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SEED DISPERSAL AND POST-DISPERSAL SEED FATE OF FOUR TREE SPECIES
IN A NEOTROPICAL CLOUD FOREST

By

Daniel G. Wenny

May, 1998

Chairman: Douglas J. Levey
Major Department: Zoology

Seed dispersal by animals is thought to be important in tropical forests because

most trees in these forests produce fleshy or añílate fruits adapted for consumption by birds

and mammals. Very little is known about what happens to seeds after dispersal, yet post¬

dispersal fate is important in determining patterns of plant recruitment I studied dispersal

patterns and post-dispersal seed fates of four tree species in Monteverde, Costa Rica. The

four species studied included two species of Lauraceae (Ocotea endresiana and

Beilschmiediapéndula) and two Meliaceae (Guarea glabra and G. kunthiana). I determined

locations of dispersed seeds by following birds until they regurgitated or defecated seeds

and by systematically searching the study site for recently dispersed seeds. For each of the

four species, approximately 75% of the seeds dispersed by birds were deposited within 25

m of the parent trees. Ocotea endresiana showed a bimodal pattern in which bellbirds

(Procnias tricarunculata) dispersed many seeds under song perches and thus produced a

second peak in seed rain in addition to the peak near parent trees. Marked seeds were used

to determine if post-dispersal removal resulted in seed predation or secondary dispersal.

Removal rates were high for Ocotea (99% removed) and Guarea (85-90%), and low for
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Beilschmiedia (17%). Secondary dispersal was observed for both Guarea species but not

for the Lauraceae species. Secondary dispersal ofGuarea resulted in a slight increase in
overall dispersal distance, and a shift in microhabitat.

The spatial pattern of seedling recruitment was bimodal for Ocotea, reflecting the

initial pattern of dispersal. Beilschmiedia recruitment was not bimodal and was highest in

the zone approximately 10 m from the parental crowns. Guarea recruitment was not

studied in the field, but in growing house experiments, buried G. glabra seeds germinated

and established seedlings at a higher rate than seeds on the soil surface, suggesting a

benefit to secondary dispersal. The results of this study indicate that determining dispersal

pattern and post-dispersal fate are important to assess the influence of seed dispersers on

patterns of seedling recruitment
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CHAPTER 1
GENERAL INTRODUCTION

"With plants there is a vast destruction ofseeds. Seedlings, also, are destroyed in vast
numbers by various enemies." Charles Darwin (1859:78).

"Plants are not charitable beings." William J. Beal (1898:84).

Seed dispersal by animals is widespread and recognized as important by virtue of

the large number of plant species with fruits presumably adapted for animal consumption.

In tropical forests in particular, 70-90% of the trees and shrubs are thought to be dispersed

by animals (Stiles 1985, Howe 1986, Willson et al. 1989, Jordano 1992). This seed

dispersal interaction is characterized as a diffuse mutualism because most plants have

multiple dispersal agents and most seed dispersing animals disperse several to many

different plant species. Thus, fruit-frugivore coevolution generally occurs among groups

of plants and groups of dispersers rather than at the species-specific level seen in many

pollination systems (Wheelwright and Orians 1982). The advantage of this mutualism to

animals is a nutritive reward, whereas the advantages to plants are escape from density-

dependent mortality near the parent plant and arrival in suitable sites for establishment

Arrival in suitable locations can be either a random process, in which widespread

dissemination of seeds would increase the chance of colonizing a good site (colonization

hypothesis), or a nonrandom process in which seeds are directed to suitable sites by

attracting certain dispersal agents (directed dispersal hypothesis). Escape and colonization

are thought to be the main advantages of seed dispersal for most plants (Howe 1986)

although few studies have examined these hypotheses in detail.
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One of the main factors limiting our understanding of the advantages of dispersal is
that most previous studies have examined aspects of dispersal without considering

subsequent stages that may also influence recruitment. Dispersal is part of the plant

recruitment process, which is composed of several stages, and most previous studies have

been stage-specific. Zoologists have focused on fruit removal, foraging behavior, and gut

treatment of seeds, while botanists have studied germination and seedling growth (Howe

1993b). Seed predation has attracted the attention of both zoologists and botanists, but few

studies have integrated all the stages of recruitment in one study (but see Herrera et al.

1994). Our understanding of the importance of dispersal by animals is limited because we

know so little about where animals take seeds and what happens to them after dispersal.

Furthermore, many studies assume that when seeds are dispersed they will either live or die

in that place. Recent studies, however, indicate that many seeds experience a second stage

of dispersal by ants, rodents, dung beetles, and other animals (Estrada and Coates-Estrada

1991, Levey and Byme 1993, Fragoso 1997). Thus, conclusions based on the pattern of

initial dispersal may be misleading.

The goal of this study was to examine the stages of recruitment, including seed

dispersal, seed predation, secondary dispersal, germination, and seedling establishment, to

link patterns of dispersal with patterns of recruitment. This study took place in

Monteverde, Costa Rica, which has been the site of some of the key studies in the seed

dispersal literature (e.g., Wheelwright and Orians 1982, Murray 1988, Nadkami and

Wheelwright in press). In Chapters 2 and 3,1 present studies of two tree species in the

plant family Lauraceae, Ocotea endresiana and Beilschmiedia péndula. Lauraceous species

are an important component of Neotropical montane forests in terms of species richness

(Gentry 1990, Haber et al. 1996) and the variety of birds that are at least partially

dependent on their fruits (Wheelwright et al. 1984). In Chapter 4,1 present a study of two

species of Meliaceae, Guarea glabra and G. kunthiana. The main objective for all four

species was to find the locations where seeds are dispersed and follow the fate of those
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seeds after dispersal to link patterns of dispersal with patterns of recruitment. All four of

these tree species are common in the Monteverde forests, and understanding their dispersal
and recruitment patterns should shed light on how the forest works in replacing itself or

perhaps in changing over time.

For the study presented in Chapter 2,1 followed birds from fruiting trees and

systematically searched the ground for dispersed Ocotea endresiana seeds. I protected the

located seeds in situ with wire mesh cages to determine germination rates in the absence of

seed predation by mammals. After germination I removed the cages to assess seedling

establishment as a function of habitat characteristics. To study seed predation, I placed

marked seeds next to the caged seeds and recorded their fate over regular intervals. The

fates of caged and marked seeds were also studied for seeds placed at random locations.

These data were used to determine if dispersers take seeds to a nonrandom set of sites with

characteristics predictably favorable for seedling survival. The results of this study show

that most seeds dispersed by birds landed within 25 m of parent trees, but approximately

12% are dispersed to gaps by male bellbirds (Procnias tricarunculata) which have habitual

song perches on exposed branches. Post-dispersal seed predation is very high but did not

differ between seeds in gaps and in the forest understory. Secondary dispersal was not

observed. Of the seeds that survived seed predators, most germinated, and seedlings in

gaps grew taller and survived at a higher rate than seedlings in the forest understory. This

study is apparently the first example of directed dispersal by birds of a tropical tree.

