmaphyllon 

hypargyreum 
1 8 60 69 (10) 9 6   (2) 

Bonamia trichantha 1 14 67 76 (6) 84 91 (4) 

Castilla elastica 3 21 76 82 (8) 57 43 (18) 

Anacardium excelsum 3 26 18   6 (4) 73 54 (13) 
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Table S1. Percent total insect seed predation and fungal damage for each species  

Species 
% Total Insect 

Predation 

% Mean Insect 

Predation (SE) 

% Total External 

fungal damage 

% Mean External 

fungal damage 

% Total Internal 

fungal damage 

% Mean Internal 

Fungal Damage 

Cecropia peltata NA NA 23 16 (5) 14 12 (3) 

Luehea seemannii  NA NA 0.4 NA NA  NA 

Antirhea trichantha NA NA 6 11 (4) NA NA 

Stigmaphyllon 

hypargyreum  
8 10 (2) 10 14 (3) 10 14 (3) 

Bonamia trichantha 7 2 (2) 12 7 (2) NA NA 

Castilla elastica 6 7 (2) 16 20 (8) 20 15 (5) 

Anacardium 

excelsum 
3 NA 22 8 (12) 24 42 (14) 
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Table S2. Summary of generalized linear mixed model for development probability in response to natural 

enemy removal treatments. The intercept is the coefficient estimate (log of odds ratio) for Anacardium 

excelsum in the control group, and the remainder variables are differences from this estimate. 

Variable     Estimate  Std. Error  z-value  

(Intercept)                  -2.795      0.484    -5.78*** 

Antirhea trichantha      3.387      0.750      4.52*** 

Bonamia trichantha       4.301      0.412     10.43*** 

Castilla elastica       4.368      0.694      6.29*** 

Luehea seemannii       4.613      0.679      6.79*** 

Stigmaphyllon hypargyreum      3.581      0.969      3.70*** 

Vertebrate exclosure       1.462       0.387      3.78*** 

Fungicide         0.812      0.370      2.19*   

Insecticide         1.747      0.354     4.930***  

Antirhea: Vertebrate exclosure    -2.245      0.602  -3.73*** 

Bonamia: Vertebrate exclosure   -1.342      0.640    -2.10*   

Castilla: Vertebrate exclosure    -1.609      0.584    -2.76**   

Luehea: Vertebrate exclosure    -0.675      0.573    -1.18 

Stigmaphyllon: Vertebrate exclosure    -2.107      0.804    -2.62**   

Antirhea: Fungicide     -2.271      0.629    -3.61*** 

Bonamia: Fungicide     -1.028      0.569    -1.81^   

Castilla Fungicide     -0.625      0.590    -1.06 

Luehea: Fungicide    -0.563      0.547    -1.03 

Stigmaphyllon: Fungicide     -2.106      0.941    -2.24*   

Antirhea: Insecticide     -1.888      0.584    -3.23**   

Bonamia: Insecticide     -1.961      0.512    -3.83*** 

Castilla: Insecticide     -1.509      0.575    -2.62** 

Luehea: Insecticide    -1.118      0.552    -2.03* 

Stigmaphyllon: Insecticide    -1.945      0.737    -2.64**   

*** p <  0.001,  ** p < 0.01, * p < 0.05, ^ p < 0.1 
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Table S3. Summary of generalized linear mixed model for germination probability in response to natural 

enemy removal treatments.  

Variable                  Estimate  Std. Error  z value    

(Intercept)             0.173      0.501      0.35    

Antirhea trichantha       0.394      0.711      0.55   

Bonamia trichantha          2.247      0.741      3.03 ** 

Castilla elastica     -0.220      0.681  -0.32  

Cecropia peltata         1.473      0.679      2.17*  

Luehea seemannii       1.945      0.642      3.03** 

Stigmaphyllon hypargyreum   -2.915      0.907    -3.21** 

Insecticide                   0.873      0.673      1.30    

Vertebrate exclosure             1.307      0.683      1.91^  

Fungicide                    1.691      0.737      2.29*  

Antirhea: Insecticide     -0.385      1.028    -0.38    

Bonamia: Insecticide     -1.271      1.061    -1.20    

Castilla: Insecticide     -0.165      0.946    -0.18    

Cecropia: Insecticide     -1.228      0.934    -1.32    

Luehea: Insecticide     -0.854      0.883    -0.97    

Stigmaphyllon: Insecticide      0.885      1.235     0.72    

Antirhea: Vertebrate exclosure   -1.400      0.996    -1.41 

Bonamia: Vertebrate exclosure   -1.934     1.016    -1.90^  

Castilla: Vertebrate exclosure   -0.670      0.955    -0.70 

Cecropia: Vertebrate exclosure   -2.142      0.938    -2.28*  

Luehea: Vertebrate exclosure   -1.365      0.891    -1.53   

Stigmaphyllon: Vertebrate exclosure  -1.028      1.258    -0.82   

Antirhea: Fungicide     -2.210      1.026    -2.15*  

Bonamia: Fungicide     -2.744      1.089    -2.52*  

Castilla Fungicide     -0.681      0.979    -0.70    

Cecropia: Fungicide     -1.554      1.008    -1.54   

Luehea: Fungicide     -1.842      0.930    -1.98*  

Stigmaphyllon: Fungicide     -2.029      1.321    -1.54 

*** p <  0.001,  ** p < 0.01, * p < 0.05, ^ p < 0.1 
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Figure 1. Exclosures used to exclude vertebrates from fruits. 
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Figure 2. The effect of natural enemy removal treatments and fruit morphology on the 

probability of fruit maturation. Lines are predicted by a generalized linear mixed model 

using individual fruits as replicates. Lines are fitted for each principal component, setting 

the other two principal components to zero. Total percent of fruit that mature per branch 

are plotted to make the figure more readable; each symbol represents a different species. 
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Figure 3. The effect of natural enemy removal treatments and fruit morphology on the 

probability of a seed germinating. Lines are predicted by a generalized linear mixed 

model using individual seeds as replicates. Lines are fitted for each principal component, 

setting the other two principal components to zero. Total percent of seeds germinating 

from each branch are plotted to make the figure more readable; each symbol represents a 

different species. 
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Figure 4. Estimated effects (+ 1 SE) of species-level analyses on fruit development in 

response to natural enemy removal treatments. Species are ordered in increasing seed 

mass. 
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Figure 5. Estimated effects (+ 1 SE) of species-level analyses on germination in response 

to natural enemy removal treatments. For Luehea seemannii, Antirhea trichantha, and 

Castilla elastica, coefficient estimates are adjusted by standardized diaspore mass. For A. 

trichantha, coefficient estimates are shown from 2008 analysis. Species are ordered in 

increasing seed size. 
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Figure 6. The effect of natural enemy removal treatments and diaspore size on the 

probability of a seed germinating for Luehea seemannii. Lines are predicted by the 

generalized linear model. Each circle represents a seed that either germinated or died. 
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Figure 7. Estimated effects (+ 1 SE) of germination in response to natural enemy removal 

treatments for Antirhea trichantha across years. 
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Figure 8. The effect of natural enemy removal treatments and diaspore size on the 

probability of a seed germinating once for Antirhea trichantha in 2008. 
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Figure 9. The effect of natural enemy removal treatments and diaspore size on the 

probability of a seed germinating twice for Antirhea trichantha in 2008. 
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Figure 10. Estimated effects (+ 1 SE) of mature seeds produced per capsule in response to  

natural enemy removal treatments for Bonamia trichantha. 

 

 

 

 



 

  42 

 

 

 
Figure 11. The effect of natural enemy removal treatments and diaspore size on the 

probability of a seed germinating for Castilla elastica. 
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Figure 12. The effect of natural enemy removal treatments and seed mass on seedling 

relative growth rates based on height for Castilla elastica. 
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Figure 13. The effect of natural enemy removal treatments and initial height on seedling 

relative growth rates based on height for Anacardium excelsum. 
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Figure 14. Natural enemies of focal plants: Stingless bees (Meliponine) chewing on 

immature fruit of A) Luehea seemannii and C) Cecropia peltata, B) three-toed sloth 

eating Brosimum utile fruits and D) undescribed Megacerus beetle (Bruchidea) collected 

from Bonamia trichantha. 
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Figure S1. Estimated effects (+ 1 SE) of species-level analyses on observed insect seed 

predation. 

 

 

 



 

  47 

 

 
 

Figure S2. Estimated effects (+ 1 SE) of species-level analyses on observed internal 

fungal damage of seeds. 
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Figure S3. Estimated effects (+ 1 SE) of species-level analyses on observed external 

fungal damage of seeds. 
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CHAPTER 2: THE DISTRIBUTION OF TOXICITY IN FRUIT AND SEED OF ELEVEN 

NEOTROPICAL CANOPY PLANTS   

 

INTRODUCTION 

The selective pressure of mutualists and antagonists has resulted in a myriad of plant 

adaptations, from rewards for seed dispersers (Howe and Smallwood 1982, Lord et al. 

2002) to defenses against herbivores, seed predators, and pathogens (Janzen 1969, 

Cipollini and Levey 1997b). Among the variety of physical and chemical strategies that 

plants employ to mediate interactions with other organisms are secondary metabolites. 

Secondary metabolites are defined as compounds with no known physiological or so-

called primary metabolic functions. A number of these secondary metabolites have been 

found to function in plant defense (Futuyma and Agrawal 2009). In reproductive 

structures, specifically ripe fruit, secondary metabolites may also have additional 

functions in mediating interactions with seed dispersers (Cipollini and Levey 1997b). The 

mediation of plant-animal and plant–microbe interactions by secondary compounds are 

known to influence plant survival and species distributions and are hypothesized to 

contribute to the generation and maintenance of plant diversity (Fine 2006, Tewksbury et 

al. 2008b, Futuyma and Agrawal 2009 and references therein).  

 

The functions of secondary metabolites in plant defenses have been well-studied in green 

tissues (Futuyma and Agrawal 2009), but not in reproductive structures (Harborne 2001).  

Existing hypotheses outline the costs and benefits of allocation to chemical anti-herbivore 

defense in green tissue (Stamp 2003). These hypotheses may be extended to the role of 

secondary metabolites in reproductive structures, as consumers of these structures have 

similar or potentially greater negative impacts on plant fitness (Cipollini and Levey 

1997b, Eriksson and Ehrlen 1998). However, the case of ripe fruit dispersed by animals is 

an exception, as the ripe pulp of these fruits functions to attract mutualist seed dispersers.  

Thus toxicity of these fruit to seed dispersers has been viewed as a paradox, and various 

hypotheses have been proposed to explain it (Cipollini and Levey 1997b). Ripe fruit 

attracts not only seed dispersers having beneficial effects on fitness, but also other 
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consumers having detrimental effects. It has been proposed that the presence of 

secondary metabolites in ripe pulp may not be adaptive, and may be explained as part of 

general defense against herbivores by the entire plant (Eriksson and Ehrlen 1998). In this 

view, the presence of defensive compounds in ripe pulp may be a consequence of 

selection for defense against herbivores of leaves and immature fruit and the inability of 

the plant to reabsorb secondary compounds when the fruit ripens (Eriksson and Ehrlen 

1998). However, there is evidence that suggests that fruit chemistry is not constrained by 

leaf chemistry (Cipollini et al. 2004).  Alternatively, it has been proposed that the 

opposing selective pressures of seed dispersers and consumers may explain toxicity, 

which in this view is adaptive (Herrera 1982, Cipollini and Levey 1997b). Recent studies 

of capsicum fruits suggest an adaptive function of secondary metabolites in the defense 

and dispersal of seeds (Tewksbury et al. 2008a, Tewksbury et al. 2008b) and a trade-off 

between physical and chemical defense of chili fruits (Tewksbury et al. 2008a).  

 

A dearth of studies exist on the patterns of chemical defenses within reproductive 

structures or across developmental stages of fruit within natural communities (Harborne 

2001). The few studies of plants in natural communities that have compared secondary 

metabolites over time or between fruit parts found patterns of both higher and lower 

concentrations of secondary metabolites between the immature and the mature stages of 

fruit (Cipollini et al. 2002b, Schaefer et al. 2003) and between the pulp and seed 

(Wrangham and Waterman 1981, Barnea et al. 1993, Tsahar 2001), depending on the 

species. Similarly, inconsistent patterns of allocation of secondary metabolites to leaves 

versus unripe fruit have been reported (Wrangham and Waterman 1981, Tsahar 2001). 

Research has focused on fleshy fruit primarily because understanding the evolution of 

frugivore-plant interactions has motivated the study of fruit chemistry. There appears to 

be only one study that investigated chemical defenses in the seed coat of abiotically-

dispersed species (Tsou and Mori 2002). All of these studies compared the concentrations 

of classes of compounds that are known to contribute to defense, but did not test their 

direct role in defense against seed consumers. Because many compounds have synergistic 

effects and consumers of different taxa vary in their responses to secondary metabolites, 
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it is important to determine the effect of these compounds on natural enemies (Janzen 

1979). Also, a plant can have a diversity of secondary metabolites that may either be 

distributed throughout the plant or occur in localized sites of the plant (McKey 1979), 

therefore quantifying the distribution of a class of compounds within plant parts may not 

give an adequate representation of the allocation of defenses within the plant. 

 

Fruit chemistry and morphology may help explain interspecific variation in seed survival 

(Leishman et al. 2000). Many ecological studies in natural communities have examined 

the influence of seed size and other morphological fruit and seed traits on seed survival 

(e.g. Leishman et al. 2000, Moles and Westoby 2006), while few have looked at the 

influence of fruit toxicity or how it may interact with morphology. Seed size is negatively 

correlated with pathogen attack (Leishman et al. 2000), and positively correlated with the 

size of mammals consuming seeds (Dirzo et al. 2007). Seed size is also predicted to be 

positively correlated with insect seed predation: larger seeds, which have greater energy 

reserves, are hypothesized to be more susceptible to insect seed predators and be attacked 

by a greater variety of insects (large and small) than smaller seeds (Mucunguzi 1995, 

Espelta et al. 2009). However, empirical support for these predictions remains unclear 

(Chapter 1; Moles et al. 2003). Physical defenses, including the endocarp and testa, 

surrounding the seed have also been predicted to reduce natural enemy attack (Hulme and 

Benkman 2002). Physical protection increases with seed size and was negatively 

correlated with chemical defense in wild chili fruits (Tewksbury et al. 2008a).  

 

In this study, I examined the distribution of toxicity within plants of eleven tropical 

canopy species using bioassays. Focal plant species included both vertebrate- and wind-

dispersed canopy plants (Table 1). Instead of comparing classes of compounds that may 

act in plant defenses  (i.e. tannins, phenols, etc.), I determined whether extracts of fruit 

reduce growth or survival of bioassay organisms compared to controls. Bioassays are a 

cost-effective method commonly used to screen for toxicity and integrate effects over 

unknown bioactive compounds (Hostettmann 1991, Veldman et al. 2007). For seven of 

the species, the influence of toxicity on seed survival in the presence of natural enemies 
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was determined using data from a previous study (Chapter 1). With this study, I 

addressed the following questions and predictions: 

 

1) What plant parts are most toxic? 

a. At what developmental stage are fruits most toxic? For vertebrate-

dispersed species, but not wind-dispersed species, mature fruit are 

expected to be less toxic than immature fruit.  

b. Is the seed or pericarp more toxic? For vertebrate-dispersed species, but 

not wind-dispersed species, the mature pericarp, or pulp in this case, 

attracts dispersers and should be lower in toxicity than the mature seed. 

c. Are fruit or young leaves more toxic? If chemical defenses in fruit are a 

consequence of general defense of the plant, then fruit would be expected 

to have similar activity to leaves, which would decline with maturity for 

animal-dispersed species. However, fruit may have higher toxicity than 

green tissue as it contains nutrient packed seeds that are the plant’s direct 

link to future generations.    

2) Is toxicity related to fruit morphology, specifically seed size and physical 

protection of the seed? Chemical defense may trade-off with physical defense as a 

method of protecting reproductive structures.  Alternatively, plant species may 

vary in their defensive investments in general depending on their life history 

strategy, with high-defense species investing more in both physical and chemical 

defense.  

3) Does fruit toxicity correlate with vertebrate and insect seed predation and 

pathogen attack? Increased toxicity would be expected to reduce damage by 

natural enemies. 

 

METHODS 

To determine patterns of chemical defense within species, activity of extracts from 

different fruit parts and young leaves was quantified against insects and fungal 

pathogens.  Plant extracts were prepared from seed and pericarp of immature and mature 
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fruit of eleven canopy species. The seed includes the embryo, endosperm, and testa, and 

the pericarp comprises the endo-, meso-, and exocarp of the fruit. The pericarp would 

include the pulp for fleshy fruits and the capsule for some of the wind-dispersed species 

included in this study. Extracts from young leaves of five of the same species were 

provided by T.A. Kursar and P.D. Coley (supported by 2 U01 TW006634-06). If extracts 

inhibited growth or survival, I refer to them as being toxic or having inhibitory activity; 

toxicity and inhibition increase with decreasing growth or survivorship of bioassay 

organisms. Measures of toxicity derived from bioassays were compared to fruit 

morphology and included in analyses of seed survival from a previous experiment; this 

study is described briefly below. 

Study Site. Fruits were collected from Parque Natural Metropolitano (PNM), a dry, semi-

deciduous, secondary forest located near the Pacific coast, and Parque Nacional San 

Lorenzo (PNSL), a wet, evergreen, old-growth forest located near the Atlantic coast 

(Wright et al. 2003) in Central Panama using canopy cranes. PNM consists of 265 ha of 

80-year-old forest with trees reaching up to 40 m (Wright et al. 2003). PNSL consists of 

9600 ha of potentially 300-year-old forest (in the immediate surroundings of the crane) 

and secondary forest of varying ages with trees reaching up to 45 m (Wright et al. 2003). 

Average annual rainfall at PNM and PNSL is 1740 and 3300 mm, respectively. The dry 

season in Central Panama begins in mid-December and lasts until the end of April. The 

canopy cranes in PNM and PNSL reach 42 and 52 m in height and cover an area of 

approximately 1 ha each, providing access to 80 and 180 species, respectively.  

Study Species. Eleven species were chosen from a range of life forms, dispersal modes, 

and families that had reproductive individuals accessible from the crane (Table 1). 

Species included vines, understory, midstory, and canopy trees that were either wind- or 

vertebrate-dispersed and included nine plant families. Each vine species in each study 

area was assumed to comprise one individual. Mean seed size ranged from 0.5 to 1459 

mg across species.  

Plant Collection. Fruit collection took place between March 2008 and September 2009. 

The timing of fruit collection depended on the fruiting season of each species. Fruits were 

monitored weekly to determine their development stage. Mature fruits were collected 
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when ripe; immature fruits were collected approximately halfway through development. 