In Chapter 3,1 present data on the dispersal and post-dispersal fate of

Beilschmiedia péndula. In this study I determined dispersal locations solely by searching

the ground because the long retention times of these large seeds (12 g) precluded following

the birds long enough to find the seeds. Otherwise the methods were similar to those used

for Ocotea. The distribution of dispersed seeds was similar to that of Ocotea except that

few seeds were dispersed to gaps. Seed predation was very low, and again, secondary

dispersal was not observed. Habitat characteristics were not useful in predicting seedling
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survival. The highest probability of seedling recruitment was 10-20 m from the edge of

parent tree crowns. I discuss the results in terms of dispersal quality and suggest that for

this species dispersal within 20 m of the crown is relatively high-quality dispersal and

approximately 20% of the seeds receive such treatment

In Chapter 4,1 present data on the dispersal systems of two species of Guarea

(Meliaceae) that produced fruit at a time when Ocotea and Beilschmiedia did not. As in

the Beilschmiedia study, dispersed seeds were located by systematic ground searches.

The distribution of dispersed seeds was similar to the previous two species, but 30-45% of

the seeds had a second stage of dispersal, presumably by agoutis (Dasyprocta punctata).

Agoutis buried many of the seeds they removed in shallow surface caches. Thus,

secondary dispersal resulted in a rearrangement of the initial seed shadow.

In Chapter 5,1 further explore the general idea of dispersal directed

disproportionately to sites suitable for survival. The implication of directed dispersal is a

disproportionate effect on plant recruitment, but examples of directed dispersal are thought

to be rare and unusual (Howe 1986). Nevertheless, directed dispersal is well established in

a least three systems: scatterhoarding pine seeds by nutcrackers and jays, dispersal of

mistletoes by small birds, and dispersal of understory herbaceous plants by ants. I review

the literature and present evidence that directed dispersal may be more common than

previously believed, but is likely to be subtle in many instances. Possible examples include

dispersal by animals that have habitual perches or defecation sites, dispersal to nurse plants

in arid ecosystems, dispersal to perches in successional landscapes, and secondary

dispersal by ants, rodents, and dung beetles. Our understanding of directed dispersal is

limited by a lack of studies that integrate dispersal patterns and post-dispersal fate.

The main theme of this dissertation is that determining patterns of dispersal

generated by animals is a crucial research need. This type of data is difficult and time-

consuming to collect, but should yield great insight into the role of dispersal in ecosystem

function, as well as the evolution of plant-animal interactions. In addition, a greater
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understanding of seed dispersal and subsequent post-dispersal fates may be useful in
conservation and restoration ecology.



CHAPTER 2
SEED DISPERSAL, SEED PREDATION, AND SEEDLING RECRUITMENT OF A

NEOTROPICAL MONTANE TREE

"No one has succeeded in measuring actualpatterns ofseed dispersal produced by different
bird speciesfor any bird-dispersedplant species. Even ifwe could determine where birds
dropped all seeds, it would still be difficult to rank different bird species according to
dispersal quality because so little is known about seedling and sapling microhabitat
requirements." NathanielT. Wheelwright (1988:832)

Introduction

Seed dispersal determines the spatial arrangement and physical environment of

seeds from which the next cohort of seedlings is selected. The links between seed

dispersal and seedling recruitment, however, are poorly understood. Dispersal is the first

of a series of events, one or more of which may be important in limiting recruitment. For

vertebrate-dispersed plants, these stages include fruit removal, seed dissemination, post¬

dispersal seed predation, potentially secondary dispersal, germination, and seedling

establishment Previous studies have generally focused on only one or a few of these

stages (Herrera et al. 1994, Schupp and Fuentes 1995).

Despite many studies on fruit consumption and seed-handling by birds and

mammals, seed shadows (spatial patterns of dispersed seeds) generated by animals are

poorly known (Willson 1993). While concentrations of seeds under or near fruiting trees

have been noted and, indeed, are expected (Janzen 1970, Howe 1989, Willson 1993), the

pattern of seed distribution farther from fruiting trees is likely to be the most important part

of the seed shadow for plant fitness and population ecology (Portnoy andWillson 1993,

Schupp and Fuentes 1995). In particular, the tail of the distribution is often heterogeneous
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as a result of disperser behavior (McDonnell and Stiles 1983, Hoppes 1988, Chavez-

Ramirez and Slack 1994, Julliot 1996). Fruit-eating vertebrates differ in foraging behavior

(Cruz 1981, Santana C. and Milligan 1984, Trainer and Will 1984, Moermond and

Denslow 1985), fruit removal rates (Howe and Vande Kerckhove 1980, Bronstein and

Hoffman 1987, Englund 1993), seed-handling techniques (Janzen 1983a, Levey 1987,

Corlett and Lucas 1990, Stiles and Rosselli 1993), and effects on seed germination

(Krefting and Roe 1949, Compton et al. 1996, Traveset and Willson 1997), but few

studies have compared seed shadows generated by different dispersers (but see Thomas et

al. 1988, Chavez-Ramirez and Slack 1994), or the consequences of dispersal pattern on

recruitment (but see Howe 1989,1990a, Herrera et al. 1994, Schupp 1995, Schupp and

Fuentes 1995).

After dispersal, seed predation and seedling mortality are often extensive for

tropical trees (DeSteven and Putz 1984, Howe et al. 1985, Chapman 1989a, Hammond

1995, Cintra and Homa 1997, Peres et al. 1997) and may be important in influencing the

spatial pattern of recruitment (Connell 1970, Janzen 1970, Harper 1977, Hubbell 1980,

Clark and Clark 1984, Becker et al. 1985, McCanny 1985, Howe 1989). In addition,

studies on forest dynamics have suggested that canopy gaps are often crucial recruitment

sites for tree seedlings (Hartshorn 1978, Denslow 1987, Swaine and Whitmore 1988,

Swaine 1996). Few studies, however, have examined seed predation as a link between

seed dispersal and seedling recruitment In fact, aside from research on Virola in Panama

(Howe and Vande Kerckhove 1980, Howe et al. 1985, Howe 1990b, 1993a), Phillyrea in

Spain (Herrera et al. 1994, Jordano and Herrera 1995), and Ficus in Borneo (Laman 1995,

1996a, b), it is difficult to find studies that consider the various stages leading to

recruitment for any species of fleshy-fruited, vertebrate-dispersed plant. Furthermore,

some plant species typically considered to be bird or mammal-dispersed, may have a

second (or even third) stage of dispersal by an entirely different dispersal vector (Roberts

and Heithaus 1986, Clifford and Monteith 1989, Forget and Milleron 1991, Estrada et al.
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1993, Levey and Byrne 1993, Nogales et al. 1996). To understand the relative importance
of seed dispersers and seed predators in forest dynamics, it is necessary to study each stage

leading to recruitment (and, ideally, to reproductive age).

The main factor that limits our understanding of the link between seed dispersers
and seedling recruitment is the difficulty of finding dispersed seeds (Harper 1977, Janzen

1983a, Schupp and Fuentes 1995). Thus, most studies on vertebrate-dispersed plants have
assessed the importance for plant fitness of different dispersers by the amount of fruit in the

diet and gut treatment of seeds and have not considered post-dispersal fate of seeds

(reviewed by Howe 1986, Stiles 1989, Jordano 1992, Willson 1992, Levey et al. 1994).

Similarly, studies on seed predation and seedling recruitment have relied on experimentally

dispersed seeds, usually without data on the actual patterns of seed rain (Price and Jenkins

1986, Crawley 1992, Hulme 1993, Schupp 1995).

The objective of this study was to link patterns of seed dispersal and seed predation

with those of seedling recruitment, by determining the locations of naturally dispersed

seeds, and then following the fate of those seeds after dispersal. I studied a common tree,

0cotea endresiana Mez (Lauraceae), in old growth montane forest in Costa Rica, to answer

the following questions: 1) Do the five main fruit consumers of O. endresiana generate

different patterns of seed rain, and subsequently influence germination and the pattern of

seedling recruitment? 2)What proportion of the dispersed seeds are subsequently killed by
seed predators, and what animals are the most important seed predators? 3) Do

scatterhoarding rodents provide a second stage of dispersal? 4) What proportion of the

dispersed seeds germinate and establish as seedlings under different microhabitat

conditions? To answer these questions, I used a combination of natural and manipulative

experiments to assess the types of sites to which seeds are dispersed and how the habitat

characteristics and spatial arrangement of those sites relative to the parent trees influence

post-dispersal survival.
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A secondary objective was to assess three hypothesized advantages of dispersal: 1)

escape from high mortality caused by distance- or density-dependent factors near

conspecifics (escape hypothesis); 2) colonization of rare, unpredictable, ephemeral sites,

such as treefall gaps (colonization hypothesis); and 3) directed dispersal to particular

microhabitats suitable for survival (directed dispersal hypothesis) (Howe and Smallwood

1982, Howe 1986, Willson 1992). A fourth advantage of dispersal, gene flow (Levin and

Kerster 1974, Hamrick and Nason 1996), was beyond the scope of this study. These

hypotheses are not mutually exclusive and can be assessed only if dispersal sites and post¬

dispersal fates are known. Evidence for the escape hypothesis should include higher rates

of seed predation and/or seedling mortality closer to the parent tree, or where seeds and

seedlings occur in dense concentrations. The difference between colonization and directed

dispersal is whether seeds arrive and survive in specific habitats more often than expected

by chance (Howe and Smallwood 1982, Howe 1986, Murray 1986, 1988, Schupp et al.

1989, Willson 1992). In particular, if seeds are dispersed to sites with random

microhabitat characteristics then the colonization hypothesis is supported. If certain species

predictably disperse seeds to a nonrandom subset of the available microhabitats and post-

dispersal survival is predictably higher in those microhabitats than in random sites, then the

directed dispersal hypothesis is supported. Escape and colonization are generally thought

to be the main advantages for tropical trees dispersed by fruit-eating birds and mammals

(Howe 1986, Murray 1988).

Study Site

This study was conducted from May 1993 to July 1996 in the Monteverde Cloud

Forest Preserve (10°12’N, 84°42W) in the Cordillera de Tilaran, northern Costa Rica.

This 10,000 ha preserve is adjacent to other protected lands encompassing one of the

largest areas of relatively unbroken forest in Costa Rica. The study area contains the full

complement of birds and mammals, including top predators, that have historically occurred
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in the area (Young and McDonald in press), although certainly the abundances of some

species have changed (Fogden 1993). Other characteristics of the fauna are described by

Nadkami and Wheelwright (in press).

The study area was in relatively undisturbed lower montane rain forest (Hartshorn

1983) along the continental divide at 1600 m elevation. A 5 ha area, 500 m from the

beginning of the Valley Trail (Sendero El Valle), was mapped and marked into 10 x 10 m

quadrats with PVC tubing at every grid point. The site's vegetation is classified as leeward

cloud forest by Lawton and Dryer (1980). The canopy is 25-30 m tall and dominated by

several species of Lauraceae, Sapiurn oligoneuron (Euphobiaceae), Ficus crassiuscula

(Moraceae), Inga sp. (Leguminosae) and Pouteria viridis (Sapotaceae) (Lawton and Dryer

1980). The relatively dense understory (compared to lowland rainforest) is dominated by

Rubiaceae, Acanthaceae, Gesneriaceae, and Heliconiaceae. The vegetation of the area is

described in more detail by Lawton and Dryer (1980) and Nadkami et al. (1995).

Canopy gaps caused by falling trees and branches are common and may be an

important habitat for recruitment of some plants in the study area (Lawton and Putz 1988,

Lawton 1990). Although gaps may be formed at any time of year, most are formed during

the dry season when strong winds are more frequent (K.G. Murray, personal

communication). Gaps are also formed under standing dead trees, especially Sapiurn,
which shed large limbs for several years before the remainder of the trunk falls (D. Wenny,

personal observation, C. Guindon, personal communication). Approximately 5.3% of the

study area was in gaps ^10 m^ with vegetation <2 m tall (sensu Brokaw 1982a), including

two Sapiurn gaps. Average canopy cover (measured with a spherical densiometer 1.2 m

above the ground) in gaps and gap edges was 90.7% (± 9.6, range 60-92, N = 78), while

closed canopy forest averaged 96.2% (± 4.3, range 91-100, N = 234) cover. These values

are similar to those at other Neotropical forest sites (Howe et al. 1985, Levey 1988b, Clark

1994).
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Most woody plants at Monteverde are animal-dispersed, as is typical ofNeotropical
forests in general and tropical montane forests in particular (Gentry 1982, Howe and

Smallwood 1982, Tanner 1982, Stiles 1985, Levey and Stiles 1994). Bird dispersal

predominates: 77% of the understory trees and shrubs and 63% of the canopy trees have

fruit morphology suggesting dispersal by birds (Stiles 1985). At least 70 resident and

migrant bird species feed on the fruits of over 150 species of trees and shrubs

(Wheelwright et al. 1984). Most of these birds regurgitate or defecate seeds intact

(Wheelwright et al. 1984, Murray 1988).

The average annual rainfall at 1520 m on the Pacific slope about 3 km from the

study site is approximately 2500 mm, with most of the precipitation occurring between

May and November. Actual rainfall in the study site was probably greater than 2500 mm,

but the seasonal pattern was similar (Nadkami and Wheelwright in press). Range gauges

underestimate the amount of precipitation from mist and cloud interception, which
contribute up to 50% of the precipitation in some Neotropical montane forests (Cavelier

1996). Temperatures recorded at the study site during this project ranged from 15° to

22°C.

Study Species

The Lauraceae is an important family in Neotropical forests in terms of species

richness, a food resource for birds, and economic value (Wheelwright 1983,1985a, 1991,

Burger and van derWerff 1990, Gentry 1990, Martinez-Ramos and Soto-Castro 1993,

Guindon 1996). Members of the Lauraceae are also important dietary components for

frugivorous birds in Africa, Southeast Asia, and Australia (Crome 1975, Snow 1981, Sun

et al. 1997). Ocotea endresiana Mez (listed as O. austinii inWheelwright et al. 1984,

Wheelwright 1985a, 1986) is a common canopy tree in montane forests in central and

northwestern Costa Rica from 1100-2300 m (Burger and van der Werff 1990). In the

Monteverde area it occurs from 1550-1700 m along the continental divide. Twenty to 30
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other species of Lauraceae occur in the same area (Wheelwright 1985a, 1986, Haber
1991). Ocotea endresiana begins flowering in August, the mid-rainy season, and is

pollinated by small flies and other insects. Fruits ripen the following May and June, the

early rainy season. Ripe fruits (18x9 mm, 1.2 g) have blue-black skin, lipid-rich pulp,
and are held in a shallow reddish receptacle, typical of the Lauraceae genera Ocotea and
Nectandra (Wheelwright et al. 1984, Burger and van derWerff 1990). Most of the volume

of the fruit is a single seed (15 x 8 mm, 0.75 g, fresh weight) composed of a small embryo
and two large cotyledons surrounded by a thin (0.3 mm) seed coat. Although small

compared to some other Lauraceae species, O. endresiana fruits and seeds are among the

largest at Monteverde (Wheelwright et al. 1984). Thirty-eight O. endresiana trees were in

the study area; most data in this study are from 21 trees in the core 5 ha study site (Fig. 2-
1). Fruits and seeds for some experiments were collected from trees on the periphery of
the main study area. Large fruit crops (2110 ± 1495 fruits/tree) were produced in 1993 and

1995, but not in 1994. Each O. endresiana tree was an average of 36.5 m (± 12.1) from
the three closest conspecific adults.