Depending on fruit and seed size, ca. 5-500 fruits were collected from 1-3 trees and 

combined from all trees for extraction. Young leaves were collected from one individual 

of each species located in Central Panama between 1998 and 2004 (Coley & Kursar, pers. 

comm.). Leaves of Anacardium excelsum and Cecropia longipes were collected from 

Barro Colorado Island (Coley & Kursar, pers. comm.). Leaves of Tapirira guianensis 

were collected from the Chagres National Park, Bonamia trichantha from Camino de 

Cruces National Park, and Stimaphyllon hypargyreum form Coiba National Park (Coley 

& Kursar, pers. comm.). 

Processing.  After collection, fruits were placed in sealed plastic bags on ice and taken to 

the lab the same day. If same-day processing was not possible, fruits were stored in 

ethanol or put in the freezer until extraction. All fruits were processed within 2-3 days 

after sampling. Fruit were separated into seed and pericarp prior to processing when 

possible. For some small-seeded species, fruits were separated into diaspore and capsule 

(wind-dispersed species) or diaspore and pulp (vertebrate-dispersed species). In some 

immature fruits, seeds were too undeveloped to separate from the pericarp, and therefore 

the entire fruit was used for the extractions. Fruits were weighed and either used for 

extractions or put into a drying oven to obtain dry weights of the seed reserve (i.e. 

embryo and endosperm) and physical defense of the diaspore (i.e. endocarp plus testa). 

To obtain dry masses, fruits were placed in a drying oven at 60°C for at least 72 h. 

 

To prepare the crude extract, fruit material was macerated in methanol using a Waring 

blender and then a Polytron homogenizer (Brinkmann instruments). For seeds, a mortar 

and pestle were used to macerate tissues. The marc, or components of the fruit that 

remained following extraction, was then washed with ca. 1/2 to an equal amount of ethyl 

acetate (depending on the species), and filtered successively under vacuum through 

Whatman #4 and #1 filter paper. The combined fractions of methanol and ethyl acetate 

were concentrated using a rotary evaporator at 40°C. The marc was washed 1-2 more 

times in methanol and ethyl acetate until all soluble compounds were extracted (i.e. the 

solvent remained clear after washing the marc). The concentrated extract was then freeze-
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dried and stored at -80°C. Crude extracts of young leaves were prepared with methanol 

and ethyl acetate, concentrated using a rotary evaporator, freeze-dried, and stored at -

80°C (Coley & Kursar, pers. comm.). Before conducting bioassays, extracts were 

redissolved in the combined solvents of methanol and ethyl acetate for the preparation of 

a range of concentrations. Approximate percent extract per fruit part was estimated using 

extract dry mass per amount of fruit part collected and a conversion factor for the amount 

of fruit part collected to the average fruit part dry mass.  

 

SECONDARY METABOLITE BIOASSAYS. To assess toxicity of extracts, bioassays were 

performed with brine shrimp and two fungal pathogens over a range of extract 

concentrations. Positive controls were conducted at the beginning of the experiment, 

while negative controls were conducted throughout the experiment.  

 

Brine shrimp bioassay. The brine shrimp test is a general bioassay that was developed as 

a pre-screening for cytotoxicity to aid in drug discovery and evaluate toxicity of natural 

pesticides against insects (McLaughlin 1990). Methods for the brine shrimp bioassay 

were modified from Solis et al. (1993). Artemia franciscana cysts (Ocean Star 

International, Red Jungle Brand; Ruebhart et al. 2008) were bought at Aquarium World, 

S.A. Larvae were hatched in 3% sterile distilled seawater (3 g Instant Ocean® Sea Salt in 

100 ml sterile deionized water) in a separatory funnel under constant light and aeration. 

After two days, larvae were removed from the funnel for use in bioassays. 

 

Brine shrimp bioassays of each crude extract were replicated five times at each 

concentration tested (0.01, 0.1, and 1 ug/ml). To prepare concentrations, the redissolved 

fraction was dispensed into 2 ml microcentrifuge tubes and evaporated under vacuum 

using a SpeedVac to remove the solvents. Then DMSO was added at 1% of the final 

volume to solubilize nonpolar compounds. Extracts were diluted with 3% seawater to 

obtain a concentration twice the final concentration. For each replicate (n = 5), 100 ul of 

this dilution was dispensed into one well of a 48 MultiwellTM plate. Each plate also 

included five wells of a negative control consisting of 3% sea water and 1% DMSO (of 
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the final volume). In each well, an additional 100 ul of sea water containing ca. 10-100 

larvae were added. Plates were covered and incubated in the dark at room temperature for 

48 hours. After 24 and 48 hours, dead larvae were censused using a Motic stereoscope 

and classified as dead if unmoving for 10 seconds.  After 48 hours, 100 ul of methanol 

was added to wells to kill shrimp and count the initial number of shrimp dispensed into 

wells as it is difficult to count moving shrimp. A positive control was included using 

acetic acid (CH3COOH) at 0.01, 0.05, 0.1, 0.5, 1 ul/ml. Published results show a fifty 

percent reduction in brine shrimp survival at a concentration of 0.134 ul/ml after 24 hours 

at 3.5 % salinity (Espiritu et al. 1995). In this study, a fifty percent reduction in brine 

shrimp survival occurred at a concentration of 0.21 ul/ml of acetic acid. 

 

Fungal bioassays. Plant extracts were evaluated for their ability to inhibit two foliar 

fungal pathogens collected previously and archived in Panama (Phoma sp. and Fusarium 

sp.; Gilbert and Webb 2007). Species in these genera are important seed pathogens in a 

diverse collection of hosts (Agrawal and Sinclair 1997).  

 

Fungal bioassays of each crude extract were replicated five times at each concentration 

tested. Extract was first tested at a concentration of 17% dry mass (100* mg extract/mg 

agar). If activity was found, extracts were tested at 9.1 and 4.8 and then successively at 

2.4 and 1.2% dry mass; assays were discontinued if no inhibition was found. Bioassays 

were conducted in standard size Petri dishes that contain plates with 20 lanes (Figure 1, 

Dr. Greg Murray, Hope College). In each plate, five replicates of three different extracts 

and a negative control were dispensed. Malt extract agar in 1% DMSO was mixed with 

plant extract mixtures after first evaporating solvent.  Mixtures were kept in a water bath 

at 45°C for half an hour and vortexed several times to ensure proper mixing of the extract 

and agar prior to introduction to the plates. Plates were inoculated with fungus. For 

Phoma, plates were inoculated with a small plug of agar (3mm diameter x 5mm 

thickness), and, for Fusarium, plates were point inoculated with hyphae. Hyphal growth, 

a measure of effects on plant fitness (Cipollini and Levey 1997a), was measured using a 

Motic stereoscope after 48 hours for Fusarium and after 72 hours for Phoma. At the 



 

  57 

beginning of the experiment, nadixic acid was used as a positive control at 0, 100, 200, 

300, 400, and 500 ug/ml. Fifty-percent reduction in hyphal growth was found at 353 

mg/ml in the Fusarium sp. bioassay and 387 mg/ml in the Phoma sp. bioassay. 

 

Fruit toxicity and seed survival in response to natural enemies. In a previous study, the 

effects of vertebrates, insects, and pathogens on seed survival during fruit development 

and on seed survival in the canopy were determined for seven tropical species (Table 1). 

In addition, the influence of morphological fruit traits on these interactions were 

quantified (Chapter 1).  To determine the relative effects of vertebrates, insects, and 

pathogens on seed survival in the canopy, each of these organisms wre experimentally 

removed from branches using exclosures, insecticides, and fungicides, respectively. 

Treatments included these main effects plus a control, in which no organisms were 

removed. Fruits were censused during development to determine the proportion that 

reached maturity, and germination trials were used to assess seed viability.  

 

For these seven species, I calculated the following to use as morphological fruit traits: 

pulp-to-fruit dry mass ratios, capsule-to-fruit dry mass ratios, protective structure-to-

diaspore dry mass ratios, log (mean fruit dry mass), log (mean fruit length), log (mean 

fruit width), log (mean seed reserve dry mass), and log (mean number of seeds); 

protective structures were calculated as seed reserve dry mass subtracted from diaspore 

dry mass  (Moles et al. 2003). Interspecific variation in fruit morphology was 

summarized with principal component analysis using standardized variables of traits (i.e. 

correlation matrix in the PCA; Schaefer et al. 2003). The first three principal components 

(PC1, PC2, and PC3) explained 91 percent of the variance and were included in 

subsequent analyses. The first principal component most strongly reflects fruit size 

(positively) vs. protective structures-to-diaspore ratio (negatively), the second reflects 

seed size (positively) vs. seed number per fruit (negatively), and the third reflects the 

capsule-to-fruit ratio (positively) vs. the pulp-to-fruit ratio (negatively). For more detailed 

methods and results of this study, see Chapter 1.  
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Statistical analyses. To determine differences in activity, responses of bioassay 

organisms to fruit extracts at the highest concentration tested were analyzed using 

generalized linear mixed models (GLMM). All extracts were included as fixed effects 

and Petri dish or plate number was included as a random effect for fungi and brine 

shrimp, respectively.  A linear mixed model with normal errors was used to assess the 

effect of extracts at the highest concentration of 17% dry mass on hyphal fungal growth 

compared to controls. For brine shrimp bioassays, a generalized linear mixed model with 

binomial errors was used to model survivorship of brine shrimp in response to extracts at 

1 mg/ml. Because of the uncertainty in calculating degrees of freedom in generalized 

linear mixed models, calculating p-values is controversial (Bolker et al. 2008). Because 

the sample size is large, the t-value was assumed to be approximately normally 

distributed, and the normal distribution was used to calculate p-values. The Laplace 

approximation of likelihoods was used to estimate parameters of fixed- and random-

effects using restricted maximum likelihood estimation (Bolker et al. 2008). GLMM 

analyses were performed using the lme4 package in R (Bates and Maechler 2009, R 

Development Core Team 2009).  

 

 A priori tests were used to assess differences among developmental stages and fruit parts 

within species. Differences between immature seed (or diaspore) and pericarp (or capsule 

or pulp), mature seed (or diaspore) and pericarp (or capsule or pulp), immature and 

mature seed (or diaspore), and immature and mature pericarp (or capsule or pulp) were 

tested. If only the entire fruit was available for extraction at the immature stage, then 

mature fruit parts were compared to the entire fruit at the immature stage. All fruit parts 

were compared to young leaf extracts. P-values were adjusted using a method developed 

by Benjamini and Hochberg (1995) that controls the expected proportion of falsely 

rejected null hypotheses relative to the number of rejections, called the false discovery 

rate (Verhoeven et al. 2005). To implement this procedure, the null hypothesis k with the 

highest rank i for which Pi  < i α/m is rejected along with all null hypotheses with lower 

rank. Tests are grouped by bioassay organism, therefore there are a maximum of m = 107 

tests for each bioassay; a significance level of α  = 0.05 was used for all contrasts.  
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Activity against each bioassay organism was quantified for each extract using the effect 

sizes from the GLMM’s. Thus, each plant part at each development stage from each 

species was assigned one value of activity. A larger negative effect size is interpreted as 

more toxic, whereas zero and positive values indicate nontoxic and beneficial effects of 

plant extracts on bioassay organisms, respectively. For each bioassay, correlations 

between 1) the seed and the pericarp in each development stage, 2) the immature and 

mature stages for each fruit part, and 3) between leaves and each fruit part at each stage 

were determined. For each of these three sets of analyses, there were six tests per 

bioassay; p-values were accordingly adjusted with m = 6 using the Benjamini and 

Hochberg method discussed above. To determine if activities among bioassay organisms 

were correlated, each fruit part at each developmental stage among species was analyzed 

between bioassay organisms (p-values adjusted with m = 15 for all tests). Because four 

species did not have extracts from the immature seed or pericarp, the activity values of 

the immature whole fruit were used in place of these values when analyzing correlations 

between immature fruit parts and mature fruit parts or leaves. Correlations of extract 

activity between plant parts or for target plant parts over time were assessed using 

Pearson’s product moment correlation coefficient 

 

To determine the effective dosage that results in a 50% reduction in a response for each 

organism (ED50), curves of each response across concentrations were fit for each extract 

using the ‘drc’ package (Ritz and Streiberg 2005). Fungal responses to varying 

concentrations of each extract are expressed as hyphal growth relative to the mean hyphal 

growth of controls in each dish (GRC; Coley et al. 2005). A three-parameter Weibull 

model was fit to GRC across concentrations for each extract to estimate ED50 and its 

standard error. The three parameter model is given by f (C)= a exp (-exp [b (log (C) - 

g)]), where C is the concentration, a is the response at the highest concentration, b is the 

slope around g, and g is the logarithm of the inflection point. To determine the ED50 of 

the mature pericarp extract from Anacardium excelsum in the Phoma sp bioassay, a five 

parameter Brain-Cousens curve was fit. This curve allows for increased growth compared 
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to controls at low concentrations and reduced growth at higher concentrations; it is given 

by f(C) =  c + (d - c+ f*C)/[1 + exp (b [log (C) – log (g)])].  For extracts that significantly 

reduced brine shrimp survival, a two parameter logistic function given by f(C) = (1 + exp 

[b (log (C) - ED50 )])-1 was fit to binomial data weighted by the number of total shrimp to 

estimate ED50 and its standard error. The two parameter model assumes the highest and 

lowest survivorship are one and zero, respectively. All statistical analyses were done 

using R (R Development Core Team 2009).  

 

To assess the effect of toxicity on fruit development and germination, activity values of 

seed and pericarp extracts of the immature stage of each bioassay were averaged. These 

mean measures of extract activity were included in a GLMM with binomial errors, with 

fruit development or germination as the response, natural enemy removal treatments as 

fixed effects, individual trees and branches as random effects, and fruit morphology 

principal components and toxicity measures as covariates (see Chapter 1 for more 

details).  

 

RESULTS 

Every plant species had at least one extract that significantly inhibited at least one 

bioassay organism. Nine plant species significantly inhibited two organisms and two 

plant species inhibited all three bioassay organisms (Table S1, Fig. 2, 3). Ten of the 

eleven plant species had at least one immature seed or pericarp that was toxic to at least 

one bioassay organism, and all species had at least one mature fruit part that was toxic to 

at least one bioassay organism (Fig. 2, 3). The seed and pericarp of the majority of 

vertebrate- and wind-dispersed species reduced brine shrimp survivorship and hyphal 

growth of Fusarium sp. during the immature and mature stages (Table 2). Only mature 

fruit of two vertebrate-dispersed species reduced hyphal growth of Phoma sp. (Table 2). 

No consistent patterns emerged in the distribution of toxicity within dispersal mode, 

across developmental stages, or fruit parts (Tables 2, S1, Fig. 2, 3). Activity against 

bioassay organisms depended on the fruit part, species, and the bioassay. In the 

following, I will refer to all extracts from the seed or diaspore as seed extracts, and those 
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from the pericarp, capsule, or pulp as pericarp extracts.  

 

Comparing seed vs. pericarp within the same development stage. The relationships 

between seed and pericarp toxicities at each development stage were not consistent 

among bioassays. This was also true for patterns within dispersal modes (Fig. 2, 3). At 

both the immature and mature stages, approximately half of the species had seeds that 

were more toxic than pericarps in the A. franciscana trials (Table 3A, B). In most species 

that inhibited growth of Fusarium sp., the immature seeds and immature pericarps had 

equivalent toxicity (Table 3A). In contrast, the mature pericarp was more toxic to 

Fusarium sp. than the mature seed in approximately half the species (Table 3B). In the 

Phoma sp. bioassay, there were no toxic immature extracts, and two species had one 

toxic mature extract. In one species, the seed was more toxic than the pericarp, and in the 

other species the pericarp was more toxic than the seed (Table 3B). Among species, 

extract activity of the immature seed and pericarp to Fusarium sp. were significantly 

positively correlated (t5 = 9.1, r = 0.97, p < 0.001). In the Phoma sp. and A. franciscana 

bioassays, activity of seed and pericarp was not correlated within either immature or 

mature stages (data not shown). 

 

Comparing between the immature and mature stages within fruit parts. Across and 

within dispersal modes, there were no consistent relationships between the toxicity of the 

immature and mature stages of fruit parts against brine shrimp and fungi (Fig. 2, 3).  The 

mature stages of the seed and pericarp were more toxic than the immature stages of seeds 

and pericarps, respectively, for the majority of species toxic to A. franciscana (Table 3C, 

D). The relative toxicity of seeds to Fusarium sp. was similar between development 

stages (Table 3C), whereas the pericarp was more toxic at the immature than the mature 

stage for the majority of species (Table 3D). In the Phoma bioassay, the mature seed 

extract was more toxic than the immature for one species and the toxicity of the pericarp 

was equivalent between the two stages for another species (Table 3C, D). The activity of 

the immature pericarp (including extracts from the entire fruit) was significantly 

correlated with that of the mature pericarp among plant species in the Fusarium sp. 
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bioassay (t9 = 2.97, p < 0.05, r = 0.70). No other correlations were significant. 

 

Young leaves vs. fruit extracts. Activity of leaf extracts across five species was not 

correlated with activity of fruit parts at either the immature or mature stage for any 

bioassay. Leaf extracts of three species were toxic to Artemia franciscana, four to 

Fusarium sp., and none to Phoma sp..  For Anacardium excelsum, the leaf extract had 

similar toxicity to brine shrimp as the immature pericarp, lower toxicity than the mature 

pericarp, and higher toxicity than immature and mature seed extracts (Fig. 2A).  A. 

excelsum leaf extract had lower toxicity than all fruit extracts to Fusarium sp and was not 

toxic to Phoma sp, whereas the mature pericarp was toxic to Phoma sp. (Fig. 2A). In all 

bioassays, the Cecropia longipipes leaf extract was not toxic, whereas the seed extract 

was active against A. franciscana (Fig. 2D). Tapirira guianensis leaf extract was not 

toxic, although the mature fruit parts were toxic to brine shrimp. T. guianensis leaf 

extract had similar toxicity to Fusairum sp. as the mature pericarp and lower toxicity than 

immature fruit extracts (Fig. 2G). For Bonamia trichantha, leaf extracts had similar 

toxicity to A. franciscana as seed extracts and higher toxicity than pericarp extracts. B. 

trichantha leaf extracts were similarly toxic to Fusarium sp. as pericarp extracts (Fig. 

2A). Stigmaphyllon hypargyreum leaf extracts had lower toxicity than the immature seed 

extract and similar toxicity as all other extracts to A. franciscana (Fig. 2D). It had lower 

toxicity than the mature pericarp and similar toxicity as all other fruit extracts to 

Fusarium sp.  

 

Beneficial Effects on Fungi. Four plant species had at least one extract that significantly 

increased hyphal growth of Fusarium sp., and all species had at least two extracts that 

significantly increased growth of Phoma sp. compared to controls (Fig. 2, 3). At 

immature and mature stages, seeds tended to be as beneficial, defined as significantly 

increasing hyphal growth, or more beneficial than the pericarp (Table 4A, B). The mature 

stages of seed and pericarp were as beneficial or more so than the immature stage (Table 

4 C, D).  
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Differences among bioassay organisms. Artemia franciscana  and Fusarium sp. were 

more sensitive to negative effects of plant extracts than Phoma sp.. A. franciscana  and 

Fusarium sp. exhibited reduced survival or hyphal growth in response to at least one 

extract from most species. In contrast, Phoma sp. showed increased fungal growth in 

response to most extracts and reduced growth in extracts from only two species, 

Anacardium excelsum and Nectandra umbrosa. There were no significant correlations 

between responses of bioassay organisms among plant species for each type of plant 

extract (i.e. immature seed, immature pericarp, mature seed, mature pericarp, or young 

leaf; data not shown).  

 

Effective dosage. For many of the toxic extracts, the estimated effective dosage (ED50) 

that resulted in a fifty percent reduction in growth or survival was higher than the 

concentrations that were tested in this study (Table 5). Even so, the concentrations of 

extract within the fruit (%Extract/Fruit Part) were within the range of concentrations that 

would result in reduction of hyphal growth of fungi according to the estimated ED50’s 

(Table 5). For most of the extracts, survivorship and hyphal growth of fungi increased 

with reduced concentrations (Fig. 4-6).  The brine shrimp bioassay had an inverse 

response to the Antirhea trichanta extracts. Although all concentrations reduced 

survivorship relative to controls, the effect was greatest at the low and intermediate 

concentrations of immature entire fruit and mature seed extracts of A. trichanta (Fig. 2B, 

4).  

 

Fruit toxicity and morphology. Log seed reserve dry mass was negatively correlated with 

the activity of immature pericarp (including whole fruits) against Phoma sp (t9 = -4.36, p 

< 0.01, r = -0.82). Pericarp extracts from seeds having larger dry masses had a small 

positive effect on hyphal growth of Phoma sp., whereas pericarp from smaller seeds had 

larger positive effects. No other extracts had effects that were significantly correlated 

with log of seed size or physical defense per diaspore (dry mass of physical defense/ dry 

mass of diaspore).  
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Fruit toxicity and seed survival. Fruit development depended on the activity of immature 

fruit against bioassay organisms, fruit morphology, and interactions between natural 

enemy removal treatments and covariates of fruit toxicity and morphology. Because the 

model of fruit development did not converge when including activity of immature fruits 

for all three bioassays, the activity of immature fruit against Phoma sp. was omitted from 

this model. The proportion of fruit that reached maturity increased with hyphal growth of 

Fusarium sp. on immature extracts (coef est. (SE)= 0.55 (0.10), z=5.68,p<0.001), 

whereas activity of immature extracts against Artemia franciscana had no effect. There 

were significant negative interactions between the hyphal growth of Fusarium sp. on 

immature extracts and both the vertebrate exclosures (coef est. (SE)= -0.27 (0.12), z = -

2.28,p<0.05) and insecticide treatments (coef est. (SE)= -0.32 (0.10), z = -3.11, p < 0.01). 

Fruit development increased with principal component three, capsule-to-fruit vs. the 

pulp-to-fruit ratios (coef est. (SE)= 0.71 (0.24), z = 2.91, p < 0.01), and there were 

significant positive interactions with all natural enemy treatments and principal 

component one, fruit size vs. physical protection (vert. excl: coef est. (SE)= 0.25 (0.11), z 

= 2.39, p < 0.05; fungicide: coef est. (SE)= 0.38 (0.11), z = 3.28, p < 0.01; insecticide: 

coef est. (SE)= 0.25 (0.10), z = 2.40, p < 0.05). 

 

Germination depended on extract activity of immature fruit and fruit morphology. 

Germination significantly increased with toxicity to brine shrimp (as reflected in 

decreased A. franciscana survival in immature extracts: coef est. (SE)= -3.0 (0.73), z = -

4.17, p < 0.001). Germination also significantly increased with beneficial activity of 

immature extracts to Phoma sp. (as reflected in increased hyphal growth: coef est. (SE)= 

4.2 (1.3), z = 3.24, p < 0.01).  Germination was unrelated to activity of immature fruit to 

Fusarium sp.. Germination significantly increased with both fruit morphology principal 

components one, fruit size vs. physical protection, and three, capsule-to-fruit vs. the pulp-

to-fruit (PC1: coef est. (SE)= 0.79 (0.30), z=2.60,p<0.01; PC3: coef est. (SE)= 1.68 

(0.37), z = 4.49, p < 0.001). 

 

DISCUSSION 
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Patterns of fruit toxicity. Every species included in this study was toxic to a bioassay 

organism in either its seed or pericarp at some point during fruit development. There 

were no consistent patterns of fruit toxicity to bioassay organisms within dispersal modes 

or among bioassay organisms. Previous studies that examined the distribution of a class 

of secondary metabolites also found inconsistent patterns (e.g. Barnea et al. 1993, 

Cipollini et al. 2002a). Because natural enemies of plants may respond differently to the 

entire suite of compounds within a fruit, it is important to test how the presence of 

secondary compounds affects consumption of fruit and seeds by a range of natural 

enemies. 

 

A few patterns of fruit toxicity did emerge within bioassays for target fruit parts or 

developmental stages. During fruit development, immature pericarps were consistently 

more toxic than the mature pericarp against Fusarium sp., and mature fruit parts were 

more toxic than the immature stage against both brine shrimp and Phoma sp.. Higher 

toxicity at the mature stage may reflect higher value of fully mature fruit and/or higher 

predation pressures at this stage. Within developmental stages, seeds were as toxic or 

more toxic than the pericarp in most cases. Chemical defenses in mature seeds have been 

shown to reduce fungal growth and brine shrimp survivorship, and this may correspond 

with increased persistence in the soil seed bank (Veldman et al. 2007). In contrast, the 

mature pericarp was more toxic than the mature seed against Fusarium sp. and in one 

case in the Phoma sp. bioassay. Secondary metabolites in ripe fruit pulp may play an 

important role in slowing fungal growth (Cipollini and Levey 1997a, Veldman et al. 

2007, Tewksbury et al. 2008b), deter seed dispersers (Cipollini and Levey 1997c), and 

influence gut retention time (Tewksbury et al. 2008a).  

 

Is fruit toxicity constrained by leaf toxicity? Although leaf extracts were as toxic or more 

toxic than some fruit extracts, there were several instances in which immature or mature 

fruit extracts were more toxic than leaves. Three of the five species had at least one 

mature fruit part with higher toxicity than young leaves in at least one bioassay, and two 

had at least one immature fruit part with higher toxicity than young leaves (Fig 2, 3), 
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suggesting increased allocation to defense of either mature and immature fruit during 

development for these species. Overall, leaf and fruit toxicity were not correlated among 

species. These results may lend support to the hypothesis that fruit toxicity is not 

constrained by chemical defense in green tissue (Cipollini et al. 2004). Defense within a 

plant is expected to be allocated to tissue in direct proportion to the risk of predation and 

its fitness value and in inverse proportion to the cost of defense (Rhoades 1979). Future 

studies should quantify allocation of chemical defense within the plant and compare these 

to risk of consumption by herbivore, seed predators, and pathogens throughout fruit 

development and seedling establishment. For ripe pulp of fleshy fruits, interactions with 

seed dispersers will also have to be considered as secondary metabolites may have 

multiple functions including attraction (Cipollini and Levey 1997b). 

 

Fruit morphology and toxicity. In this study, toxicity was unrelated to seed size. This 

suggests investment in chemical defenses may be influenced by other factors, such as 

seed longevity and natural enemy pressures prior to germination. Many of the larger-

seeded species studied have faster germination rates and are viable for shorter time 

periods than the small-seeded species included in this study (Sautu et al. 2006). The 

smaller-seeded species include species that have seed banks, and may therefore be 

attacked by natural enemies over longer periods of time than the larger-seeded species. 

Veldman et al. found that toxicity of several small-seeded Neotropical species increased 

with longevity of seeds in the seed bank (2007). In the tropical forest plant communities 

studied here, larger seeds may have greater natural enemy pressure over shorter periods 

of time whereas smaller seeds may defend themselves for longer periods of time.  

 

The proportion of a diaspore allocated to physical defense did not correlate either 

positively or negatively with toxicity. A negative correlation might be expected given 

limited resources for defense.  This may be due to total energy constraints, or be related 

to the particular biosynthetic pathways involved -- for example, in chili fruits, capsaicin 

and lignin, which contribute to chemical and physical defenses, respectively, may 

compete for the same molecular precursors, and therefore the production of one may limit 



 

  67 

the production of the other (Tewksbury et al. 2008a). On the other hand, a positive 

correlation would have suggested that plant species differ mainly in their overall 

allocation to defense, with species that allocate more to physical defenses also allocating 

more to chemical defenses.  The lack of any relationship between physical defenses and 

toxicity suggests that species vary considerably both in total resource allocation to 

defense and in their relative allocation to physical and chemical defense. 

 

Seed survival and toxicity. Fruit development and germination increased with hyphal 

growth of fungi on immature extracts compared to controls, and germination increased 

with toxicity to brine shrimp. The second result suggests that increased toxicity to brine 

shrimp indicates better defenses against generalist insect seed predators.  Two 

nonexclusive hypotheses may explain why seed survival increased with reduced toxicity 

to fungi. It may be the case that species with higher toxicity to fungi also have higher 

mortality induced by fungi. The species with the highest toxicity to Fusarium sp., 

Anacardium excelsum, also had the highest incidence of fungal infection (Chapter 1). 

Alternatively, species with extracts that increased fungal hyphal growth may have 

mutualistic relationships with fungi. Endophytic fungi may offer benefits to seed survival 

during fruit development by reducing the colonization and growth of pathogenic fungi 

(Cipollini and Stiles 1993). 

 

Generalist vs. specialist natural enemies. The responses of the bioassay organisms used 

in this study are expected to be good indicators of potential responses of generalist 

natural enemies.  Their relevance to the potential responses of specialist enemies is more 

tenuous.  Fruits and seeds are consumed by both generalist and specialist natural enemies, 

and both groups are expected to influence the evolution of plant defenses (Rhoades 

1979). Insect seed predators tend to be specialized on one or a few related plant species 

(Janzen 1971, Crawley 2000, Hulme and Benkman 2002), while vertebrates tend to be 

generalists (Hammond and Brown 1998). While less is known for the host range of 

pathogens, especially in tropical forests, several studies demonstrate that many foliar and 

soil fungal pathogen strains may have a limited host range (Gallery et al. 2007, Gilbert 
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and Webb 2007). At the same time, other studies suggest that soil pathogens that are 

responsible for a large fraction of seed and seedling mortality have an intermediate level 

of specificity (Augspurger and Wilkinson 2007).   Thus, an important open question is 

the impact of fruit toxicity on more specialized enemies.   

 

Much remains to be learned concerning the evolutionary ecology of secondary 

metabolites, their distribution within plant reproductive structures, and their role in 

mediating plant-animal and plant-microbe interactions. Future studies should include not 

only the distribution of classes of compounds, but the synergistic effects of compounds 

on plant natural enemies, and in the case of ripe pulp, dispersal agents. More information 

is needed on the distribution of secondary metabolites within fruits compared to the rest 

of the plant, across populations in variable habitats, and among species, as such temporal 

and spatial heterogeneity of fruit chemical defenses can influence ecological interactions 

(Tewksbury et al. 2008b). Existing studies suggest there is an adaptive value of 

secondary metabolites in fruit and demonstrate the multiple functions of these 

compounds in mediating natural enemy attack and seed dispersal (Cipollini and Levey 

1997c, Cipollini and Levey 1997a, Schaefer et al. 2003, Tewksbury et al. 2008a, 

Tewksbury et al. 2008b). The study of secondary metabolites and their ecological 

consequences is relevant not only to the understanding how plants interact with their 

environment, but also as part of an ecological basis for drug discovery (Coley et al. 

2003). 



 

  69 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. Study species. †S. J Wright personal communication, ‡Seed reserve mass, *Included in natural enemy removal experiment. 

Family Genus Species Site Life form† Dispersal Mode† Seed size (mg)‡ # Individuals 

Anacardiaceae Anacardium excelsum* PNM Tree Mammal, Bat 1459.1 3 

Rubiaceae Antirhea trichantha* PNM Tree Bird 1.5 3 

Convolvulaceae Bonamia trichanta* PNM Vine Wind 16.1 1 

Moraceae Castilla elastica* PNM Midstory Tree Mammal, Bird 203.3 3 

Cecropiaceae Cecropia longipes PNM Midstory Tree Mammal, Bat, Bird 0.5 1 

Cecropiaceae Cecropia peltata* PNM Midstory Tree Mammal, Bat, Bird 0.5 3 

Bignoniaceae Jacaranda copaia PNSL Tree Wind 1.7 1 

Tiliaceae Luehea seemannii* PNM Tree Wind 0.8 3 

Lauraceae Nectandra umbrosa PNSL Understory Mammal, bird 276.5 1 

Malpighiaceae Stigmaphyllon hypargyreum* PNM Vine Wind 9.8 1 

Anacardiaceae Tapirira guianensis PNSL Tree Mammal, bird 183.3 3 
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  Proportion of Toxic Species 

Bioassay Vertebrate-dispersed Wind-dispersed 

 Whole Fruit Seed Pericarp Whole Fruit Seed Pericarp 

A. Toxicity of Immature fruit        

n 3 4 4 1 3 3 

Artemia franciscana 0.67 0.75 0.50 0 1 1 

Fusarium sp. 0.67 0.75 0.75 1 0.67 1 

Phoma sp. 0 0 0 0 0 0 

B. Toxicity of Mature Fruit        

n ‒  7 7 ‒  4 4 

Artemia franciscana ‒ 1 0.86 ‒ 1 1 

Fusarium sp. ‒ 0.29 0.43 ‒ 0.50 0.75 

Phoma sp. ‒ 0.14 0.24 ‒ 0 0 

 

Table 2. Proportion of species (n=11) that significantly inhibited bioassay organisms compared to controls within each dispersal mode. Seed refers to 

extracts from the diaspore or seed, and pericarp refers to extracts from the pericarp, capsule, or pulp. If an extract kills all shrimp, it is counted as 

significantly more toxic, and likewise, if zero shrimp died, it is counted as significantly less toxic.  



 

  71 

  Proportion of Toxic Species 

Bioassay Toxic* Seed > Pericarp**  Seed < Pericarp**  Seed ≈ Pericarp**  

A. Immature fruit  n=7    

Artemia franciscana 6 0.50 0.33 0.17 

Fusarium sp. 6 0 0.17 0.83 

Phoma sp. 0 - - - 

B. Mature Fruit  n=11    

Artemia franciscana 11 0.55 0.18 0.27 

Fusarium sp. 7 0.29 0.57 0.14 

Phoma sp. 2 0.50 0.50 0 

  Immature > mature Immature < mature Immature ≈ Mature 

C. Seed  n=7    

Artemia franciscana 7 0.14 0.86 0 

Fusarium sp. 5 0.4 0.2 0.4 

Phoma sp. 1 0 1 0 

D. Pericarp  n=7    

Artemia franciscana 7 0.29 0.57 0.14 

Fusarium sp.  6 0.67 0.17 0.17 

Phoma sp. 1 0 0 1 

 
Table 3. Comparison of the proportion of toxic species among fruit development stages and fruit parts. Species are included if at least one extract 

significantly inhibited bioassay organisms compared to controls. Seed refers to extracts from the diaspore or seed, and pericarp refers to extracts from 

the pericarp, capsule, or pulp. Immature whole fruits are not counted in this table. If an extract kills all shrimp, it is counted as significantly more toxic, 

and likewise, if zero shrimp died, it is counted as significantly less toxic. *Number of species with at least one toxic extract within each category, not 

including immature whole-fruit. ** Proportions are out of total number of toxic species listed in the toxic column, not the total sample size (n).
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 Proportion of Species that Increased Hyphal Growth 

Bioassay Beneficial* Seed > Pericarp**  Seed < Pericarp**  Seed ≈ Pericarp**  

A. Immature fruit  n=7    

Fusarium sp. 1 0 0 1 

Phoma sp.  7 0.43 0.14 0.43 

B. Mature Fruit  n=11    

Fusarium sp. 7 0.43 0 0.14 

Phoma sp. 11 0.45 0.18 0.36 

  Immature > mature Immature < mature Immature ≈ Mature 

C.  Seed  n=7    

Fusarium sp. 2 0 0.50 0.50 

Phoma sp.  7 0.14 0.57 0.29 

D. Pericarp  n=7    

Fusarium sp.  0 - - - 

Phoma sp. 6 0 0.50 0.50 

 

Table 4. Comparison of the proportion of species that increased hyphal growth among fruit development stages and fruit parts. Species are included if at 

least one extract significantly increased hyphal growth of fungi compared to controls. Seed refers to extracts from the diaspore or seed, and pericarp 

refers to extracts from the pericarp, capsule, or pulp. Immature whole fruits are not counted in this table. *Number of species with at least one extract 

within each category that significantly increased hyphal growth, not including immature whole-fruit. ** Proportions are out of total number of species 

listed in the beneficial column, not the total sample size (n). 
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ED50 

Species Stage 

Fruit 

Part 

% extract (mg)/ fruit part 

(mg) 

Artemia 

franciscana 

mg/ml (SE) 

Fusarium sp. 