The most common avian visitors to fruiting Lauraceae include the largest and most

frugivorous species at Monteverde (Wheelwright et al. 1984). Ocotea endresiana fruits are

eaten primarily by five species of birds: emerald toucanet (Ramphastidae: Aulacorhynchus
prasinus), resplendent quetzal (Trogonidae: Pharomachrus mocinno), three-wattled bellbird

(Cotingidae: Procnias tricarunculata), mountain robin (Turdidae: Turdus plebejus) and
black guan (Cracidae: Chamaepetes unicolor), all ofwhich breed in the study site during
the fruiting season. The first four species swallow fruits intact and regurgitate seeds in
viable condition. Seeds in this size range are generally regurgitated 15-30 minutes after

ingestion (Wheelwright 1991). Guan defecate seeds in viable condition (Wheelwright
1991). These bird species (especially quetzals) typically remain in a fruiting tree after

eating several fruits, and often regurgitate seeds under the same tree or nearby

(Wheelwright 1983, 1991). Seed processing times for guans are unknown, but they



Figure 2-1. Map of the study site showing locations of fruiting Ocotea endresiana trees
(dark circles with numbers) and bellbird song perches (X). Thick lines indicate streams
and thin lines are trails. Grid lines are 50 m apart North is at the top. Data on seed
locations for each of the trees numbered on this map are presented in the Appendix.
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generally leave a fruiting tree before defecating the seeds from that foraging bout (D.

Wenny, personal observation). Several other bird species (Wheelwright et al. 1984), as

well as spider monkeys (Ateles geoffroyi), occasionally eat O. endresiana fruits and

probably disperse viable seeds (e.g., Chapman 1989a).

Methods

A combination of observational and experimental data was collected to determine

the probability of seedling establishment and one year survival for seeds dispersed by

birds. In particular, the focus of this project was to find the locations of seeds dispersed

naturally and to compare the post-dispersal fate of those seeds with experimentally placed

seeds to determine the influence of dispersers on seedling recruitment The locations of

seeds naturally dispersed by birds were classified in two categories according to their

position relative to the parental tree crown to reflect the prevailing assumption that seed

deposition under parental crowns leads to a low probability of survival (Janzen 1970,

Howe et al. 1985, Hulme 1997). Sites were classified as non-dispersed if directly under

the crown of a fruiting O. endresiana tree or as dispersed if not under such a tree. Even

though all dispersed and non-dispersed seeds in this study had been regurgitated or

defecated by birds (and therefore "dispersed" sensu Janzen 1983a), it is generally believed

that seeds deposited under the parent trees have very little chance of survival (e.g., Janzen

1970, Howe et al. 1985). Therefore, the term "dispersed" in this paper always refers to

seeds that are not deposited directly under the crown of a fruiting conspecific, and "non-

dispersed" refers to seeds that are regurgitated or defecated by birds directly under the

crown of a fruiting tree. For convenience, I will refer to sites of dispersed seeds as

dispersed sites and of non-dispersed seeds as non-dispersed sites, even though the sites

themselves were not capable of being dispersed.
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Seed Dispersal

Seeds were located by following birds until they dropped, regurgitated, or
defecated seeds, and by systematic ground searches. These ground searches were started

at the base of a fruiting tree and proceeded along 10 m wide transects to 50-60 m from the

trunk. It was impossible to search the entire site with equal intensity, but an effort was

made to cover the entire site at least once every two weeks, so that over the course of the

two-month season of fruit ripening each 10 x 10 m plot was checked at least four times.

Bird observations began whenever one of the five major consumers of O. endresiana fruits

was located, and continued as long as the bird was visible or until the bird regurgitated or

defecated seeds. A total of 193 hr was spent following birds.

In addition to these dispersed and non-dispersed seeds, other seeds were

experimentally placed at randomly selected sites to determine if birds deposited seeds in

sites with specific or random characteristics. Random numbers generated on a hand

calculator were used as coordinates of sites. The post-dispersal fate of seeds at these

random locations was compared to the fate of seeds at the dispersed and non-dispersed

locations.

Microhabitat characteristics. For all sites and seeds I measured seed characteristics

and microhabitat variables I thought might influence seed predation, germination, or

seedling survival. Seed length and width were measured with dial calipers, and seed mass

was measured with a 5 or 10 g spring balance. Canopy cover was estimated with a

spherical densiometer (Lemmon 1957). Leaf litter was the number of leaves pierced by a

metal stake thrust into the soil at the site. Vegetation density was the number of stems

within a 50 cm radius of the site. The distances to the nearest woody stem > 1 m in height,
tree > 10 cm DBH (diameter at breast height), trunk of fruiting Ocotea tree, and fallen log
were measured with a fiberglass measuring tape. These variables were selected based on

their demonstrated importance in previous studies. Seed size may influence the probability
of seed predation (Price and Jenkins 1986, Hulme 1993) or seedling size (Howe and
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Richter 1982). Canopy cover (light availability) is known to be an important factor for

germination and tropical seedling growth (Howe et al. 1985, Mulkey et al. 1996, Swaine

1996). Vegetation density and distance to objects may influence rodent activity and seed

predation (Smythe 1978, Kiltie 1981, Kitchings and Levey 1981). Finally, leaf litter may

influence seed predation or germination (Schupp 1988a, Molofsky and Augspurger 1992,

Myster and Pickett 1993).

Post-dispersal Seed Predation

At each dispersed, non-dispersed, and random site, a marked seed was used to

assess rate of seed predation, to identify seed predators, and to determine if secondary

dispersal occurred. For this treatment I used seeds that were regurgitated by birds and

collected under fruiting trees adjacent to the study site. Seeds were marked by gluing 50-

75 cm of unwaxed dental floss to the seed, and tying about 50 cm of flagging tape to the

distal end of the floss. Because the glue held best on seeds with a dry seed coat, seeds

were taken inside a lab room and allowed to dry for 1-3 h before gluing. Each marked seed

was placed at a site the next morning. To determine if presence of dental floss and flagging

tape influenced seed removal, I conducted a pilot study in May 1993. Fifty marked seeds

and 50 unmarked seeds were placed singly at random locations and censused one week

later. Removal ofmarked and unmarked seeds was not significantly different (49 and 47

seeds removed, respectively; X2 = 0.047, df = 1, P > 0.10). Thus, the marking of seeds

was assumed to have no effect on seed removal.

Note that these marked seeds were placed next to the cages protecting the original

seeds deposited by birds. The cages may have served as cues for visually-searching seed

predators, but I believe that is unlikely for two reasons. First, at the beginning of the study

in 1993, cages were novel items and would not have been associated with seeds by the

seed predators. Second, because most marked seeds were removed, but the cages were left

at the sites for several months, most cages were not good indicators of seed availability.
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Olfactory cues left by marking and handling the seeds are another possible confounding

factor, but the frequent rains probably diminished these (Whelan et al. 1994).