 % mg/mg 

(SE) 

Phoma sp. % mg/mg 

(SE) 

Immature Seed  26 0.57 (0.085) 6.7 (0.6) ‒ 
 Pericarp 45 0.027 (0.0022) 4.6 (0.8) ‒ 

Mature Seed 40 29 (18)† 10.6 (0.9) ‒ 

 Pericarp 34 0.023 (0.0026) 4.4 (0.4) 0.14 (0.02) 

Anacardium excelsum 

Young Leaf ‒ 0.11 (0.010) 23.1 (7.9) † ‒ 

Immature Fruit 14 ‒ 19.5 (3.5) † ‒ 

Mature Seed 27 ‒ 18.8 (4.6) † ‒ Antirhea trichantha 

 Pericarp 57 0.021 (0.0023) ‒ ‒ 

Immature Diaspore 25 0.033 (0.0031) 23.8 (16)† ‒ 

 Capsule 15 1.2 (0.35) † 71.6 (48.4)† ‒ 

Mature Diaspore 14 0.091 (0.0096) ‒ ‒ 

 Capsule 5 6.4 (3.3) † 83.8 (49.4)† ‒ 

Bonamia tricantha 

Young Leaf ‒ 0.29 (0.031) ‒ ‒ 

Immature Seed 12 23 (20) † ‒ ‒ 

 Pericarp 11 ‒ ‒ ‒ 

Mature Seed 12 0.31  (0.027) ‒ ‒ 

 Pericarp 87 0.48 (0.045) 30.6 (12.3)† ‒ 

Castilla elastica 

 Calyx 50 23 (18) † ‒ ‒ 

Immature Fruit 14 ‒ ‒ ‒ Cecropia longipipes 

Mature Diaspore 15 0.22  (0.02) ‒ ‒ 
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 Pulp ‒ 4.4 (0.76) † ‒ ‒  

Young Leaf ‒ 225 (215) † ‒ ‒ 

Immature Fruit 21 5728 (7705) † 24.3 (7.0) † ‒ 

Mature Diaspore 26 0.22 (0.020) ‒ ‒ Cecropia peltata 

 Pulp 79 0.22 (0.020) ‒ ‒ 

Immature Fruit 55 ‒ 27.2 (6.3) † ‒ 

Mature Diaspore 11 0.75 (0.093) 39.5 (22.0)† ‒ Jacaranda copaia 

 Capsule 16 0.61  (0.088) 23.4 (3.9) † ‒ 

Immature Diaspore 10 3.4 (1.5) 18.4 (1.3) † ‒ 

 Capsule 14 NA 18.4 (2.9) † ‒ 

Mature Diaspore 12 0.53 (0.064) ‒ ‒ 
Luehea seemannii 

 Capsule 2 21.4 (12.2) † 37.9 (23.4)† ‒ 

Immature Seed ‒ 0.26  (0.026) 16.1 (1.7) ‒ 

 Pericarp 54 0.20 (0.020) 11.3 (2.1) ‒ 

Mature Seed 6 0.034 (0.0047) 0.28 (0.10) 0.21 (0.05) 

Nectandra umbrosa 

 

 Pericarp 36 0.48 (0.079) ‒ ‒ 

Immature Seed 29 22.1 (19.4) † 17.5 (1.5) † ‒ 

 Pericarp 21 1.08  (0.296) † 20.1 (2.2) † ‒ 

Mature Seed 33 3.05  (1.14) † 38.6 (14.8)† ‒ 

 Pericarp 4 1.28  (0.25) † ‒ ‒ 

Stigmaphyllon 

hypargyreum 

Young Leaf ‒ 7.01 (4.05) † 66.5 (54.2)† ‒ 

Immature Seed 80 ‒ 9.9 (0.5) ‒ 

 Pericarp 63 ‒ 9.5(0.7) ‒ 

Mature Seed 66 0.250  (0.029) NA ‒ 

Tapirira guianensis 

 Pericarp 40 1.07  (0.23) † 34.4 (13.5)† ‒ 
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 Young Leaf ‒ 114  (99.8) † 39.1 (19.5)† ‒ 

Positive Control ‒ ‒ ‒ 0.21 (0.02) ul/ml 
353 (34) 

mg/ml 

387 (12) mg/ml 

Table 5. Shown are the concentrations at which 50% inhibition occurs (ED50). Percent extract/ fruit part is the estimated concentration of the extract (dry 

mass, g) per fruit part (dry mass, g) from which it was extracted. † Estimated values are higher than concentrations tested.  
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Species Stage 

Fruit 

Part 

Artemia 

Coefficient 

Estimates at 1 

mg/ml (SE) 

Fusarium 

Coefficient 

Estimates at 17% 

mg/mg (SE) 

Phoma  

Coefficient 

Estimates at 17% 

mg/mg (SE) 

Control NA NA    3.3 (0.2)*  7.5 (0.2)*  5.2 (0.1)* 

Immature Seed    -3.3 (0.3) A* -6.0 (0.5) A*  2.0 (0.4) AC* 

 Pericarp   -6.9 (0.6) B* -6.1 (0.5) A* -0.4 (0.4) B 

Mature Seed   -2.2 (0.3) C* -6.0 (0.5) A*  1.2 (0.4) A*  

 Pericarp -23.9 (NA) *a -7.6 (0.5) B* -1.0 (0.4) B* 

Anacardium 

excelsum 

Young Leaf   -8.3 (1.1) B* -3.6 (0.5) C*  2.5 (0.4) C* 

Immature Fruit   -2.3 (0.2) A* -1.8 (0.5) A*  4.9 (0.4) A* 

Mature Seed   -2.0 (0.2) A* -0.6 (0.5) AB  3.1 (0.4) B* 
Antirhea 

tricantha 
 Pericarp -23.6 (NA) *a  0.7 (0.5) B  1.8 (0.4) C* 

Immature Diaspore   -5.8 (0.5) A* -0.6 (0.5) A  1.8 (0.4) AC* 

 Capsule   -3.8 (0.4) B* -2.5 (0.5) B*  1.7 (0.4) AC* 

Mature Diaspore   -6.9 (0.5) A*  0.4 (0.5) A  3.8 (0.4) B* 

 Capsule   -2.1 (0.3) C* -2.2 (0.5) B*  0.7 (0.4) A 

Bonamia 

tricantha 

Young Leaf   -5.7 (0.4)A* -2.7 (0.5) B*  2.1 (0.4) C*  

Immature Seed   -2.3 (0.4) A*  1.0 (0.5) A*  5.3 (0.4) A* 

 Pericarp   -0.3 (0.8) B  0.9 (0.5) A  3.1 (0.4) B* 

Mature Seed   -5.6 (0.3) C*  1.3 (0.5) A*  5.8 (0.4) A* 

 Pericarp   -4.9 (0.3) D* -0.8 (0.5) B  2.6 (0.4) B* 

Castilla elastica 

 Calyx   -2.4 (0.2) E*  0.8 (0.5) A  6.2 (0.4) A* 

Immature Fruit   -0.3 (0.5) A  1.4 (0.5) A*  6.5 (0.4) A* 

Mature Diaspore   -6.2 (0.4) B*  2.3 (0.5) A*  3.7 (0.4) B* 

 Pulp   -0.1 (0.6) A  0.2 (0.5) B  2.9 (0.4) B* 

Cecropia 

longipipes 

Young Leaf   -0.3 (0.4) A  1.3 (0.5) AB*  5.2 (0.4) A* 

Immature Fruit   -1.0 (0.4) A* -1.0 (0.5) A*  5.5 (0.4) A* 

Mature Diaspore   -7.8 (0.5) B*  0.6 (0.5) B  0.2 (0.4) B Cecropia peltata 

 Pulp   -9.2 (1.0) B*  1.1 (0.5) B*  1.3 (0.4) B* 

Immature Fruit   -0.8 (0.5) A -2.2 (0.5) A*  2.9 (0.4) A* 

Mature Diaspore   -3.7 (0.4) B* -1.8 (0.5) A*  3.4 (0.4) A* 
Jacaranda 

copaia 
 Capsule   -3.9 (0.4) B* -2.0 (0.5) A*  2.2 (0.4) A* 

Luehea 

seemannii 

Immature Diaspore   -3.0 (0.3) A* -3.0 (0.5) A*  3.2 (0.4) A* 
  Capsule   -1.2 (0.3) B* -3.3 (0.5) A*  3.7 (0.4) A* 
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Table S1. The coefficient estimates and standard errors from generalized linear mixed models of the 

proportion of surviving brine shrimp and fungal hyphal growth on extracts compared to controls. Stars 

indicate significant differences of responses of organisms in treatments compared to controls at the .05 

significance level. Letters indicate differences among means within species. aAll shrimp died or b survived 

and standard errors were not estimated.  

 

 

 

Mature Diaspore   -4.5 (0.3) C*  1.4 (0.5) B*  6.8 (0.4) B*  

 Capsule   -2.5 (0.3) D* -1.2 (0.5) C*  4.9 (0.4) A* 

Immature Seed   -8.1 (1.0) A* -3.8 (0.5) A*  1.7 (0.4) A* 

 Pericarp   -8.1 (1.0) A* -4.4 (0.5) A*  2.5 (0.4) A* 

Mature Seed -23.1 (NA)*a -8.2 (0.5) B* -2.2 (0.4) B* 

Nectandra 

umbrosa 

 Pericarp   -4.3 (0.4) B* -2.5 (0.5) C*  4.1 (0.4) C* 

Immature Seed   -1.2 (0.3) A* -2.1 (0.5) A*  2.2 (0.4) A* 

 Pericarp   -2.5 (0.3) B* -2.5 (0.5) A*  4.3 (0.4) B* 

Mature Seed   -2.4 (0.3) B* -1.9 (0.5) A*  4.3 (0.4) C* 

 Pericarp   -2.8 (0.2) B* -0.3 (0.5) B  5.9 (0.4) D* 

Stigmaphyllon 

hypargyreum 

Young Leaf   -2.5 (0.4) B* -1.2 (0.05) AB*  0.85 (0.4) E 

Immature Seed   -0.6 (0.4) A -5.4 (0.5) A*  2.0 (0.4) A* 

 Pericarp   16.4 (NA)b -5.8 (0.5) A*  0.7 (0.4) B 

Mature Seed   -6.5 (0.6) B*  0.0 (0.5) B  4.3 (0.4) C* 

 Pericarp   -3.5 (0.4) C* -2.2 (0.5) C*  3.9 (0.4) C* 

Tapirira 

guianensis 

Young Leaf   -0.4 (0.4) A -2.5 (0.5) C*  2.5 (0.4) A* 
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Figure 1. Twenty-lane plates used for fungal bioassays (Dr. Greg Murray, Hope College). 
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Figure 2. Toxicity of vertebrate-dispersed fruit A) Anacardium excelsum, B) Antirhea 
trichantha, C) Castilla elastica, D) Cecropia longipipes, E) Cecropia peltata, F) 
Nectandra umbrosa, and G) Tapirira guianensis. Species are ordered in increasing seed 
size. Shown are the coefficient estimates from generalized linear mixed models of the 
proportion of surviving brine shrimp and fungal hyphal growth on extracts compared to 
controls. Values below zero indicate reduced survivorship or hyphal growth and values 
above zero indicate increased hyphal growth. Stars indicate significant differences of 
responses of organisms in treatments compared to controls at the .05 significance level.  
Letters indicate differences among means within species. The following tests were 
performed: immature seed vs. pericarp, immature diaspore vs. capsule or pulp, mature 
seed vs. pericarp, mature diaspore vs. capsule or pulp, immature vs. mature seed or 
diaspore, and immature vs. mature pericarp, capsule, or pulp, depending on the species. 
Leaf extracts were compared to all fruit parts at each stage. All significance levels were 
adjusted for the number of tests within bioassay (m=107) to control for the false 
discovery rate. a All shrimp died or b survived and standard errors were not estimated.   
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Figure 3. Toxicity of wind-dispersed fruit A) Bonamia trichantha, B) Jacaranda copaia, 
C) Luehea seemannii, and D) Stigmaphyllon hypargyreum. See Figure 1 caption for more 
details.  
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Figure 4. The survival of brine shrimp in response to different concentrations of Antirhea 
trichantha extracts: A) immature entire fruit, B) mature seed, and C) mature pericarp. 
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Figure 5.  Hyphal growth of Fusarium sp.  in response to different concentrations of 
various extracts: A) immature pericarp of Anacardium excelsum, B) mature seed of 
Nectandra umbrosa, and C) immature seed of Tapirira guianensis. 
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Figure 6.  Hyphal growth of Phoma sp.  in response to different concentrations of 
A) mature pericarp of Anacardium excelsum and B) mature seed of Nectandro umbrosa. 
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CHAPTER 3: THE EFFECT OF INSECT SEED PREDATORS, SOIL-BORNE PATHOGENS AND 
CLUMPED SEED DISPERSAL ON SEEDLING RECRUITMENT PATTERNS 
 

INTRODUCTION 

Forty years ago, Janzen (1970) and Connell (1971) hypothesized that specialized natural 

enemies are critically important for shaping spatial patterns of plant communities and 

maintaining plant diversity. Since then, many empirical studies have examined spatial 

patterns of seedling recruitment, survival, and/or growth, and drawn conclusions 

regarding the role of natural enemies (Wills et al. 1997, Wills and Condit 1999, Harms 

2000, Wills et al. 2006). Theoretical studies also provide strong support for the potential 

of specialized natural enemies to maintain plant diversity (Becker et al. 1985, Armstrong 

1989, Adler and Muller-Landau 2005, Muller-Landau and Adler 2007). Yet there is a 

dearth of theoretical work that examines expected spatial patterns of plant recruitment 

and natural enemy attack under different combinations of enemy and plant life histories 

and dispersal patterns, with the exception of some studies investigating vertebrate and 

invertebrate enemies (Nathan and Casagrandi 2004, Mari et al. 2008, Mari et al. 2009).   

 

Seed dispersal patterns clearly contribute directly to spatial patterns of recruitment and 

mortality resulting from natural enemies of seed and seedlings. Patterns of seed dispersal 

are affected by the type of seed dispersal (i.e. gravity, animal, wind, etc.) and are 

characterized by dispersal kernels (probability density functions of seeds dispersing away 

from the tree) and the moments of these functions (mean, variance, kurtosis, etc.; Nathan 

and Muller-Landau 2000). These descriptions of seed dispersal in combination with 

spatial aggregation of seeds, an overlooked but important consequence of animal seed 

dispersal, have a critical effect on subsequent interactions of seeds with natural enemies. 

Empirical maps of seed shadows typically show seed densities decreasing with distance 

from the nearest reproductive adult (e.g. Janzen 1970). However, seed dispersal by 

vertebrates may result in a clumped distribution, with higher seed densities deposited 

away from the parent tree in areas preferred by dispersers (Schupp et al. 2002). For 

example, spider monkeys disperse 92% of Virola calophylla seeds; an estimated half of 
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which are deposited in clumps under sleeping sites used by monkeys (Russo et al. 2006). 

Clumped distributions of seeds resulting from animal dispersal may be common in nature 

as approximately 80% of tropical woody plants are dispersed primarily by vertebrates 

(Willson et al. 1989, Muller-Landau and Hardesty 2005), while 56% of all angiosperm 

species are dispersed by biotic means (Tiffney and Mazer 1995). Incorporating clumped 

seed dispersal by vertebrates in models may significantly alter predictions of subsequent 

interactions with natural enemies, spatial patterns of seedling establishment, and seedling 

diversity. 

 

Natural enemy life history and movement capacity determine the degree to which natural 

enemies can track seeds and seedlings in space and time. In his conceptual model, Janzen 

(1970) distinguished between distance- and density-responsive specialized natural 

enemies, and hypothesized how both would respond to different patterns of seed 

dispersal. A more complete mechanistic framework should consider natural enemy 

dispersal abilities, fecundity, and dormancy potential, as well as how seed and seedling 

survival probability relates to local enemy densities.  Theoretical studies to date have 

focused on the influence of vertebrate and invertebrate seed and seedling predators on 

seedling establishment patterns (Nathan and Casagrandi 2004, Mari et al. 2008, Mari et 

al. 2009). None of these previous studies have addressed the influence of seed and 

seedling pathogens on seedling recruitment, even though soil-borne pathogens have been 

found to play a critical role in seedling survival with much potential to contribute to 

seedling recruitment patterns (e.g. Augspurger 1983, Augspurger and Kelly 1984, 

Augspurger 1984, Packer and Clay 2000). Pathogens have very different life histories 

from invertebrate and vertebrate natural enemies, and these differences would be 

expected to influence survivorship and recruitment patterns.  For example, soil-borne 

pathogens have fast generation times, short dispersal distances, high fecundity, and the 

ability to remain dormant in the soil for several years, while insect seed predators are able 

to search larger areas and have longer generation times. It is not known how these distinct 

characteristics of pathogens might alter seedling recruitment patterns compared to those 

of invertebrates or vertebrates. 
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Seedling recruitment relative to distance from parent trees has been classified into five 

general patterns, which represent different combinations of patterns in seed density, seed 

to seedling survivorship, and seedling density (McCanny 1985, Nathan and Casagrandi 

2004). The Janzen-Connell pattern (JC), first described by Janzen (1970), is characterized 

by a unimodal seedling establishment curve with a peak outside of the tree crown and a 

monotonically increasing survivorship curve (Fig. 1A; Janzen 1970, Connell 1971). In 

the Hubbell and McCanny patterns, seedling establishment decreases monotonically with 

distance from the parent tree. In the Hubbell pattern (H), survivorship increases with 

distance but seed dispersal decreases at an even faster rate (Fig. 1C; Hubbell 1980). In the 

McCanny pattern (M), survivorship decreases with distance from the parent tree (Fig. 1B; 

McCanny 1985); this pattern is predicted to occur because of predator satiation near the 

seed source (Nathan and Casagrandi 2004). The Exact Compensation pattern (EC) is 

identified as a transitional type between the Janzen-Connell and Hubbell recruitment 

patterns in which seed dispersal declines at the same rate as survivorship increases, 

resulting in a constant seedling establishment curve (Nathan and Casagrandi 2004). 

Invariant Survival (IS) is a transitional type between the Hubbell and McCanny curve and 

has constant survivorship with distance, resulting in seedling densities that decline with 

distance from the tree in exactly the same way that seed densities decline (Fig. 1D; 

Nathan and Casagrandi 2004). All of these recruitment patterns have varying degrees of 

empirical support in the literature, with the Janzen-Connell pattern being the most cited 

(summarized in Mari et al. 2008). 

 

Though several conceptual and mathematical models have been presented to explain the 

spatial patterns of seedlings following seed dispersal and natural enemy attack (Nathan 

and Casagrandi 2004, Mari et al. 2008, Mari et al. 2009), none include aggregated seed 

deposition or realistic assumptions for insect seed predators and pathogens. Here, we 

explore how different seed dispersal patterns and natural enemy dispersal patterns and 

life histories affect seedling recruitment patterns.  We specifically incorporate aggregated 

seed deposition and base our model structure and parameter values on empirical data on 
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the differing life histories of insect seed predators and soil-borne pathogens. We focus on 

insect seed predators and soil-borne pathogens because they are expected to be fairly 

specialized and thus particularly effective in contributing to diversity maintenance. We 

employ spatially explicit, individual-based simulation models in which we vary seed 

dispersal and natural enemy attack to model different seed dispersers and natural 

enemies, and explore the resulting seedling spatial patterns around an isolated tree. This 

model predicts characteristics of seedling spatial patterns resulting from natural enemies 

acting on seed distributions derived from different dispersal modes. By exploring a range 

of parameter values, we can investigate what parameter combinations are compatible 

with different empirically observed spatial patterns of seedlings. 

 

METHODS 

INSECT MODEL ORGANISM. Our model organisms for insect natural enemies affecting 

plant recruitment patterns are bruchid beetles.  Bruchids are a major class of seed 

predators (Southgate 1979, Janzen 1980), which tend to be highly specialized  (Janzen 

1980, Tuda 2007). Typically, adult beetles attach a single egg to the seed surface; the 

larvae drill into the seed, and one or more larvae feeds on one seed (Southgate 1979, 

Janzen 1980, Tuda 2007). Larvae pupate within the seed, outside of the seed in cocoons, 

or in the soil before emerging as adults several weeks to months later depending on the 

species (Southgate 1979, Janzen 1980, Tuda 2007). Adults have been observed remaining 

within one tree crown (Janzen 1980). Little is known about bruchid behavior when hosts 

are unavailable; they may aestivate or feed on pollen and nectar of flowers (Southgate 

1979, Janzen 1980, Bell 1994). A few agricultural studies show that bruchids use 

chemical cues emitted from seeds to find hosts (Ignacimuthu et al. 2000, Babu et al. 

2003, Nazzi et al. 2008). Bruchid seed predators of agricultural crops may delay sexual 

maturity through diapause to match the life cycle of their host; environmental cues, such 

as photoperiod, temperature, or pollen-feeding, can terminate diapause (Bell 1994). Life-

spans and number of generations per season varies by species (Janzen 1980, Bell 1994).  

 

PATHOGEN MODEL ORGANISM. Our model organism for plant pathogens that influence 
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recruitment patterns is damping-off disease.  Damping-off disease is a major cause of 

seedling mortality (Hendrix and Campbell 1973). Damping-off disease is caused by 

oomycetes, which include Pythium and Phytophora. Oomycetes infect both roots of adult 

plants and hypocotyls of seedlings after emergence (Gilligan 1985b). Oomycetes produce 

both oospores (sexual spores) and sporangia (asexual reproductive structures) (Martin 

and Loper 1999, Judelson and Blanco 2005). Oospores of some species can survive up to 

several years in the soil and have constitutive dormancy, in which some spores remain 

dormant even when conditions are suitable for germination. Zoospores produced by 

sporangia are motile spores that can move towards a host in the presence of water and 

have short-term viability (on the order of days). Infections arising from soil inoculum are 

referred to as primary infections, while infections spread from other infected plants are 

referred to as secondary (Gilligan 1985a). 

 

MODEL LANDSCAPE. The model is discrete-space, spatially explicit, and individual-based 

(Grimm and Railsback 2005). Model processes occur on a rectangular grid of cells with 

one reproductive tree located in the center of the landscape.  Each cell may or may not 

contain a portion of a tree crown and may contain any number of seeds, seedlings, 

juvenile plants, and natural enemies. The numbers of seeds, seedlings, juvenile plants, 

and natural enemies are tracked within each cell. Seeds and natural enemy propagules 

that disperse off the grid edge are lost (i.e. absorbing boundaries). Simulations occur on a 

landscape of 90,000 (300 x 300) grid cells, where each cell represents an area of 1 m2, 

and therefore the simulated landscape as a whole represents 9 ha.  

 

MODEL PROCESSES. The simulations are done in discrete time, with time separated into 

years.  Each year, seeds and natural enemies first disperse, then natural enemies attack 

and kill seeds, surviving seeds germinate, and finally natural enemies and juvenile plants 

are subject to stochastic mortality. Details of each of these processes are given below, 

with parameter descriptions and values in Table 1.     
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DISPERSAL OF SEEDS AND NATURAL ENEMIES follows functional forms that have an 

empirical basis. Seeds disperse from each cell of a tree crown (5 x 5 m2) according to a 

two-dimensional T distribution (Clark et al. 1999) in which the degrees of freedom 

parameter was set to 3 (Clark et al. 2004).  Specifically, the probability of seed arrival per 

unit area, described by the density function f(r), depends on the distance to the seed 

source, r, as  
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Landau et al. 2008). Natural enemy dispersal follows a negative exponential density 

function, g(r), a model that fits pathogens well (Fitt et al 1987): 
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,where q is the mean dispersal distance for natural enemies. Natural enemies disperse 

from each cell of the tree crown and, in the case of pathogens, from dead seeds. Dispersal 

of both seeds and natural enemies is assumed to be isotropic (equally likely in all 

directions). The number of propagules per cell is drawn from a Poisson distribution with 

mean equal to the sum of expectations within each cell from all contributing source cells. 

The expectation of seeds dispersing from each source cell is the product of seed 

production per cell and the probability of arriving at a distant cell given by one of the 

above dispersal kernels. We approximate this probability using a recursive adaptive 

Simpson quadrature. To simulate clumping in seed deposition, we generate the number of 

seeds per cell from a negative binomial distribution, with dispersion parameter 

! 

" , and 

mean equal to the summed expectations of the number of seeds arriving in each cell from 

each source cell. Because we are using absorbing boundaries, some propagules are lost 

from the landscape at longer dispersal distances. We insure that the same number of 
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seeds is retained in the model landscape for all dispersal distances by rescaling fecundity 

accordingly.   

Applying continuous dispersal kernels to models in discrete space is challenging 

(Chesson and Lee 2005), especially when mean dispersal distances are smaller than the 

cell size into which propagules are dispersing (O'Sullivan and Perry 2009). In these cases, 

we simulate propagules dispersing from the center of 100-0.1 x 0.1 grid cells within a 

1x1 cell and then sum over these 100 cells to calculate dispersal probabilities. When 

mean dispersal is greater than or equal to the cell size, we assume propagules disperse 

from the center of cells. Realized dispersal distances are reported in Table 1. 

 

INSECT SEED PREDATORS disperse from the adult tree crown, where they are assumed to 

congregate between fruiting seasons. Insects disperse once each year, as most insect seed 

predators require much of the fruiting season to mature into reproductive adults (Janzen 

1980). The probability that a seed will survive insect seed predation is modeled as a 

function of the number of insect eggs and their infectivity relative to the number of seeds 

within a grid cell: 
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where binsect is infectivity, N is the number of seeds in each cell, and I is local density of 

insects (determined from the natural enemy dispersal function, the distance to the insect 

sources in the tree crown, and the adult insect population size). Infectivity for insect seed 

predators includes the rate at which eggs are laid on seeds for a given insect density, and 

the probability that insect larvae kill seeds. We assume one adult female emerges from 

each dead seed. The number of reproductive female seed predators produced the 

following year depends on the number of seeds killed and insect fecundity, βinsect (in 

females per female). Adult insects survive only one year. The initial number of insects is 

equal to βinsect dispersing from each meter squared of tree crown. 

 

PATHOGENS disperse multiple times during a fruiting season, which incorporates 

dynamics resulting from their short life spans as well as primary and secondary infection. 
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Spores attack seedlings within the first several weeks after germinating. Spores disperse 

from the adult root system (assumed equal in area to the crown), and from dead 

seedlings. We assume that the number of spores dispersing from one killed seedling is 

equal to the number dispersing from one m2 of the adult root system, and denote this 

pathogen fecundity as βpathogen. The probability of seedling survival is a negative 

exponential function of the local density of spores, the probability g that a spore 

encounters a seedling, and its infectivity.  

! 

Pr(Surv) = exp "gbpathogenP( ), 

where P is local density of spores (determined from the natural enemy dispersal functions 

and the relative locations and sizes of spore sources). The probability g of encountering a 

seedling is the probability that a spore will land close enough to a seedling to germinate 

(Table 1). Pathogen infectivity bpathogen incorporates the probability of spores germinating 

and infecting a seedling.   In this model, we assume that spores only germinate if in the 

vicinity of seedlings. The number of spores that do not encounter seedlings and remain 

dormant in the soil depends on the probability of encountering a seedling g and the 

number of seeds N. Assuming that the probabilities of avoiding multiple seedlings are 

independent, we have 

! 

Pt+1 = Pt 1" g( )N  

,where t is the spore dispersal season. Dormant spores undergo annual mortality with 

probability mpathogen. In the first dispersal season of pathogen simulations, spores only 

disperse from roots as no seeds have been killed yet, and the initial number of spores is 

equal to βpathogen dispersing from each meter squared of the adult root system. 

 

PLANT survival from the seed to seedling stage depends on local natural enemy density as 

specified above. The number of seeds that survive to seedlings in each grid cell is drawn 

from a binomial distribution with the probability of survival based on local natural enemy 

density according to the previously specified functions. At the end of each year, surviving 

juvenile plants are also drawn from a binomial distribution with probability of mortality 
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mseedling. All seeds germinate in the year that they are produced, as typical of most tropical 

tree species (Garwood 1983, Sautu et al. 2006).  

 

JUSTIFICATION OF PARAMETER ESTIMATES. Parameter estimates are derived from well-

studied tropical forests, including Barro Colorado Island, Panama (Condit 1998). When 

estimates were not available from natural systems, agricultural and laboratory studies 

were used as described below. 

 

Tree, Juveniles, Seedlings, and Seeds. Crown area of 25 m2 is typical for a 10 cm 

diameter tropical tree (O'Brien et al. 1995, Bohlman and O'Brien 2006, Muller-Landau et 

al. 2006), and 10 cm is a typical size for onset of reproduction in tropical tree species 

(Condit 1998, Hubbell et al. 1999, Hubbell et al. 2005). Tropical tree fecundity is 

estimated to range from 0.0438 to 1764 cm-2 of basal area depending on seed size (Clark 

et al. 1999, Muller-Landau et al. 2008). Dispersal distance parameters range from 2.3 to 

8.75 for 41 species on BCI, which approximates to mean dispersal distances of 5 to 125 

m (Muller-Landau et al. 2008). The mean and median dispersion parameter of the 

negative binomial for the same study were estimated as 0.1858 and 0.1015 with a range 

of 0.024 to 0.909 (Muller-Landau et al. 2008). The majority of tropical seeds are not 

viable for more than one year (Garwood 1983, Sautu et al. 2006). Annual seedling 

survival in Central Panama ranges from 0 to 96% (Howe 1990, Asquith et al. 1997, Webb 

and Peart 1999, Comita and Hubbell 2009).  

 

Insect Seed Predators. Insect fecundity per female has been shown to range from 30 to 

190 eggs in field and laboratory settings (Janzen 1980, Fox 1993, Stillwell et al. 2007). 

The movement ecology of bruchid beetles in natural settings is not well-studied (Lewis 

and Gripenberg 2008). Wright et al. (1983) documented the arrival of beetle eggs on 

palm seeds at particular distances from an adult tree. Using their distribution data on 

bruchid eggs around a tree, we fit a Poisson regression to the number of seeds found with 

eggs at each distance and determined the mean distance of eggs from a tree to be 41 m. 

The average proportion of bruchid beetle eggs that survived to the larval stage was 0.12 
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and varied with the number of eggs laid on a seed with a maximum of 0.2 when only one 

egg is laid (Wright 1983). In a laboratory setting, egg to adult survivorship can be much 

higher, ranging from 0.6 to 1 (Fox et al. 2007, Stillwell et al. 2007).  

 

Pathogens.  

Length of seedling susceptibility. In a field study conducted in Panama, the majority of 

seedling mortality due to damping-off disease occurred within a five-week interval when 

seedlings were two to seven weeks old (Augspurger 1983). Seedlings from a variety of 

agricultural crops are susceptible to damping-off disease until 2-15 days after emergence, 

after which susceptibility decreases (reviewed in Martin and Loper 1999).  

Generation Time. Some Phytophthora can sporulate after 2 days on rich media while 

others sporulate if nutrient limited; the release of zoospores from sporangia and 

subsequent infection can take a few hours (Judelson and Blanco 2005). Sporulation of 

Phyophthora capsici occurs at a minimum of three to four days after inoculation (Granke 

et al. 2009). In one week, oospores of Phyophthora infestans can produce new oospores 

that can germinate and form sporulating lesions on a plant (Drenth et al. 1995). In a soil 

bioassay with leaf baiting, infection of Phytophthora infestans of potatoes was observed 

5-29 days after soil was inoculated (Fernández-Pavía et al. 2004). For another pathogen, 

Pythium ultimum, the first cycle of primary infection was estimated to take three days, 

while the secondary cycle of infections was estimated as 7 cm day -1 when plants were 

8mm apart (Brassett and Gilligan 1988).  

Fecundity. Oomycetes can produce many spores during infection, ranging from none to 

660 mm-2 of lesions in some species (Grove et al. 1985, Drenth et al. 1995, Timmer et al. 

2000).  

Dispersal. Spores causing root infections are dispersed within soil, surface water, and 

water droplets (Ristaino and Gumpertz 2000). The mean dispersal distance (calculated 

from an exponential model of the rate of spread of disease to infected plants), ranged 

from 6-15 mm for soil-borne fungi after one week, and from 0.08-13 m for splash-borne 

fungi (Fitt et al. 1987).  
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Germination. Oospores and sporangia are more likely to germinate when there are 

chemical stimulants nearby. Seed and root exudates enhance spore germination in the soil 

surrounding the seed. For example, one species of Pythium has been found to germinate 

within 10 mm of a germinating seed (Stanghellini and Hancock 1971).  

Infectivity. Infectivity ranges from 0.001 to 0.04, calculated as –log (probability that a 

host remains susceptible) divided by the number of propagules in a given area or volume 

and is estimated using published data (Martin and Loper 1999, Widmer 2009).  

Annual spore mortality. Annual spore viability depends on various factors, including 

pathogen type, initial oospore concentration, sampling technique, and environmental 

factors. Viability of spores of Phyophthora infestans collected from potato fields in 

Mexico ranged from 1% (in soil with low oospore concentration) to 60% (in soil with 

high oospore concentration) 3 months after potato harvest and 16.75 % (in soil with high 

oospore concentration) after 24 months of winter fallow (Fernández-Pavía et al. 2004). 

After 343 days in two separate years, percent of soil samples with viable Phytophthora 

capsici oospores ranged from 0 - 16.7 % in the first year and 0 - 100% in the second year 

depending on the sampling technique (French-Monar et al. 2007). In another study of P. 

capsici, 9 % of oospores were viable after 27 weeks (Bowers et al. 1990).  

 

SIMULATIONS. The dispersal parameters of seeds and natural enemies, as well as the 

fecundity parameters of the natural enemies, were varied factorially among simulations to 

evaluate their relative importance to recruitment patterns.  Dynamically, the enemy 

infectivity parameters have almost the exact same effect as the enemy fecundity 

parameters, so only the fecundity parameters are varied.  Ten independent simulations 

were run for each parameter combination to capture stochastic variability. Each 

simulation is run at least 50 years after the number of seeds, seedlings, and enemies 

plateau (which typically occurs at 100-200 years). The number of seeds, seedlings, 

juvenile plants, and natural enemies are summed per meter annulus and statistics are 

averaged over the last 50 years, by which time population abundances of seedlings, 

juvenile plants, and natural enemies have all reached equilibrium. The density of seeds, 

seedlings, and natural enemies per m2 for each one-meter annulus of distance from the 
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parent tree were obtained by dividing the total number of seeds and seedlings in each 

annulus by the total area of cells in the annulus. Survivorship was calculated for each 

one-meter annulus by dividing the number of seedlings per m2 by the number of seeds. 

Equilibrium distributions of seedlings and survivorship are averaged across replicates and 

denoted by 

! 

˜ S (r)  and 

! 

˜ P (r), respectively. 

 

IDENTIFYING RECRUITMENT PATTERNS. Recruitment patterns are identified based on the 

shape of the curves relating survivorship and seedling establishment to distance to the 

parent tree. Seedling establishment curves (seedling density vs. distance) were 

categorized as constant (EC), increasing (JC), or decreasing with distance from parent (H, 

M, or IS). We classify seedling establishment, 

! 

˜ S (r) , as following the Exact 

Compensation pattern if the absolute difference of the maximum and minimum seedling 

densities at different distances is less than or equal to a relative difference of 10%. We 

identify a Janzen-Connell pattern if the maximum seedling density is outside of the tree 

crown (and is more than 10% higher than the minimum). If the maximum occurs within 

the crown (and is more than 10% greater than the minimum), we categorize recruitment 

patterns as Hubbell, McCanny, or Invariant Survival, based on the shape of the 

survivorship curve 

! 

˜ P (r), similar to Nathan and Casagandri (2004). A pattern of 

increasing survivorship with distance from the tree is categorized as the Hubbell pattern, 

decreasing survivorship as McCanny, and no change as Invariant Survival. 

 

As discussed by Nathan and Casgrandi, an appropriate distance interval should be chosen 

for each scenario that incorporates the majority of seeds dispersed (2004). We define the 

far distance, 

! 

rfar , as the distance that encompasses 99% of the cumulative density of seeds 

or 130 m, whichever is smaller (the 130 m cutoff is chosen to avoid edge effects). We 

calculate 

! 

rfar  separately for each parameter set. The survivorship curve is increasing or 

decreasing over the distance 0 to 

! 

rfar ; at distances further than 

! 

rfar , survivorship 

inevitably increases to one. To distinguish between increasing and decreasing 

survivorship curves, we compared the relative difference, 

! 

" ˜ P , of 

! 

˜ P r0( )  and 

! 

˜ P rfar( ) to a 
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threshold value of 10%. If 

! 

" ˜ P > 0.1, the recruitment pattern is categorized as McCanny, 

if

! 

" ˜ P < #0.1, Hubbell, and if 

! 

"0.1< # ˜ P < 0.1, we identify it as Invariant Survival (Nathan 

and Casagrandi 2004).  

 

In principle, we would not expect to get Exact Compensation under any of our 

simulations because the model of enemy attack and of seed deposition are never precisely 

inversely complementary in the manner that would be necessary to achieve this pattern. 

 

 

RESULTS 

We obtained all recruitment patterns, except Exact Compensation (as expected), from the 

model (Fig. 1, 2, 4, S1). Recruitment patterns varied with the type of natural enemy, 

enemy fecundity, and dispersal distances of seeds and natural enemies (Fig. 2, 4, S1). 

McCanny recruitment patterns of decreasing survival with distance from parent emerged 

with insect seed predator parameter combinations in which insect dispersal distances 

were much longer than seed dispersal (Fig. 1B, 2, S1). Hubbell recruitment patterns of 

increasing survival and decreasing seedling densities emerged only in a few pathogen 

parameter combinations (Fig. 1C, 4A), and Invariant Survival arose in many pathogen 

parameter combinations (Fig. 1D, 4). The unimodal establishment curve characteristic of 

the Janzen-Connell pattern arose many times under both insect and pathogen parameter 

combinations (Fig. 1A, 2, 4, S1). In a number of seed predator parameter sets, no 

seedlings survived at any distance. Janzen-Connell patterns emerged most often overall. 

 

INSECT SEED PREDATION AND RECRUITMENT PATTERNS. In the insect seed predation 

scenarios, the relative dispersal distances and clumping of seeds proved critical to the 

seedling recruitment patterns (Fig. 2, S1). Generally, when seed dispersal distances were 

higher than those of insect seed predators, Janzen-Connell patterns emerged (Fig 2, S1). 

The McCanny pattern occurred when seed dispersal distances were shorter than insect 

dispersal distances, especially when insect fecundity was also low (Fig. 2, S1). This can 

be explained by predator satiation near the source, such that the density of seeds near the 
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source exceeds the limits of predator consumption (Nathan and Casagrandi 2004). As 

seed dispersal distances increased relative to insect dispersal distances, recruitment 

patterns transitioned from McCanny to Janzen-Connell (Fig. 2). This transition also 

occurred when holding dispersal distances constant and increasing fecundity (Fig. 2, S1). 

When insect and seed dispersal distances were similar and seed deposition was even, 

there was 100% seed mortality for the parameter combinations we examined, especially 

at high insect fecundity (Fig. 2, S1). Clumped seed deposition increased the tendency of 

insects to become satiated near the source and thereby increased the frequency of 

McCanny recruitment patterns (11 instead of 4 cases, respectively; Fig. 2). Where 

survivorship was zero in the even distribution of seeds, clumped seed depositions allowed 

some seeds to escape insect seed predators and resulted in JC or M recruitment patterns 

(Fig. 2). 