In 1993, all marked seeds were censused once each week for three weeks and then

at weeks 5 and 10. Because most seeds were removed during the first week after dispersal

in 1993, marked seeds in 1995 were checked more often: on days 1,3, and 7, and once

each week afterwards until week 10. If a marked seed was removed, the surrounding area

was searched to find the flagging tape-dental floss assembly. The end of the floss where

the seed had been attached was examined to determine the fate of the seed. If a seed was

entirely removed or if a piece of the seed coat remained attached to the floss, the seed was

classified as killed by seed predators because captive Peromyscus treated seeds with dental

floss in that manner when they consumed O. endresiana seeds (D. Wenny, unpublished

data). The distance from the dispersal site to the predation site was measured and each site

of a removed seed was classified in the following categories: in burrow; in, under, or near

a fallen log (> 10 cm diameter); at the base of a large tree; in dense vegetation (defined as at

least 50% cover of plants less than 50 cm tall within 50 cm radius of site, assessed

visually); under or beside a clump of fallen branches, or on the leaf litter. If a marked seed

was removed but not eaten, it was left in the new location and included in subsequent

censuses.

Distance effect Two other experiments (one in 1995 and one in 1996) were

conducted with marked seeds to determine the effect of distance on seed removal, and

whether most seed removal occurs during the day or at night. In 1995 one seed was placed

at the base of each of 12 fruiting trees and at 20,40,60, and 80 m from the base of the

tree. The orientation of each transect was carefully selected to avoid approaching within 80

m of other fruiting O. endresiana trees. Seeds at these sites were censused on the same

schedule as the other marked sites in 1995. In 1996 a similar experiment was conducted,

except the seeds were 5 and 40 m from each of 22 trees. Shorter and fewer distances were

used so thatmore trees could be included, and because data from the previous year, as well
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as other studies (e.g., Howe et al. 1985) indicated that the distance effect can be detected

beyond 20 ra from conspecific adult In this case, the compass directions were randomly

selected although some directions were discarded if the 40 m treatment was not at least 40

m from all fruiting conspecifics. This experiment was run twice, once in the early fruiting

season (late May) and once two weeks later during the peak fruiting season (mid-June).

During the second of these trials, all sites were checked at dusk and dawn for two

consecutive days to determine whether most seed removal occurred during the day or night.

Removal during the day likely could be attributed to the diurnal agouti, while removal at

night likely would be from nocturnal species, such as Peromyscus or other small rodents.

Exclosures. To determine the amount of seed predation attributable to large or small

mammals, 38 sets of exclosures were established in early 1995. Each set had three

treatments, each 1 m^: (1) "no rodents" exclosures made of 1 cm^ galvanized wire mesh

0.9 m tall; (2) "small rodents only" exclosures made of chicken wire mesh with 6 cm holes,

0.9 or 1.35 m tall; and (3) "all rodents" control plots with only wooden stakes marking the

comers. The bottom edges of the wire exclosures were buried 5 cm below ground and

held with two or three 25 cm metal stakes on each side. The comers were supported by

1.25 m lengths of 10 mm thick metal stakes. The tops were open to allow normal

accumulation of fallen leaves. Each set was located where convenient (avoiding trees and

fallen logs) within randomly located 10 x 10 m quadrats in the study site. One regurgitated

O. endresiana seed was placed in each exclosure and control plot in late June 1995. Each

seed was checked after 2,4, and 8 d, 4 mo, and 1 yr.

Germination and Seedling Survival

The original regurgitated or defecated seed at each dispersed and non-dispersed site,

and each seed placed at a randomly located site was protected by a 4 x 4 x 2 cm cage made

of 3 mm galvinized wire mesh held in place by two metal stakes. Caged seeds were used

to determine germination rates and insect predation rates in the absence ofmammalian seed
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predators. Each site was checked weekly for at least 12 weeks and monthly thereafter until

June of the following year. Germination was defined as the splitting of the seed coat and

spreading of the cotyledons. Typically, the radicle had emerged by the next census after

germination, and a week later the stem was visible. As each seed germinated and the shoot

began to grow, the cage was removed to allow normal seedling growth. The seedling

location was marked with one of the stakes from the cage. Causes of seedling mortality

were classified as mammal, insect, fungal pathogen, physical, or unknown. Mammals

either ate the seed and left the damaged shoot behind (seed predators) or removed the entire

shoot (herbivores). Some seeds that appeared to have germinated were killed by beetle

larvae (Heilipus sp., Curculionidae) developing in the seed. Insect-killed seeds frequently

developed a root but never had a shoot >2 cm tall. Seedlings killed by fungal pathogens

were characterized by a wilted and discolored shoot above about 4 cm (Augspurger 1990).

Physical damage consisted of trampling by peccaries and other large mammals, or damage

from falling trees, branches, or large leaves (Clark and Clark 1991). Unknown causes of

mortality included cases that fit more than one category where the sequence of events could

not be determined, and cases that did not clearly fall into any category. A seed was

considered alive if the seed remained firm, even if the shoot had been eaten or otherwise

damaged. Such seeds resprouted repeatedly (D. Wenny, personal observation). Seeds

from 1995 that had not germinated or resprouted after one year were cut open and classified

as insect-killed if filled with frass, or viable if the embryo and cotyledons were not

discolored or mealy in appearance.

Germination trials. To determine the effect on 0. endresiana germination of

ingestion by birds and seed burial (which I initially thought would apply to seeds taken by

mammals), trials were conducted in a greenhouse constructed of nylon window screen over

a 12 x 6 m wooden frame on a concrete foundation set 25 cm into the ground. The roof

was corrugated plastic. Seeds were planted individually in cardboard milk cartons and cut

plastic bottles of various sizes. All containers were washed with hot soapy water and dried
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in the sun before use. Soil was collected from a nearby secondary forest and mixed 3:1

with sand.

Three seed treatments were compared: (1) naturally regurgitated seeds collected

under fruiting trees or along the trail to the study site; (2) seeds removed by hand from ripe
fruits collected under fruiting trees; and (3) entire ripe fruits, either fallen or dropped.

Seeds or fruits that were misshapen, diseased, or had signs of insect infestation were not

used. Each treatment had 35 seeds or fruits, placed on top of the soil. Additionally, 10
seeds were planted 5 cm deep to determine if seeds could germinate after burial by

scatterhoarding rodents. Containers were watered as necessary to keep the soil moist.

Seeds were planted in June 1995 and checked weekly until early November 1995 when

seeds that had not germinated were cut open and assessed for viability as described above.

Seedling and sapling plots. To determine if O. endresiana seedlings and saplings
are more likely to recruit under or away from conspecifics, seedlings and saplings (up to 3
m tall) were measured and mapped in paired 10 x 10 m plots. For each of 10 trees, one

plot was located near the tree with approximately half of the plot directly under the crown.
The second plot was located 10 to 20 m from the edge of the first plot and at least 15 m

from the crown edge. No plots were located in recent (< 5 yr) canopy gaps or along
streams.

Statistical Analyses

The influence of the microhabitat variables on removal ofmarked seeds at 1 day

(1995 only) and 2 weeks, and on germination, seedling establishment and 1-year survival
of caged seeds were examined with multiple logistic regression using SAS JMP (SAS

Institute 1989) For each of the seven binomial (live or dead) response variables mentioned

above, the model was run first with all predictor variables, and then with and without each

predictor variable to determine if the deletion of a given variable had a significant effect on
the amount of variation explained. This deletion procedure was repeated until only
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significant predictors were retained (Trexler and Travis 1993). Models were selected

manually to avoid the problems of automatic stepwise procedures (James and McCulloch

1990). The predictor variables included three measures of seed size (length, width, and

mass), eight microhabitat characteristics (leaf litter, canopy cover, number of stems, and
distances to nearest caged seed, herbaceous stem, woody stem, 10 cm tree, parent tree

trunk, and fallen log), date of dispersal (Julian date), and tree number. Only single terms

were included in the models as lack-of-fit tests indicated that the single term models were

adequate and thus interaction terms were not required (SAS Institute 1989).