 

The average probability of seeds surviving to seedlings depended on insect fecundity, 

dispersal distances of insects relative to seeds, and the pattern of seed deposition. Seed 

survivorship was higher at lower insect fecundities and when seed and insect dispersal 

patterns were discordant (either insects dispersing further than seeds or seeds dispersing 

further than insects; Fig. 3, S2). Survivorship was lowest when seeds and insect dispersal 

distances were similar (Fig. 3).  Seeds were more likely to escape insect seed predators 

under clumped seed depositions as evidenced by the overall higher survivorship of 

clumped compared to even seed deposition (Fig. 3). This difference is most notable at the 

lowest seed dispersal distance. The difference in survivorship between seed deposition 

types decreases with increasing seed relative to enemy dispersal distances (Fig. 3). Under 

even seed deposition, no seedlings escaped insect seed predation when mean insect 

dispersal distance was effectively global (mean dispersal distances=100 m) and dispersal 

distances were intermediate to high (Fig. 2A, S2A-C).  

 

SOIL-BORNE PATHOGENS AND RECRUITMENT PATTERNS. Pathogen attack resulted in 

Janzen-Connell, Hubbell, or Invariant Survival recruitment patterns, depending on 

parameter values (Fig. 4). The Hubbell recruitment pattern only occurred under even seed 
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deposition with high spore dispersal, low seed dispersal, and low pathogen fecundity 

(Fig. 4A). Invariant Survival occurred under parameter combinations in which virtually 

all seeds escaped pathogens due low to intermediate enemy fecundity and moderate to 

high seed dispersal distances (Fig. 4A-B, D-E; Fig. 5A-B, D-E) and, in one instance, due 

to spores out-dispersing seeds under clumped seed deposition (Fig. 4D, 5D). As pathogen 

fecundity increased, Janzen-Connell patterns became more prevalent. 

 

Seeds tended to have higher survivorship under pathogen attack than insect seed 

predation for the parameter values explored in this study (Fig. 5, S2). Survivorship was 

near 100% for medium to long seed dispersal distances combined with low to medium 

enemy fecundity (Fig. 5). In general, survivorship increased with mean seed dispersal 

distance (Fig. 5). At the lowest seed dispersal distance and lowest enemy fecundity, 

survivorship increased with enemy dispersal under both even and clumped seed 

deposition, as spores were out-dispersing seeds (Fig. 5A, D). At intermediate enemy 

fecundity, survivorship did not depend on spore dispersal (Fig. 5B, E). At the lowest seed 

dispersal distance and intermediate to high fecundity, spores were able to track seeds and 

resulted in the lowest survivorship of pathogen attack (Fig. 5B-C, E-F). For high 

pathogen fecundity under clumped seed deposition, survivorship decreased with mean 

spore dispersal distances (Fig. 5C, F).     

 

While spore dispersal distances were fairly short, spores tracked seeds in their density 

patterns with respect to the parent tree in cases where pathogen fecundity was sufficiently 

high and pathogen dispersal was not too short (Fig. 6). This reflects the dispersal of 

pathogens not only from parent trees but also from killed seedlings and their ability to 

remain dormant in the soil. Mean distances of spores from the parent tree increased with 

spore dispersal distances and pathogen fecundity (Fig. 6). Mean distances from spores to 

the parent tree were highest when enemy fecundity and seed dispersal were both high, 

with pathogen dispersal having only a relatively minor effect under even seed deposition 

(Fig. 6C). At the lowest pathogen fecundity, spores were not able to track seeds and the 

mean distance at which spores were found reflected the expected mean distance of spores 
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dispersing from the parent tree (Fig. 6A, D). At intermediate pathogen fecundity, spores 

were found at higher distances from the source tree than expected based on dispersal 

form the tree alone, with the highest mean distances at intermediate seed dispersal 

distances (Fig. 6B, E). At the highest pathogen fecundity, the distance of spores increased 

with seed dispersal distances (Fig. 6C, F). With clumped seed deposition and the highest 

pathogen fecundity (Fig. 6C, F), spores were not able to track seeds with the highest seed 

dispersal as well as under even seed deposition. Spores in the soil tended to be distributed 

at further distances from the parent tree under even compared to clumped depositions 

(Fig. 6).  

 

DISCUSSION 

In this study, we use empirically derived relationships and parameter values to explore 

the influence of clumped seed deposition and pathogens on seedling recruitment patterns.  

We find that recruitment patterns are sensitive to the type of natural enemy attack and the 

movement distances of natural enemies, as well as to seed dispersal distances and the 

aggregation of seed deposition. The seedling recruitment patterns observed in the model 

reproduced the range of patterns observed empirically. Janzen-Connell, McCanny, and 

Invariant Survival recruitment patterns predominated the parameter landscape, with 

Janzen-Connell patterns being the most frequent. Unlike previous studies, we did not find 

many instances of Hubbell recruitment patterns in the empirically-based parameter space 

explored in this study, and those that emerged were found only in the pathogen model.  

 

DISCRETENESS. In nature, individuals are discrete, as are certain events in space and time, 

yet ecological models often deal in continuous densities and rates.  Discrete and 

continuous models can have very different outcomes (Durrett and Levin 1994). Previous 

theoretical studies of the influence of natural enemy attack on seedling spatial patterns 

have all employed continuous models (Nathan and Casagrandi 2004, Mari et al. 2008, 

Mari et al. 2009). In contrast, we use discrete time and space to model dynamics of seeds 

and enemies. Assuming that trees release seeds discretely over time is realistic for trees 

that have a distinct fruiting season that occupies a small subset of the year, which is 
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typical for many tropical and temperate plants. With discrete time, we could also model 

natural enemies as having discrete, non-overlapping generations, matching the life 

histories of many insect seed predators.  

 

CLUMPED SEED DEPOSITION. Our results highlighted the importance of clumped seed 

deposition to patterns of seedling survivorship and recruitment. The influence of clumped 

seed deposition can only be explored in a model such as ours in which seed numbers are 

tracked discretely, rather than assuming a continuous smear of (fractional) seeds over the 

landscape. Clumped deposition is likely prevalent in tropical forests where ca. 80% of 

woody plant species are vertebrate dispersed (Willson et al. 1989, Muller-Landau and 

Hardesty 2005). In our insect seed predation model, clumping resulted in local satiation 

of insect enemies and thereby considerably increased average seedling survival and 

increased the number of Janzen-Connell and McCanny cases. A more realistic model of 

insect attack would also capture the possibility of changes in insect arrival depending on 

seeds present, as insects respond to the scents of seeds or fruits (Ignacimuthu et al. 2000, 

Babu et al. 2003, Nazzi et al. 2008). In such a model, and in the real world, clumping 

could conceivably have the opposite effect of decreasing seed survival if it 

disproportionately increases insect arrival and thus insect attack. The effect of aggregated 

seed arrival on mortality due to insect seed predators depends critically on whether areas 

of higher local seed densities attract more insect seed predators than areas with lower 

densities at the same distance 

 

Clumping also increased seed survival in our pathogen model in most parameter 

combinations, although this effect was generally smaller than for insect seed predators. 

This increased survival can be understood as a consequence of the lack of correlation 

between patches receiving seeds from one year to the next, leading to a discordance 

between patches of spores and seeds. In reality, some spatial patterns of seed aggregation 

are expected to persist for multiple years; this could reflect vertebrate dispersers favoring 

the same sleeping, roosting, and/or nesting sites over multiple years (Wenny and Levey 

1998, Russo et al. 2006). Long-lived clumps away from the parent tree might increase the 
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local densities of pathogens at these locations, and thereby decrease survivorship.  Thus, 

the impact of aggregated seed deposition on survivorship and recruitment curves for 

pathogens with dormant spores depends critically on the degree to which deposition is 

aggregated in the same areas from year to year.   

 

INSECT INFLUENCES ON SEEDLING RECRUITMENT PATTERNS. Insects produced both 

Janzen-Connell and McCanny recruitment patterns for different parameter combinations. 

The processes that resulted in these patterns are qualitatively similar to previous studies 

that assume continuous seed dispersal and predation in continuous space (Nathan and 

Casagrandi 2004, Mari et al. 2008). Similar to Nathan and Casagandri (2004) and Mari 

(2008), we found that Janzen-Connell patterns occurred when seed dispersal distances 

were higher than enemies, and McCanny recruitment patterns occurred when seed 

dispersal distances were shorter than insects and insect fecundity was low. In our insect 

model, no seedlings survived if dispersal distances were equivalent unless seed 

deposition was clumped, and then, either Janzen-Connell or McCanny patterns emerged 

depending on insect fecundity. This is in contrast to Nathan and Casagandri (2004), who 

found Hubbell patterns when dispersal distances of seeds and enemies were 

approximately equal. We expect that Hubbell patterns could emerge in a model such as 

ours under even lower insect fecundity, provided seed and enemy dispersal distances 

were similar.  

 

In our model, insects are distance-responsive and cannot respond quickly to high local 

densities of seeds near the source or in clumped seed dispersal, resulting in more frequent 

satiation at low fecundities, at clumped seed deposition, and at low seed dispersal 

distances. Although, females produce a limited number of eggs and larvae are limited by 

the time period of development (Southgate 1979, Janzen 1980, Tuda 2007), the degree to 

which insects are limited by movement is key to the outcome of our results. If insect seed 

predators are responding purely to densities of seeds, they are unlikely to result in 

Janzen-Connell patterns (Mari et al. 2008). More realistically, insects are responding to 

both distances of seeds from the parent tree and local seed densities. The robustness of 
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our modeling results depends on the foraging behavior, searching abilities, and mobility 

of insects as these influence the probability of finding seeds. As the movement and 

behavioral responses of insect seed predators to seed densities are understudied (Lewis 

and Gripenberg 2008), it is difficult to ascertain which part of the parameter space is most 

relevant to insect seed predators, and therefore the extent to which they contribute to 

observed recruitment patterns. Field studies documenting the life histories and movement 

of insect seed predators are therefore paramount in determining the role of insects in 

seedling spatial patterns. 

 

PATHOGEN INFLUENCES ON SEEDLING RECRUITMENT PATTERNS. Less mobile predators 

are hypothesized to result in a higher frequency of Janzen-Connell patterns (Nathan and 

Casagrandi 2004). In our pathogen model, the recruitment patterns resulting from 

pathogens include Janzen-Connell, Hubbell, and Invariant Survival. The mechanisms that 

resulted in these patterns differed from those involved with insect seed predators and 

depended on the interplay between pathogen fecundity, seed dispersal, and spore 

dispersal that determined whether spores were able to effectively track seeds. Even 

though their dispersal distances were short, pathogens were able to track seeds by 

dispersing from nearby killed seedlings, and were found at higher distances from the 

parent tree than expected from mean dispersal distances. In the real world, pathogens 

may disperse even greater distances through spore dispersal by water or by animals (e.g., 

on feet or invertebrate activity; Ristaino and Gumpertz 2000), which we did not include 

in this model. Dispersal by water could occur during heavy rain events, and long-distance 

dispersal by animals could be a regular albeit fairly rare event. These possibilities could 

be further explored in future studies. 

 

More detailed models of plant pathogen infection and spread exist that include such 

factors as both primary and secondary infection (Kleczkowski et al. 1997), pathozone 

behavior (Gilligan and Bailey 1997), and pathogen production based on plant growth 

(Gilligan 1995). These models could be extended to explore the role of more realistic 

assumptions of pathogen demography and infection in seedling spatial patterns. Here we 
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include simple assumptions that incorporate some of the major differences between 

pathogen and invertebrate natural enemies. Empirical studies that characterize pathogen 

life history and movement focus on plant diseases that have large economic impacts in 

agricultural systems (e.g. Timmer et al. 2000, Granke et al. 2009, Widmer 2009). Similar 

studies in natural systems are lacking but critical in determining the impact of pathogens 

on plant recruitment patterns. Future studies on pathogen life histories in natural systems 

that describe the range of pathogen fecundity and patterns of spore dispersal are needed 

to better determine the influence of soil-borne pathogens on seedling recruitment 

patterns.  

 

PLANT STRATEGIES FOR REDUCING SEED MORTALITY. To reduce the cost of predation, 

plants may escape from predation by dispersing seeds long distances or by satiating 

predators (Howe and Smallwood 1982, McCanny 1985, Nathan and Casagrandi 2004). 

Theoretically, it has been shown that locally dispersing specialized natural enemies select 

for increasing dispersal distances of seeds (Muller-Landau et al. 2003). With aggregated 

seed deposition, plants could employ both strategies simultaneously. Dispersing seeds in 

clumps can be viewed as a way of both escaping predators in space and satiating seed 

predators locally and not necessarily at the source.  

 

The best strategy to reduce seed mortality depends on the mobility and life history of the 

relevant natural enemies. Insect seed predators could select for both longer seed dispersal 

distances to escape predation and increased local densities to satiate insects at the source 

or in clumps at further distances from the tree. However, this depends on the behavioral 

response of insect seed predators to clumps of seeds. If insects are attracted to these 

higher densities of seeds, clumped seed deposition may be disadvantageous. Pathogens, 

on the other hand, are more localized, have faster generation times, and remain dormant 

in the soil. Aggregated seed deposition may not be as advantageous against soil-borne 

pathogens compared to insect seed predators for several possibilities. With dormant 

spores, pathogens may build up a reservoir in the soil over time increasing the likelihood 

of patchy seed distributions encountering enemies. In addition, because of their faster 
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generation times, once pathogens disperse into an area with a seed clump, they could 

respond quickly to these locally abundant resources. Pathogens are predicted then to 

select for longer dispersal distances and more frequently result in Janzen-Connell patterns 

than insect seed predators.  

 

MOVEMENT ECOLOGY AND LIFE HISTORIES OF NATURAL ENEMIES.  To gain a better 

understanding of the mechanisms behind seedling recruitment patterns requires better 

characterization of natural enemy life histories for model parameterization. As large-scale 

field studies are difficult to implement to test questions over large spatial and temporal 

scales, theoretical studies are important in exploring what parameter combinations can 

result in observed patterns and aid in designing experiments and formulating predictions. 

In our study, we find a large area of parameter space that results in Janzen-Connell 

recruitment patterns. Seedling recruitment patterns depended on the type of natural 

enemy, enemy fecundity, and the dispersal distances of seeds and natural enemies. 

Although the movement patterns of natural enemies are critical for determining the 

outcome of seedling spatial patterns, the spatial scales across which natural enemies 

respond to seed densities are virtually unknown in natural systems (Lewis and 

Gripenberg 2008). Based on these results, we recommend field studies that identify 

relevant natural enemies and better characterize their life histories and movement 

patterns. 

 

CONSEQUENCES FOR PLANT COMMUNITIES. A key assumption of most theoretical work on 

the influences of natural enemies on host diversity maintenance is that natural enemies 

are specialized on host plants. Theoretical studies have investigated this mechanism when 

natural enemies are specialized at the level of individual plant species (e.g. Armstrong 

1989, Muller-Landau and Adler 2007). These studies suggest that the strength of 

population level density-dependence and species richness generally increase with 

increasing dispersal distances of seeds and natural enemies (Muller-Landau and Adler 

2007). However, there have been no theoretical studies incorporating natural enemies 

with a broader range of hosts. Empirically, insects and pathogens have been observed to 
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have a wide range of hosts with the probability of herbivory or infection declining with 

increasing phylogenetic distance between hosts (e.g. Gilbert and Webb 2007). Allowing 

tree species to have shared natural enemies whose host range depended on plant 

relatedness would be expected to influence plant abundance, recruitment patterns, and 

may alter the predictions of species coexistence found in classic models (Lewis and 

Gripenberg 2008). 

 

Although vertebrates, insects, and microbes have substantial influences on the pattern of 

plant survival and the distribution of seeds over the landscape, the relative contributions 

of these organisms to plant spatial patterns and plant coexistence remains unknown. The 

initial template of seed deposition may alter the contribution of natural enemies to 

population-level density dependence and species coexistence of plant communities. A 

basic understanding of how animals and microbes affect plant community spatial patterns 

and diversity is essential as seed dispersal, seed predation, and fungal diseases are 

expected to change in the face of increasing anthropogenic pressures on ecosystems, 

including hunting, air pollution, and global warming (Mitchell et al. 2003, Bearchell et al. 

2005, Beckman and Muller-Landau 2007, Lewis and Gripenberg 2008).  
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Table 1. Parameter descriptions and values 

Parameters for plants Values 

Crown area 25 m2 

! 

" , Seed dispersal distance parameter† 2.3 (5, 4.7), 7.5 (67, 49), 8.75 (125, 

72) m 

! 

" , Dispersion parameter for seed deposition 0.1 

η, Tree Fecundity  10,000 m -2 

mseedling, Annual seedling mortality 0.5 

  

Parameters for insects  

q, Mean dispersal distance‡ 1 (1.1), 10 (9.7), 40 (39), 50 (48), 

100 (76) m 

βinsect, Fecundity 20, 90, 200 eggs 

binsect, Infectivity 0.2 

  

Parameters for pathogens  

Dispersal events within a fruiting season 4 

q, Mean pathogen dispersal distance‡ 0.1 (0.14), 1 (1.1), 10 (9.7) m 

βpathogen, Fecundity 1000, 10000,100000 spores 

bpathogen, Infectivity 0.01  

g, Probability of one spore encountering one seed within the same 

cell: area around seed in which spore germinates/ area of cell 

0.0001 

mpathogen, Annual mortality of dormant spores 0.9 

†Estimated, 

! 

"
3
2
# 

$ 
% 
& 

' 
( "

1
2
# 

$ 
% 
& 

' 
( exp )( ) , and realized mean dispersal distances from the center of a 1-m2 cell 

are given in parentheses. ‡Realized mean dispersal distances from the center of a 1-m2 cell are given in 

parentheses. Realized mean dispersal distances are lower than expected because seeds are lost from the 

landscape (i.e. absorbing boundaries). 
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Figures 1. Recruitment patterns resulting from natural enemy attack: A) Janzen-Connell, 
B) McCanny, C) Hubbell, and D) Invariant Survival. Parameter values are A) insect seed 
predators with α = 8.75, β = 20, q = 10, B) insect seed predators with κ=0.1, α = 2.3,  β = 
200, q = 100, C) pathogens with α = 2.3, β = 1000, q = 10, and D) pathogens with κ=0.1, 
α = 8.75, β = 1000, q = 10.
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Figure 2. The recruitment patterns resulting from insect seed predation with even (A) and clumped seed deposition (B).The 
recruitment patterns are Janzen-Connell (JC), McCanny (M), Hubbell (H), and  Invariant Survival (IS). Zero indicates no 
seedlings emerged. 
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Figure 3. Probability of seeds surviving to the seedling stage with insect seed predation under even (A) and clumped (B) seed 
deposition. The symbols represent different values of insect fecundity (black, x = 20, blue, o = 90, magenta, ◊ = 200 eggs/ 
female). Lines connect symbols with the same fecundity and mean seed dispersal distance. 
 
 
 
 



 

 111 

 
Figure 4. Recruitment patterns resulting from factorial combinations of parameters for pathogen attack under even (A-C) and 
clumped (D-F) seed deposition and fecundity equal to 1000 (A, D), 10000 (B, E), and 100000 (C, F) spores. 
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Figure 5. Survivorship resulting from factorial combinations of parameters for pathogen attack under even (A-C) and clumped 
(D-F) seed deposition and fecundity equal to 1000 (A, D), 10000 (B, E), and 100000 (C, F) spores. Symbols represent mean 
dispersal distances of pathogens (black, x: 0.1 m, blue, o: 1 m, and magenta, ◊: 10 m).  
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Figure 6. Mean distance of spores from the parent tree under even (A-C) and clumped (D-F) seed deposition with enemy 
fecundity 1000 (A, D), 10000 (B, E), and 100000 (C, F) spores.  The symbols represent different values of mean seed dispersal 
distances (black, x: 5 m, blue, o: 67 m, and magenta, ◊: 127 m). 
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Figure S1. Recruitment patterns resulting from factorial combinations of parameters for insect seed predation with even (A-C) 
and clumped (D-F) seed deposition and fecundity equal to 20 (A,D), 90 (B, E), and 200 (C,F) eggs/female. The line 
corresponds to a 1:1 line of seed and enemy dispersal distance. 
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Figure S2. Survivorship resulting from factorial combinations of parameters for insect seed predation with even (A-C) and 
clumped (D-F) seed deposition and insect fecundity equal to 20 (A, D), B) 90 (B, E), and 200 (C, F) eggs/female.  Symbols 
represent mean dispersal distances of insects (black, x: 1m, blue, o: 10 m, magenta, ◊:  40 m, red, ⃞: 50 m, and green, *: 
100m)
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Chapter 4: Differential Effects of Hunting on Pre-dispersal Seed Predation and 

Primary and Secondary Seed Removal of Two Neotropical Tree Species  1   

 

SUMMARY. Many of the mammals undergoing drastic declines in tropical forests 

worldwide are important seed dispersers and seed predators, and thus changes in mammal 

communities due to hunting will affect plant recruitment.  It has been hypothesized that 

larger-seeded species will suffer greater reductions in seed removal and thus greater 

increases in pre-dispersal seed predation than smaller-seeded species.  We compared 

primary and secondary seed removal and pre-dispersal seed predation of two tree species 

between hunted and unhunted sites in Central Panama.  Our study species, Oenocarpus 

mapora (Arecaceae) and Cordia bicolor (Boraginaceae), differ 16-fold in seed size.  We 

quantified primary seed removal and pre-dispersal seed predation using seed traps, and 

we assessed secondary seed removal using seed removal plots.  Primary removal of C. 

bicolor was 43% lower in the hunted sites, while primary removal of O. mapora was not 

significantly different.  Secondary removal of unprotected O. mapora seeds on the 

ground was 59% lower in hunted sites, while secondary removal of C. bicolor was not 

significantly different.  Pre-dispersal seed predation of O. mapora by mammals was 

significantly lower in hunted sites, while pre-dispersal seed predation by insects was not 

significantly different in either species.  In combination with other studies, our results 

suggest seed size is not a reliable predictor of the impacts of hunting.  Overall, the results 

demonstrate that mammal defaunation differentially affects different stages and kinds of 

seed dispersal and seed predation of different plant species, and suggest that these 

influences are complex and related to multiple plant traits.   

Key words: conservation; Cordia bicolor; defaunation; life history traits; Oenocarpus 

mapora; Panama; seed dispersal; seed size  

 

                                                
1 Beckman, N.G. and H. C. Muller-Landau. 2007.  Differential effects of hunting on pre-dispersal seed 
predation and primary and secondary seed removal of two Neotropical tree species.  Biotropica. 39(3): 328-
339. 
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INTRODUCTION. Anthropogenic hunting and fragmentation of tropical forests have 

caused global declines in animal abundances with unknown consequences for the plant 

communities with which these animals interact (Dirzo 2001, Wright 2003).  Hunting 

directly causes mortality of large diurnal mammals, thereby decreasing abundances of 

preferred game species (Redford 1992).  Habitat loss due to forest fragmentation 

decreases abundances of important mammal and bird seed dispersers (Laurance and 

Bierregaard 1997, Cordeiro and Howe 2001) and acts synergistically with hunting (Peres 

2001).  Because most mammals preferred by hunters are seed dispersers, seed predators, 

or herbivores, hunting alters plant community dynamics, including seed dispersal, seed 

predation, and seedling browsing (Dirzo 2001).  Declines in mammal abundances are 

expected to significantly alter plant community dynamics, especially in the tropics where 

~80% of woody plants rely on vertebrates for seed dispersal (Willson et al. 1989, Jordano 

1992) and where many plant species experience high rates of seed or seedling mortality 

due to consumption by mammals (Hammond and Brown 1998).   

Over the last fifteen years, a number of studies have explored how depauperate, 

human-modified mammal communities affect early plant recruitment.  These studies 

have shown that defaunation has significant impacts on seed dispersal, seed predation, 

seedling survival, and other recruitment processes in various plant species, as well as on 

community-level seedling abundance and diversity (Table 1).  However, no common 

pattern has emerged that makes it possible to predict the overall effects of mammal 

defaunation on plant communities.  The variation in results among these studies can be 

attributed to two main causes.  First, while all studies compare sites with relatively intact 

and altered vertebrate communities, the altered communities encompass diverse 

anthropogenic disturbances, many of which have effects beyond changes in the vertebrate 

community alone (Wright 2003).  Second, plant species differ in their response to 

defaunation due to inherent variation in their interactions with affected seed dispersers 

and seed predators.   

Wide variation in responses to defaunation among plant species does not 

necessarily indicate that there are no general patterns in these responses.  Plant life 

history traits explain considerable interspecific variation in associations with affected 
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animal species (e.g. Gautier-Hion et al. 1985), and thus should explain considerable 

variation in the direction and magnitude of impacts of defaunation on plant demography 

(Leishman et al. 2000).  For example, seed size, which ranges widely among plant 

species, is correlated with the mode of seed removal, seed survival probability, and 

susceptibility to pathogen attack (Leishman et al. 2000, Demattia et al. 2004).  Therefore, 

direct effects of defaunation, specifically declines in vertebrate seed dispersal and seed 

predation, as well as indirect effects, such as increased pathogen-induced mortality 

among seeds remaining under parents, may be predictable from plant life history traits.  

Unfortunately, attempts to find general patterns are limited by the restricted number and 

diversity of plant species that have been studied so far.  In particular, most studies have 

concentrated on plant species for which effects of hunting are expected to be particularly 

pronounced, especially large-seeded plant species (Fig. 1, Table 1).   

Our objective in this study was to compare the impacts of hunting between tree 

species of two seed sizes, specifically examining seed removal and pre-dispersal seed 

predation. We predicted that hunting would lead to a larger decline in seed removal rates 

for the larger-seeded species due to the interaction of seed size with dispersal mode as 

large and medium mammals tend to remove large seeds (Demattia et al. 2004).  In 

contrast, we predicted that hunting would lead to no change or increased seed removal 

rates for the smaller-seeded species due to competitive release of non-preferred game 

species (i.e. small mammals and birds; Wright 2003).  We also predicted hunting would 

increase pre-dispersal seed predation due to longer exposure on the parent tree and 

competitive release of small mammalian seed predators.  We further expected that this 

effect would be stronger in species experiencing greater reductions in seed dispersal 

(Thompson and Willson 1978).  Our study is novel in the ecological literature on 

mammal defaunation in its investigation of primary seed removal and pre-dispersal seed 

predation, and its inclusion of a small-seeded canopy tree, and thus sheds new light on 

the cascading effects of hunting on plant communities.   

METHODS 
STUDY SITE.    The study was conducted in protected and hunted forests of Central 

Panama.  The protected and hunted areas are in close proximity to each other and are 
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both in lowland rain forests with similar species composition (Wright and Duber 2001).  

The protected forests are on Barro Colorado Island (henceforth BCI); the hunted sites are 

in the Parque Nacional Soberania (henceforth Soberania; Wright et al. 2000).  Annual 

rainfall averages 2188 mm near Parque Nacional Soberania and 2612 mm at BCI 

(Windsor 1990).  BCI and Soberania were connected until 1914, after which the 

completion of the Panama Canal isolated BCI from the surrounding mainland.  BCI has 

been protected and the hunted sites have had a strong human presence since the 1920’s.  

We selected two sites each in both protected and hunted forests (Fig. 2).  Sites within 

each hunting level were located at least 500 meters apart; few mammals in this 

community have larger home ranges and thus seed dispersal and seed predation events at 

different sites should be independent (Janzen 1983, Kays and Gittleman 1995, Endries 

and Adler 2005).  We selected three fruiting trees of Oenocarpus mapora and Cordia 

bicolor per site per hunting level (hunted versus protected; twelve trees per species total). 

STUDY SPECIES.    Oenocarpus mapora (Arecaceae) and Cordia bicolor 

(Boraginaceae) are both shade-tolerant trees whose seeds are dispersed by mammals and 

birds (Croat 1978).  O. mapora is a clonal mid-story palm while C. bicolor is a canopy 

tree.  Their seed masses average 1711 and 108.8 mg, respectively (diaspore dry weights; 

S. J. Wright, pers. comm.).  O. mapora fruits all year with peak fruiting in June through 

August, while C. bicolor fruits from April to August with peak fruiting in May and June 

(S. J. Wright, pers. comm.).  The calyx of O. mapora and the exocarp of C. bicolor are 

non-dispersed fruit parts of both species (S. J. Wright, pers. comm.), making it possible to 

estimate fruit production from the densities of fruits and these nondispersed parts under 

the crowns (Howe and Vande Kerckhove 1981).  In the protected secondary forest of 

BCI, the average densities of O. mapora and C. bicolor are 48 trees/ha and 2 trees/ha, 

respectively (P. A. Jansen and S. J. Wright, pers. comm.), and in the hunted secondary 

forest of Soberania 38 and 5 trees/ha, respectively (R. Condit, pers. comm.). 

Both species of tree are eaten and dispersed by a multitude of vertebrates.  Likely 

primary seed dispersers of both species are howler monkeys (Aloutta palliata; Milton 

1980), white-faced monkeys (Cebus capucinus; Wehncke et al. 2003), spider monkeys 

(Ateles geoffroyi; Milton 1993), Geoffroy’s tamarins (Sanguinus geoffroyi), common 
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opossums (Didelphis marsupialis), coatis (Nasua narica; N. Beckman, pers. obs.), red-

tailed squirrels (Sciurus granatensis; Glanz et al. 1996), kinkajous (Potos flavus; Kays 

1999), and various birds, especially the crested guan (Penelope purpurascens).  Likely 

secondary dispersers and seed predators of both species include paca (Agouti paca), 

agoutis (Dasyprocta punctata; Smythe et al. 1996), collared peccaries (Tayassu tajacu), 

and spiny rats (Proechimys semispinosus; Adler 1995).  All mammals present on BCI are 

present in Soberania, except for spider monkeys which have been extirpated from that 

area (Wright et al. 2000, Ibanez et al. 2002).  Abundances of howler and white-faced 

monkeys, agoutis, and spiny rats are lower in Soberania than in BCI, while guans are 

completely absent in Soberania; coatis, red-tailed squirrels and collared peccaries also 

show decreased abundances in more intensely hunted areas in general (Wright et al. 

2000).  

PRIMARY SEED REMOVAL.    We assessed seed production and primary seed 

removal using seed traps.  Under each infructescence of an O. mapora tree, we placed 

one 2 x 2 m seed trap made of 60% shade cloth 1-1.5 m above the ground, tied with twine 

to surrounding vegetation.  Under each C. bicolor tree, we randomly placed at least three 

1 x 1 m seed traps made out of 60% shade cloth.  Seed traps accounted for 5-13% of 

crown area of this species.  We calculated crown area by measuring distance from the 

trunk to the edge of the crown in the four cardinal directions and adding the calculated 

areas (0.25πr2; Howe and Vande Kerckhove 1981).  We counted all seeds, calyxes of O. 

mapora and exocarps of C. bicolor that fell into the seed traps weekly from May 2005 

through December 2005.  For each C. bicolor tree we calculated total fruits collected (by 

traps) by summing over all exocarps that fell into seed traps, and total fruit production by 

dividing total fruits collected by the proportion of crown area covered by seed traps.  For 

each O. mapora tree, total fruits collected and total fruit production during the census 

were both calculated as total number of calyxes.  For both species, primary seed removal 

for each tree was calculated as 1- (total seeds collected / total fruits collected), where total 

seeds collected equals the total number of seeds caught in seed traps for that tree.   

SECONDARY SEED REMOVAL.    To quantify secondary seed removal, we compared 

seed removal from two 1 m diameter circular plots next to each tree, one open to 
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mammals and one from which mammals were excluded.  Mammals were excluded using 

exclosures made out of 17 mm galvanized wire mesh, 0.9 m tall, buried 5 cm under the 

ground and were held fast to the ground with three 1 m iron rods. Plots were placed 

directly outside each crown, with the open access plots two meters from the mammal 

exclusion plots.  In each O. mapora plot, we set out twenty seeds in August 2005.  We 

censused seeds the 1st, 3rd, and 6th day after seeds were set out and weekly thereafter from 

August through October.  In each C. bicolor plot, we set out twenty seeds in June 2006.  

C. bicolor seeds were placed into 24.6 cm x 7.16 cm x 5.47 cm perforated plastic 

containers that were buried flush with the soil to limit the number of seeds washed away 

by rain.  We censused seeds after five days.  We treated the mammal exclusion plots as 

controls that accounted for seed burial by heavy rains (a frequent event in the small-

seeded C. bicolor), and thus calculated secondary seed removal as 1- (proportion seeds 

remaining in open access plots) / (proportion seeds remaining in mammal exclusion 

plots).   

TOTAL SEED REMOVAL.    We estimated total seed removal for each species as 

primary removal +  (1 - primary removal)*(secondary removal).  To compare estimated 

total seed removal between the two species, we used secondary removal by day six.   

PRE-DISPERSAL SEED PREDATION.    For both O. mapora and C. bicolor, we 

counted the number of seeds with emergence holes and used the proportion of seeds with 

emergence holes as an indicator of insect seed predation.  Specifically, we calculated the 

proportion of seeds predated by insects as the number of seeds with emergence holes 

divided by total seed fall.  Our methods may underestimate total insect predation in two 

ways: (1) seeds infested with insects may be removed by frugivores and (2) seeds without 

visible emergence holes may contain insects (S. Riddle-Ford, pers. comm.).  However, 

trials using similar methods showed that the proportion of seeds with insect emergence 

holes in C. bicolor was strongly correlated with the total proportion of undispersed seeds 

destroyed by insects, accounting for 68 and 98% of the variability in total insect 

predation at two sites in Panama (S. Riddle-Ford, pers. comm.).  

For O. mapora, we also counted the number of seed fragments with tooth marks 

suggestive of mammalian seed predators (distinguished from insect predation; Demattia 
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et al. 2004).  We counted seed parts larger than three-quarters of a whole seed as whole 

seeds, between one-quarter and three-quarters as seed fragments and did not count seed 

parts less than one-quarter of a seed in size.  We divided the counts of seed fragments by 

two to obtain an estimate of total seeds predated by mammals and calculated the 

proportion of seeds predated by mammals by dividing the total number of seeds predated 

by mammals by total fruits collected for each O. mapora tree.  

ANALYSES.    We used ANCOVAs to analyze variation in primary, secondary and total 

seed removal and pre-dispersal seed predation between hunted and protected areas, with 

sites nested within hunting level, and estimated total fruit production as a covariate. We 

used ANOVA to analyze variation in estimated total fruit production between hunted and 

protected areas, with sites nested within hunting level.  In all cases, except where 

mentioned, we also performed repeated measures analyses on weekly data to see if the 

patterns were consistent across the fruiting season.  Total estimated fruit production was 

log-transformed and the proportion of seeds experiencing secondary removal was arcsine 

square-root transformed for these analyses.  Analyses were done using SYSTAT (Version 

11, Systat Software Inc., Richmond, California 2004).   

RESULTS  
 PRIMARY SEED REMOVAL.    Hunting reduced total primary removal by 

approximately 18 percent for C. bicolor but did not affect total primary removal of O. 

mapora (Table 2, 3a,b; Fig. 3a).  The repeated measures analysis showed similar results 

with no effect of time for either O. mapora (hunting: F1,6=3.356, P=0.117; time: 

F12,72=0.946, P=0.508) or C. bicolor (hunting: F1,7=6.570, P=0.037; time: F8,56=0.403, 

P=0.914).  C. bicolor trees with higher fruit production had increased primary removal in 

the pooled analysis (Tables 2, 3b; Fig. 4b) but not in the repeated measures analysis 

(F1,7=2.619, P=0.150), while fruit production had no effect on O. mapora primary 

removal in either analysis (Tables 2, 3a; Fig. 4a; repeated measures F1,6=3.052, P=0.137). 

Fruit production did not differ between hunted and protected forests for C. bicolor 

(F1,8=0.202, P=0.665) or O. mapora (F1,8=0.047, P>0.60; Fig. 4) and declined over time 

for both species (C. bicolor: F8,64=22.477, P<0.001;  O. mapora: F13,104=3.868, P<0.001). 
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Interactions between factors were not significant for these and all subsequent analyses 

(P>0.05). 

SECONDARY SEED REMOVAL.    Secondary removal of O. mapora was reduced in 

defaunated areas compared to intact mammal communities (Table 2, 3c; Fig. 3b).  Six 

days after we set out seeds, 80 percent of seeds on average were removed from mammal 

access plots in the protected forest compared to 11 percent in the hunted forest (Table 2, 

3c; Fig. 3b).  After fifty-nine days, 90 percent of seeds on average were removed from 

mammal access plots in the protected forest versus 31 percent in the hunted forest (N=12, 

F1,7=28.841, P=0.001, r2=0.821).   Secondary removal of C. bicolor did not differ 

significantly between protected and hunted forests (Table 2, 3d; Fig. 3b).  

TOTAL SEED REMOVAL.    Estimated total seed removal was reduced by fifty percent 

for O. mapora and did not differ significantly between protected and hunted forests for C. 

bicolor (Table 2, 3e,f; Fig. 3c).  

PRE-DISPERSAL SEED PREDATION.    Pre-dispersal seed predation by insects was 

not significantly different between hunted and protected forests for either O. mapora 

(N=12, F1,6=0.591, P=0.471, r2=0.495) or C. bicolor (Table 4a, Fig. 5a). The repeated 

measures analysis for C. bicolor showed a similar result with no effect of time (hunting: 

F1,7=3.248, P=0.114; time: F8,56=1.007, P=0.441).  Weekly pre-dispersal insect predation 

was consistently too low in O. mapora to use repeated measures analysis.  Overall, our 

measure of insect seed predation was much higher in C. bicolor than in O. mapora.  Pre-

dispersal seed predation of O. mapora by mammals was approximately 150 times higher 

in protected areas than in hunted areas (Table 4b; Fig. 5b), while no pre-dispersal 

predation by mammals was observed for C. bicolor. The repeated measures analysis for 

O. mapora showed a similar result including a significant effect of fruit production and a 

marginally significant effect of time (hunting: F1,6=11.666, P=0.014; fruit production: 

F1,6=12.412, P=0.012; time: F10,60 =2.018, P=0.047)   

DISCUSSION 
EFFECTS OF HUNTING ON SEED REMOVAL.    This study provides some support 

for our hypothesis that diaspore size predicts the effects of hunting on total seed removal, 

with stronger reductions in the large-seeded species (Fig. 3c).  In our study, hunting of 
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large- and medium-sized mammals decreased total seed removal of O. mapora but not C. 

bicolor, whose seed mass is approximately one sixteenth as large as O. mapora  (Fig. 3c).   