The relationships of the microhabitat variables within and among the dispersed,

non-dispersed, and random sites were examined with principal components analysis

(PROC FACTOR) from the SAS statistical package (SAS Institute 1988). The average

loadings for the three types of sites were compared with one-way analysis of variance from

Super Anova (Abacus Concepts 1989). Type HI sums of squares were used to

compensate for the unequal sample sizes (Shaw and Mitchell-Olds 1993). Removal rates

were compared among treatments with survival analysis and Gehan-Wilcoxon tests from

SAS JMP (SAS Institute 1989) The Gehan-Wilcoxon test places greater weight on early
events than later events and was deemed appropriate for this study because most seeds
were removed during the first week (Pyke and Thompson 1986).

Parametric tests were used unless the data violated the assumptions of normality
and equal variance, in which case nonparametric procedures were used. Data in the form

of proportions were arcsin square-root transformed before analysis. Where multiple

comparisons on a data set were involved, the alpha value was adjusted according to the
number of comparisons planned (Bonferroni technique, Holm 1979). Data from the two

years were very similar and were combined for analyses in which sample sizes would have
been low otherwise. Throughout this paper mean values are followed by ± 1 SD.
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Results

Seed Dispersal

In 1993,284 seeds regurgitated or defecated by birds were found: 155 dispersed
and 129 non-dispersed, while in 1995,234 dispersed and 171 non-dispersed seeds were

found. Ninety-five and 100 random sites were established in 1993 and 1995, respectively.

Twenty-four percent of the 1993 seeds and 28% of the 1995 seeds were found by

following or observing birds (N = 184), and the rest (N = 505) by searching the ground.

The dispersed seeds were most common within 10m of the crown edge (1993:

55%, 1995: 45%), but some seeds were as far as 70 m away. In rare cases (2.8%),

dispersed seeds were within 5 m of an 0. endresiana trunk (Fig. 2-2). Despite their close

proximity to the parent, they were classified as dispersed because they were not directly
under the parent crown, as a result of asymmetrical crown geometry or a tilted trunk (or

both). Random sites were more evenly distributed than dispersed or non-dispersed sites,
but showed a peak at 20-25 m in both years (Fig. 2-2). With dispersed and non-dispersed

sites combined, the seed distribution generated by birds in both years is best described by a

logarithmic function of distance from a fruiting conspecific (Fig. 2-2). Most seeds landed

within 20 m of the fruiting trees, but the tail of the seed distribution curve beyond 20 m

accounted for 18% of the sites in 1993 and 21% in 1995. Seed rain was highly variable

when averaged among trees and years (Fig. 2-3). In particular, note that seed distributions

showed secondary peaks at 45-50 and 60-65 m in both years (Fig. 2-2). These peaks

corresponded to habitual song perches used by bellbirds (see below) which were located

40-70 m from fruiting trees in the years this study was conducted (Fig. 2-1). More

information on the locations of seeds is presented in the Appendix.

Microhabitat characteristics. The locations of dispersed and non-dispersed seeds,

and seeds at random sites differed significantly in both years with regard to canopy cover,

distance to parent, and number of stems (Table 2-1). Dispersed seed sites had lower

average canopy cover than non-dispersed or random sites in both years (post-hoc SNK
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Figure 2-2. The distribution of seeds naturally regurgitated or defecated by birds directly
under the crown of a fruiting tree (non-dispersed), and away from fruiting trees
(dispersed); and the distribution of random sites at different distance categories from trunks
of fruiting trees in 1993 (above) and 1995 (below). Values on the x-axis represent the
maximum distance for each category (5 = 0-5 m). The seed shadow is truncated at 70 m
because the abundance of Ocotea endresiana trees in the study site make sites > 70 very
rare.
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Figure 2-3. The average number (+ 1 SD) of naturally regurgitated or defecated seeds per
tree (N = 21) for both years combined at different distances from the closest fruiting tree.
Distance class 0 includes all non-dispersed seeds directly below parental crowns. The
other distance categories (5 = 0-5 m, etc.) are measured from the edge of the crown of the
closest fruiting Ocotea endresiana tree. The values for each distance category represents the
number of seeds at a particular distance, averaged among all trees, for the entire study site.
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Table 2-1. Summary of one-way analysis of variance tests for each habitat variable
compared among sites of dispersed (D), non-dispersed (N) seeds, and randomly located
sites (R) in 1993 and 1995. ANOVA tests had a Bonferroni-adjusted alpha value = 0.006.
Mean values are shown for each treatment for each variable. Standard deviations are in
parentheses below each mean. Leaf litter was the number of leaves pierced by a metal stake
thrust into the soil at the site. Canopy cover was estimated with a spherical densiometer.
Vegetation density was estimated as the number of stems within a 50 cm radius of the site.
The last four variables are distances to closest stem, closest woody stem (> 1 m height),
closest tree (> 10 cm DBH), and closest log (> 10 cm). Within each year and variable for
which a significant difference among treatments was detected (indicated with * after the F-
value), results of post-hoc tests (Student-Newman-Kuels tests) are indicated with a letter
after the mean. Means followed by different letters are significantly different (P < 0.05).

1993 1995

Variable D N R ^2,375 D N R ^2,502

leaf litter (#) 2.1
(1.3)

1.9
(1.4)

2.4
(1.4)

2.70 2.3
(1.2)

2.3
(1.2)

2.1
(1-2)

0.91

canopy
cover (%)

94.3a
(3.6)

95.6b
(1.5)

95.8b
(1.7)

13.40* 94.5a
(6.5)

96.7b
(1.6)

96.5b
(3.1)

12.40*

vegetation
density

38.9a
(17.3)

32.1b
(16.2)

40.7a
(20.4)

7.98* 26.8a
(15.1)

19.9b
(10.2)

21.6b
(10.9)

15.50*

closest
stem (cm)

10.8
(5.5)

12.2
(6.2)

10.9
(6.2)

2.22 11.6a
(6.4)

14.3b
(7.4)

13.3ab
(12.0)

5.46*

woody
stem (cm)

61.9
(45.7)

58.9
(39.7)

66.7
(42.3)

0.90 88.6
(62.5)

75.5
(60.4)

75.9
(55.8)

2.85

closest
tree (m)

1.50
(0.87)

1.68
(0.97)

1.66
(1.00)

1.53 1.88
(1.08)

1.92
(1.04)

1.84
(1.08)

0.18

closest
log (m)

1.47
(1.31)

1.30
(1.37)

1.28
(1.25)

0.80 1.97
(1.74)

1.78
(1.45)

1.83
(1.66)

0.77

*P<0.006



27

tests; F s < 0.01), while the non-dispersed and random sites were similar (P > 0.05). In

1993, dispersed and random sites had similarly (P > 0.05) high numbers of stems

compared to non-dispersed sites (P < 0.01). In 1995, dispersed sites had more stems than

both the other sites (P < 0.01), while random and non-dispersed sites had similar numbers

of stems (P > 0.05). The only other variable that differed among the treatments was

distance to closest stem in 1995. Dispersed sites were closer to stems than non-dispersed

sites (P < 0.01), while random sites did not differ from the other two treatments (P >

0.05).