Partitioning the effects of hunting among the dispersal stages in these two species 

illuminates the complexity of this overall pattern: hunting led to significant reductions in 

primary removal in C. bicolor and in secondary removal in O. mapora.   

Hunting did not significantly affect primary removal of O. mapora but did reduce 

primary removal of C. bicolor (Fig. 3a).  We interpret the stronger effects on the smaller-

seeded species as due to the influences of attributes other than seed size on frugivore 

behavior and, thus, seed removal.  These include fruit morphology, individual tree fruit 

production, and reproductive adult densities (Howe and Smallwood 1982).  Several lines 

of evidence suggest that C. bicolor may be more attractive to primary dispersers than O. 

mapora.  First, the fleshy pulp of C. bicolor makes up a much higher percentage of the 

diaspore than that of O. mapora (N. Beckman, pers. obs.).  Second, the lower fruit 

production per tree and higher tree densities of O. mapora compared to C. bicolor may 

decrease the overall visits to individual O. mapora trees (Table 2; see Methods: Study 

Species). Finally, previous studies suggest white-faced monkeys prefer C. bicolor to O. 

mapora (Wehncke et al. 2003). In general, the difference in attractiveness to frugivores 

may reflect different dispersal strategies: C. bicolor potentially relies more heavily on 

primary dispersal than O. mapora and, consequently, has a greater response to hunting in 

the initial dispersal stage.   

Within species, vertebrate-dispersed trees with higher fruit production tend to 

attract more frugivore species, have higher frugivore visitation rates, and experience 

greater seed removal (Murray 1987, Stevenson et al. 2005).  Consistent with these other 

studies, C. bicolor trees with higher fruit production did have higher proportions of seeds 

dispersed (Fig. 4b).  In contrast, fruit production did not affect primary dispersal of O. 

mapora (Fig. 4a).  Additionally, amongst the twelve O. mapora trees we studied, only 

four had removal rates greater than zero.  Because of the small sizes of these palms, a 

larger sample size of trees may be needed to adequately compare primary dispersal 

between hunted and protected forests. 
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Hunting significantly decreased secondary removal of O. mapora but had no 

significant effect on the low rates of secondary removal of C. bicolor (Fig. 3b).  O. 

mapora may rely heavily on terrestrial mammals preferred by hunters for secondary 

dispersal of its seeds.  In hunted forests, reduced secondary removal may explain the high 

densities of O. mapora seeds observed under parent crowns (N. Beckman, pers. obs.).  

The low rate of secondary removal of C. bicolor seeds in both hunted and protected 

forests suggests terrestrial seed predators are not attracted to these seeds.  However, the 

trend of higher removal rates in hunted forests implies that small rodents may be 

responsible for secondary removal of C. bicolor.  A recent study including a larger 

number of species ranging in seed size supports the general prediction that hunting 

decreases seed predation for large-seeded species and increases seed predation for small-

seeded species (Dirzo et al. 2007). 

For both tree species, we observed seed removal rates without determining seed 

fate.  Seeds removed by terrestrial mammals may be dispersed away from the parent tree 

or they may be consumed.  Asquith et al. (1997) found that although removal rates for 

two large-seeded species did not differ among forests having different mammal 

communities, seed fates differed greatly.  In our study, removal rates did differ between 

hunted and protected forests.  Of the seeds removed, seed fates – dispersal versus 

predation – may differ due to hunting intensity, which will have different implications for 

plant communities.    

EFFECTS OF HUNTING ON SEED PREDATION.    O. mapora palms had lower pre-

dispersal seed predation by mammals in hunted forests than in protected forests.  There 

was no association of pre-dispersal mortality due to pathogens or insects with hunting, 

fruit production, or seed removal in either O. mapora or C. bicolor.  We had expected 

hunting to increase pre-dispersal seed mortality of mammal-dispersed canopy tree species 

indirectly because canopy trees not visited by mammal dispersers would retain higher 

densities of fruits for longer periods of time, and we expected such higher densities to be 

disproportionately more vulnerable to seed predation.  Insect, avian and mammal seed 

predators may be attracted to the high densities, have more time to find fruit in parent 

crowns (Thompson and Willson 1978), and would have less competition in the absence 
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of seed dispersers, while pathogens may increase in a positive density-dependent manner 

(Wright 2003).  However, our results did not support these predictions for pre-dispersal 

insect or pathogen damage.   

Methodological limitations may have partly confounded our results.  Our measure 

of the proportion of seeds predated by insects was based on the proportion of all seeds 

falling into our seed traps that showed visible signs of insect or pathogen damage.  Thus, 

our estimates miss damage that leaves no obvious visible signature, and could be biased 

if frugivores prefer healthy and/or damaged fruits.  Specifically, if frugivores avoid insect 

infested seeds, our methods would overestimate seed predation in general, and lead to 

more severe overestimation in protected forests where primary removal rates are higher.   

Hunting decreases the abundances of several mammalian seed predators (Wright 

2003).  This decrease is expected to have greater effects on predation of large-seeded 

species, which are typically preferred by larger mammals (Dirzo et al. 2007).  The 

decrease in pre-dispersal seed predation of O. mapora in the hunted sites parallels, and 

may be explained by, a decrease in arboreal mammal abundances (Wright et al. 2000).  

INTEGRATING EFFECTS ACROSS THE TREE COMMUNITY.    To understand the 

overall effects of hunting on plant communities, we must understand the variation in 

effects among plant species.  The total effect on any one plant species requires integration 

over effects on multiple processes and life stages – primary and secondary dispersal, pre- 

and post-dispersal seed predation, seedling survival, etc (Nathan and Muller-Landau 

2000).  Each of these effects varies across plant species, and different plant traits may 

explain variation in different effects.  In order to predict the consequences of hunting on 

plant communities, we can potentially use these plant traits to generalize effects across 

species.  One of the few generalizations to have emerged so far is that total effects are 

predicted to be greatest for large-seeded trees, with these species disproportionately 

suffering decreased seed dispersal but also disproportionately benefiting from decreased 

seed predation, with the net result that they have higher recruitment in hunted forests 

(Dirzo et al. 2007, Wright et al. 2007a).   

A review of previous studies illustrates the difficulty of drawing general 

conclusions regarding the effects of hunting on early recruitment across plant species 
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differing in seed size (Table 1).  A major barrier to testing general hypotheses is the 

dearth of data on how hunting affects small-seeded species.  Seed dispersal of large-

seeded species generally decreases in defaunated forests (Asquith et al. 1997, Guariguata 

et al. 2000, Wright et al. 2000, Wright and Duber 2001, Guariguata et al. 2002, Stevenson 

et al. 2005), however there are several exceptions (Guariguata et al. 2000, Guariguata et 

al. 2002).  These studies suggest that plant responses to hunting are species-specific and 

depend on the impact of hunting on the mammal community.  Seed and seedling survival 

vary among sites in part due to differences in the intensity of mammal defaunation 

(Asquith et al. 1997, Roldan and Simonetti 2001, Wright 2003, Asquith and Mejia-Chang 

2005).  Studies of seedling densities and diversity have also found variable results of 

hunting in different communities (Dirzo and Miranda 1991, Roldan and Simonetti 2001, 

Wright et al. 2007a). Integrating the effects on plant communities will require knowing 

the intensity of hunting as well as what mammals and fruiting species make up the 

community. 

By favoring the regeneration of large-seeded species, hunting may eventually 

cause changes to the understory environment that further advantage these species.  O. 

mapora canopies decrease light availability and increase leaf litter depth under their 

crowns, resulting in lower overall seedling densities and seedling communities dominated 

by large-seeded, shade-tolerant species (Farris-Lopez et al. 2004).  In hunted areas, where 

mammalian predation on O. mapora is substantially decreased, this species may increase 

in density, subsequently reducing community diversity by increasing the mortality of 

small-seeded, light-demanding species.  On small islands in the Panama Canal that have 

lacked mammals other than small rodents for 90 years, O. mapora has become one of the 

dominant trees (Leigh et al. 1993).   

 The implications of hunting for plant communities are not straightforward.  

Different species in different sites are affected in different ways (Table 1; Dirzo and 

Miranda 1991, Asquith et al. 1997, Roldan and Simonetti 2001, Wright and Duber 2001). 

This variation is explained only partly by seed size and dispersal mode; many other plant 

traits are likely to be involved in determining the differential effects of hunting on 

different species.  These responses may vary across the stages of plant recruitment and 
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differ for each species, as shown here.  Overall, because shade tolerance is correlated 

with seed size, the systematic differences in effects with seed size suggest that there will 

be changes in the proportion of shade tolerant species among recruiting seedlings, with 

implications for forest dynamics.  A better understanding of the mechanisms structuring 

plant communities will help us predict how plant species respond when their interacting 

partners are extirpated and how plant communities will ultimately be affected (Muller-

Landau 2007).
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TABLE 1.  Results of studies that have looked at the effects of mammal defaunation on plant recruitment in tropical forests: + indicates an increase; - 

indicates a decrease, and 0 indicates no significant effect.  

Effect of mammal defaunation 
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Asquith et 

al. (1997) 

 

 

Mainland vs. 

Small islands 

having no 

mammals, except 

spiny rats 

Barro 

Colorado 

Nature 

Monument 

(BCNM), 

Panama 

Virola nobilis 

Gustavia superba 

Dipteryx panamensis 

2259 

5378 

11,218 

0 

0 

0 

- 

- 

 

+ 

+ 

 

 

 

0 

- 

-    

Asquith 

and Mejia-

Chang 

(2005) 

Mainland vs. 

Small islands 

having no 

mammals 

BCNM, 

Panama 

Protium panamense 

Swartzia simplex 

Oenocarpus mapora 

Virola nobilis 

Calophyllum longifolium 

Gustavia superba 

Astrocaryum 

standleyanum 

Dipteryx panamensis 

Prioria copaifera 

511 

965 

1661 

2259 

3697 

5378 

7565 

11,218 

25,548 

   + 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

 

0 

0 
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0 

 

0 
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0 

 

 

0 
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Effect of mammal defaunation 

Reference 

Natural (high) 

vs. Defaunated 
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Study Site Species 
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Guariguata 

et al. 

(2000) 

Protected vs. 

Hunted; 

Continuous vs. 

Fragmented 

forests 

 

La Selva 

Biological 

Station, 

Tirimbina Rain 

Forest Center; 

Costa Rica 

Virola koschnyi 

Otoba novogranatensis 

Welfia regia 

Minquartia guianensis 

Lecythis ampla 

Pentaclethra macroloba 

Carapa nicaraguensis 

2000 

3000 

3000 

4000 

6000 

6000 

20,000 

+ 

0 

0 

+ 

- 

- 

- 

0 

- 

0 

- 

- 

0 

- 

    

 

 

 

 

+ 

   

Guariguata 

et al. 

(2002) 

Continuous vs. 

Fragmented 

forests 

 

La Selva, 

Starke, 

Rojomaca, 

Paniagua; 

Costa Rica 

Dipteryx panamensis 

Carapa guianensis 

11,218 

14,328 

 

 

+ 

0 

- 

+ 

  

 

     

Pacheco 

and 

Simonetti 

(2000)  

 

Protected vs. 

Hunted 

Beni Biosphere 

Reserve 

(EBB), Bolivia 

 

Inga ingoides NA       -   
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Effect of mammal defaunation 

Reference 

Natural (high) 

vs. Defaunated 

(low) mammal 

abundances 

Study Site Species 

Diaspore 

Mass 
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Roldan 

and 

Simonetti 

(2001) 

Protected vs. 

Hunted 

EBB, Bolivia Astrocaryum murumuru 7400   -  - +    

Wright et 

al. (2000) 

Protected vs. 

Hunted 

BCNM, 

Parques 

Nationales 

Soberania 

(PNS), and 

Camino de 

Cruces 

(CC);Panama 

 

Astrocaryum 

standleyanum 

Attalea butyraceae 

7565 

11,101 

 - 

- 
-/+ c 

-/+ c 

    + 

+ 

 

Wright 

and Duber 

(2001) 

Protected vs. 

Hunted 

BCNM, PNS, 

and CC; 

Panama 

Attalea butyraceae 11,101  - -     + d 

 

 

 



 

 132 

 

Community level studies 

Chapman 

and 

Onderdonk 

(1998) 

Continuous 

vs. 

Fragmented 

forests 

Kibale National 

Park, Uganda 

Seedling community         - -e 

Dirzo and 

Miranda 

(1991) 

Protected 

vs. Hunted; 

Continuous 

vs. 

Fragmented 

forests 

Tuxtla, Azules, 

Mexico 

Seedling community     

 

 -   + - 

Roldan 

and 

Simonetti 

(2001) 

Protected 

vs. Hunted 

EBB,Bolivia Seedling community         - + 

a Diaspore masses from S.J. Wright (pers. comm.) except for A. murmuru taken from Cintra & Horna (1997), B. inversa taken from Stevenson et al. 

(2005) and all seed sizes in Guariguata et al. (2000). 
b Studies include primary removal (Stevenson et al. 2005), secondary dispersal (Asquith et al. 1997, Guariguata et al. 2002)  and ecologically effective 

dispersal (Wright et al. 2000, Wright & Duber 2001)    
c predation by rodents and bruchid beetles respectively 
d seedling recruitment under tree 
e seedling species richness 
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TABLE 2. Estimated fruit production and percent of removal for Cordia bicolor and Oenocarpus mapora 

 

Species     Hunting    N Estimated Fruit Production Primary Removal Secondary Removala  Total Removal  

(Mean + SE)    (Mean + SE)   (Mean + SE)   (Mean+SE) 

 

O. mapora N 5     683.4 +  208.6  21.6 + 6.4  80.0 + 7.5   84.3 + 6.1 

O. mapora Y 6     454.2 + 127.5   14.6 + 5.1  10.8 + 4.4   23.9 + 5.9 

C.  bicolor  N 6 21552.3 + 14021.0   42.0 + 6.1       0 + 0   42.0 + 6.1 

C.  bicolor Y 6 12991.3 + 8296.0   24.1 + 5.4  10.6 + 4.4   31.8 + 6.4 
aSecondary removal by day six 
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TABLE 3.  ANOVA table for proportion of seeds removed pooled over the season. 

a. Primary removal of O. mapora (r2=0.521, N=11). 

 SS df MS F P 

Hunting level 0.006 1 0.006 0.443 0.530 

Ln (Fruit production) 0.023 1 0.023 1.700 0.240 

Site (Hunting level) 0.076 2 0.038 2.746 0.142 

Error 0.083 6 0.014   

b. Primary removal of C. bicolor (r2= 0.752, N=12) 

 SS df MS F P 

Hunting level 0.145 1 0.145 6.326 0.040 

Ln (Fruit production) 0.268 1 0.268 11.690 0.011 

Site (Hunting level) 0.123 2 0.061 2.682 0.137 

Error 0.160 7 0.023   

c. Secondary removal of O. mapora after six days (r2= 0.969, N=12)  

 SS df MS F Pa 

Hunting level 2.367 1 2.367 184.490 0.000 

Ln (Fruit Production) 0.173 1 0.173 13.511 0.016 

Site (Hunting level) 0.061 2 0.031 2.391 0.324 

Error 0.090 7 0.013   
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d. Secondary removal of C. bicolor after five days (r2= 0.371, N=12)  

 SS df MS F P 

Hunting level 0.034 1 0.034 4.689 0.062 

Site (Hunting level) 0.000 2 0.000 0.015 0.985 

Error 0.057 8 0.007   
aBonferroni corrected p-values (k=2) 

e. Estimated total removal of O. mapora (r2= 0.889, N=12)  

 SS df MS F P 

Hunting level 0.669 1 0.669 54.326 0.000 

Ln (Fruit Production) 0.010 1 0.010 0.810 0.398 

Site (Hunting level) 0.003 2 0.002 0.129 0.881 

Error 0.090 7 0.013   

 

f. Estimated total removal of C. bicolor (r2= 0.224, N=12)  

 SS df MS F P 

Hunting level 0.007 1 0.007 0.248 0.634 

Ln (Fruit Production) 0.024 1 0.024 0.811 0.398 

Site (Hunting level) 0.009 2 0.005 0.153 0.861 

Error 0.208 7 0.030   
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TABLE 4.  ANOVA table for pre-dispersal seed predation  

a. C. bicolor pre-dispersal seed predation by insects (r2 = 0.495, N=12) 

 SS df MS F P 

Hunting level 0.305 1 0.305 3.807 0.099 

Seed Removed 0.065 1 0.065 0.816 0.401 

Ln (Fruit 

production) 
0.000 1 0.000 0.001 0.982 

Site (Hunting level) 0.040 2 0.020 0.252 0.785 

Error 0.481 6 0.080   

b. O. mapora seed predation by mammals (r2 = 0.628, N =11). 

 SS df MS F P 

Hunting level 0.746 1 0.746 6.820 0.040 

Ln (Fruit 

production) 
0.163 1 0.163 1.490 0.268 

Site (Hunting level) 0.323 2 0.161 1.475 0.301 

Error 0.656 6 0.109   
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FIGURE 1.  Size-distribution for known weights of diaspores of mammal-dispersed 

woody species on Barro Colorado Island, Panama (N = 133; S.J. Wright, pers. comm.).  

Closed circles indicate species included in this study; open circles indicate species 

included in other studies (Table 1; Roldan & Simonetti 2001, Wright et al. 2000, Wright 

& Duber 2001).   
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FIGURE 2.   Map of Barro Colorado Island and Parque Nacional Soberania (Smithsonian 

Tropical Research Institute, Panama).  Numbered rectangles represent locations of sites 

in protected (P1, P2) and hunted (H1, H2) forests.  
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FIGURE 3.  Primary removal (a), secondary removal (b), and total removal (c) of O. 

mapora and C. bicolor in protected and hunted forests. Asterisks depict the significance 

of a difference between protected and hunted forests  (*, P<0.05; **, P<0.01.). 
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FIGURE 4. Relationship of fruit production to primary seed removal for O. mapora (a) 

and C. bicolor (b). Closed circles and open circles correspond to hunted and protected 

forests respectively; the line shows the linear regression fit.  Asterisk depicts significance 

(*, P<0.05). 
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FIGURE 5.  Pre-dispersal seed predation of O. mapora and C. bicolor by insects (a) and 

pre-dispersal seed predation of O. mapora by mammals (b) in protected and hunted 

forests. Asterisk depicts significance level  (*, P< 0.05).  
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