In a principal component analysis of the 1995 data, the first two components

explained 63.8% of total variance, while for 1993 the first two components accounted for

45.5% of total variance (Table 2-2). The relatively low amount of variance explained is

due, in part, to the inclusion of random sites (Jackson 1993) which appeared as a spherical

cloud of points centered on the origin (Fig. 2-4). Removal on random sites, however,

increases the total variance explained by the first two components by only 2-3%. The

pattern was similar in both years: the first multivariate axis (PC 1) was characterized by

high negative loading of canopy cover, and high positive loadings of leaf litter depth and

closest 10 cm DBH tree (Table 2-2). The second axis (PC 2) was characterized by positive

loading of distance to closest stem in both years and negative loading of vegetation density

in 1995 but positive loading in 1993 (Table 2-2). The average loadings for PC 1 differed

significantly among the dispersed, non-dispersed, and random sites in 1993 (F2369 =

45.99, P < 0.0001), and 1995 (^2,502 = 31.61, P < 0.0001). Each type of site differed

from the others (Fisher's LSD tests, all P's < 0.002). Loadings for PC 2 differed only

between dispersed and non-dispersed sites in 1995 (^2,502 = 6.07, P = 0.0025). This

analysis shows that site characteristics of dispersed and non-dispersed seeds were

nonrandom.

When the three treatments (dispersed, non-dispersed, and random) are identified on

a plot of the first two principal components, they showed broad overlap, except for some
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Figure 2-4. Plot of sites with dispersed (open squares), non-dispersed (solid circles), and
randomly located seeds (crosses) from 1993 (above) and 1995 (below) on the first two
axes determined by principal components analysis of habitat variables. Axis 1 is primarily
a function of canopy cover leaf litter, and closest 10 cm DBH tree, and Axis 2 is primarily a
function of vegetation density and closest stem (see Table 2-2).
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Table 2-2. Loadings (eigenvectors) of each habitat variable on the first two components
determined by principal component analysis of the correlation matrix. The proportion of
total variance explained by each component is listed in the last row.

1993 1995

PC 1 PC 2 PC 1 PC 2

leaf Utter 0.5427 -0.2248 0.8885 0.2718
canopy cover -0.5973 0.4796 -0.8117 0.2453
#stems -0.4831 0.5784 0.1359 -0.8443
closest stem 0.5856 0.5393 -0.2315 0.7122
woody stem 0.3973 0.5065 0.2958 -0.3067
10 cm tree 0.5034 -0.2890 0.7280 -0.0947
closest log 0.2300 0.3720 0.8854 0.2925

variation 24.69% 20.76% 41.74% 22.04%
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dispersed sites that have higher values for the first component These correspond to sites

with low canopy cover, relatively far from the parent trees (Fig. 2-4). Seeds in the sites

with values > 2.0 in 1993 and > 1.0 in 1995 for PC 1 were all dispersed by bellbirds into

large gaps surrounding song perches. Additionally, two of the 1993 seeds were dispersed

by Black Guans onto logs in another smaller gap. Bellbird-dispersed seeds, seeds

dispersed by other species, and random sites had significantly different PC 1 loadings in

1993 (*2,161 = 7.9, P = 0.006), and 1995 (F2,212 = 9.1, P < 0.001). Bellbird sites had

higher factor loadings than other species' sites and random sites (P's < 0.002), but sites of

the other species and random sites did not differ (P = 0.2).

Combining the seeds from both years, and using only seeds for which the disperser

was known, the average canopy cover at sites of seeds dispersed by bellbirds was

significantly lower than of sites of seeds dispersed by all the other species (89% and 96%

respectively; Kruskal-Wallis test: .X2 = 42.7, df = 1, P < 0.001; Fig. 2-5). Similarly, the

average distance from the closest parent tree of bellbird sites was greater than any of the

other four species, (Kruskal-Wallis X2 = 66.06, df = 1, P < 0.001), but the difficulty in

following the birds (especially robins which tended to fly above the canopy) biases the

results in favor of bellbirds. Nevertheless, the data show that bellbirds tend not to drop

many seeds near parent trees (Fig. 2-6). Considering that approximately 5.3% of the study

area was in gaps (see Study Site), overall seed arrival in gaps (12%) occurred more often

than expected by chance (X2 = 36.45, df = 1, P < 0.001), whereas close to the expected

number of random sites (4.1%) was in gaps (X2 = 0.557, df = 1 P > 0.05, see Fig. 2-4).

Furthermore, bellbirds dispersed significantly more seeds to gaps than did the other species

(X2 = 39.3, df = 1, P < 0.001). Note that bellbirds dispersed seeds to only 2 of 29 gaps in

the study area.
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Figure 2-5. Mean (± 1 SD) canopy cover (%) of sites of seed dispersed by bellbirds,
guans, quetzals, robins, and toucanets for both years combined. Sample size for each
species shown at the bottom of each bar.
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Figure 2-6. The number of seeds dispersed at different distances from parental trunks by
bellbirds, guans, quetzals, robins, and toucanets for both years combined (N = 184).
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Post-dispersal Seed Predation

More than 50% of marked seeds were removed within one week in both years (Fig.

2-7). In 1993, seeds at dispersed, non-dispersed, and random sites were removed at

similar rates with dispersed seeds showing a nonsignificant trend for slower removal than

seeds at non-dispersed or random sites (Wilcoxon X2 = 5.36, df = 2, P = 0.068). In

1995, dispersed seeds were removed more slowly than those at non-dispersed and random

sites (Wilcoxon X2 = 9.09, df = 2, P = 0.011). Ultimately, only 2 of 923 marked seeds

(one dispersed and one random site, both from 1995, and both ^ 30 m from conspecific

trees) in the entire study survived to June 1996 (and germinated), for an overall predation

rate of 99.7%.

I found 75% of marked seeds after removal in 1993, and 94% in 1995. In all

cases, the seed was killed, and in most cases (96%) entirely consumed. Few seeds were

eaten (13%) but not moved. The general pattern was that seeds were taken a short distance

(range 0-21 m, N = 761) to a site with cover, presumably where the seed could be eaten in

safety. On average, removed seeds (not counting seeds eaten but not moved) were taken

2.5 m (± 3.8, N = 286) in 1993 and 2.1 m (± 2.9, N = 475) in 1995. About 50% of those

removed were found on the leaf litter, but some were found in small burrows (< 6 cm

diameter), in or under fallen logs, or in crevices at the bases of large trees (Fig. 2-8). Most

seeds taken to burrows, trees, and logs were clearly taken by small animals, probably

rodents, because the small diameter of the opening would exclude larger species such as

agoutis (Dasyprocta punctata). I found no evidence of scatterhoarding or secondary

dispersal.

Significant predictors of survival ofmarked seeds to 2 weeks in 1993 included

canopy cover, leaf litter depth, and dispersal date (Table 2-3). Seeds in sites with more

open canopy cover, deeper leaf litter, and later dispersal date were more likely to survive.

In 1995, 1-d survival was significantly predicted by greater seed mass, earlier dispersal

date, and the particular parent tree. At 2 wk, seeds farther from the parent tree, dispersed
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Figure 2-7. Removal of marked seeds from sites of dispersed (open squares), non-
dispersed (solid squares), and randomly located (crosses) seeds in 1993 (above) and 1995
(below). Sample sizes are shown in parentheses.
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PERCENTAGE OF SITES

Figure 2-8. Percentage ofmarked seeds found in different locations after removal by
animals. See text (Methods: post-dispersal seedpredation) for definitions of categories.



Table 2-3. Results of logistic regressions of post-dispersal survival ofmarked seeds
against habitat variables. Only significant effects are listed.

Response r2 -21og likelihood
(X2)

predictors3

1993
2 wk survival 0.311 54.19*** + leaf litter***

- canopy cover*
- dispersal date***

1995
1 day survival 0.23 133 3*** - seed mass**

+ dispersal date***
tree number*

2 wk survival 0.31 144.5*** + distance to parent***
- dispersal date***
tree number*

*P < 0.05, **P < 0.01, ***P < 0.001.
asign in front of each predictor variable indicates positive or negative correlation with the
response variable.
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later in the season, and at certain parent trees were more likely to survive. Logistic

regression models of survival past 2 wk were not significant because so few seeds

survived that long.

Distance effect Seed removal from transects radiating from fruiting O. endresiana

trees was slower for seeds farther from the parent trees in both 1995 and 1996. The 1995

seed removal experiment, which ran for 10 weeks, showed that the effect of distance on

seed removal declined over time and that seed predation eventually approached 100% at all

distances (Fig. 2-9a). Only 1 seed (at 80 m) survived 10 wk. Removal of seeds was

significantly faster for seeds within 40m of parents than for seeds placed 60 or 80 m away

(Wilcoxon X2 = 4.5, df = 1, P = 0.03). The 1996 experiment (Fig. 2-9b) showed that

seed removal was significantly faster for seeds experimentally dispersed during the peak of

fruiting than before the fruiting peak, but only for seeds 5 m (under the crown) from

parents (X2 = 6.87, df =1, P = 0.009) and not for seeds 40 m away (X2 = 0.21, df =1, P

= 0.64). Removal rates did not differ between seeds placed 5 and 40 m from parents at

either time in the fruiting season (early: X2 = 0.65, df = 1, P = 0.42; middle: X2 = 3.17, df

= 1, P = 0.20).

The 1996 sample of 44 seeds was censused at dusk (18:00-18:30) and dawn

(05:30-06:00) for two consecutive days. Five seeds had been removed by the first dusk

census, two of which clearly were taken by small rodents into small holes in fallen logs.

By the next dawn, 27 more seeds had been removed. One seed was taken during that day

and four more by the next dawn. Thus, most seed removal (73%) took place at night (X2
= 25.9, df = 1, P < 0.001), probably by small rodents.

Exclosures. Removal rates differed significantly among the three treatments; seeds

accessible to all rodents were taken faster than the other two treatments (Wilcoxon X2 =

16.7, df = 2, P = 0.007). After 8 d, three seeds had been removed from the small mesh

exclosures, which were designed to exclude all rodents (Fig. 2-10). Two of these

exclosures had burrows inside that were probably dug during the three months between
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DAYS

Figure 2-9. (A) Removal ofmarked seeds experimentally dispersed 0, 20,40, 60, and 80
m from trunks of the fruiting Ocotea endresiana trees starting in June 1995. N = 12 at each
distance. (B) Removal of marked seeds at 5 and 40 m from parent trees in the early (late
May) and at the peak (mid-June) of fruiting season, 1996. N = 24 for each category. All
seeds at 0 and 5 m were under the parental crowns.
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Figure 2-10. Percentage of seeds remaining in three types of exclosures after 8 days. For
each treatment N = 38. The 'no rodent' exclosure was designed to exclude all terrestrial
animals, 'small rodent' exclosures excluded large animals, but allowed access to small
animals through 6 cm mesh, and 'all rodent' plots were controls with no exclosure.
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construction of exclosures and the beginning of the experiment. The third exclosure was

hit by a fallen tree, thus creating access. Except for those three, seeds were not removed

from "no rodent" exclosures. Several other exclosures were damaged by falling branches

or breached by peccaries foraging for Inga pods, but these incidents either occurred after

the seed had been removed or did not lead to seed removal. After 8 d all the seeds from the

control plots had been removed, while 52% of the seeds from the "small rodents only"

exclosures had been removed (Fig. 2-10). After 4 mo, 82% of the seeds from the "small

rodents only" exclosure had been removed. Thus, although large mammals may take some

seeds, small mammals (presumably rodents) will eventually find and eat most seeds.

Germination and Seedling Survival

Ocotea endresiana seeds began germinating about 6 weeks after dispersal. The

germination rate of caged seeds ranged from 70 to 95% in both years and did not differ

among the seeds at dispersed, non-dispersed, and random sites (Fig. 2-11). Of the seeds

that germinated in 1993 and 1995, 35% and 27% respectively, survived one year as

seedlings. Overall, 28% and 22% of seeds in 1993 and 1995 respectively, germinated and

survived on¿ year. For the 1993 caged seeds, annual survival for the first three years

averaged 31% (Table 2-4). Seeds at four dispersed and five random sites from 1993

survived until June 1996, for an overall 3-year survival rate of 2% (Fig. 2-11). Within

each stage (germination, 1 yr, 2 yr and 3 yr survival), the three location treatments had

similar survival rates except for one-year survival in 1993 (Fiji = 11.84, P = 0.0002).

Seeds at dispersed sites had significantly higher one-year survival than those at non-

dispersed and random sites (P < 0.001). Random and non-dispersed sites had similar one-

year survival (P = 0.35). Germination success of seeds defecated by guans did not differ

from that of seeds regurgitated by the other four species (X2 = 0.98, df = 1, P > 0.05).

None of the variables in the logistic regression models predicted germination

success in either year. Significant predictors of 1-year survival included lower canopy
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Figure 2-11. Germination success, and annual seedling survival of dispersed and non-
dispersed seeds and seeds at randomly located sites (mean + SD per tree) in 1993 (left) and
1995 (right). Within each stage where a difference among sites was detected, bars with
different letters above are significantly different (P < 0.005; Bonferroni-adjusted alpha =
0.008).
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Table 2-4. Results of logistic regressions of post-dispersal survival of seedlings
predicted by habitat variables. These seeds were protected from seed predators
with cages until germination. Only significant effects are listed. No variables
significantly predicted germination success (not shown).

Response r2 -21og likelihood
*2

predictors3

1993
1 yr survival 0.10 43.25*** - canopy cover*

+ dispersal date*

1995
1 yr survival 0.13 67.52*** - canopy cover*

+ dispersal date**
tree number*

*P < 0.05, **P < 0.01, ***/> < 0.001.
^ign in front of each predictor variable indicates positive or negative correlation
with the response variable.

r
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cover and later dispersal date in both 1993 and 1995 (Table 2-4). Additionally, in 1995,1-

yr survival was heterogeneous with respect to which particular fruiting tree was closest,

although no clearcut pattern was discernible in terms of crop size, tree size, or proximity to

other fruiting trees.

The causes of mortality of caged seeds and seedlings during the first year differed

among dispersed, non-dispersed, and random sites in both 1993 (X2 = 29.14, df = 6, P <

0.001) and 1995 (X2 = 33.59, df = 6, P < 0.001; Fig. 2-12). Many seedlings were killed

when seed predators (presumably rodents) removed the seed and severed the connection

between the shoot and root Mammalian herbivores also killed seedlings by entirely

removing the leaves and shoot. Mortality by the combination of mammalian seed predators

and herbivores was significantly different among the three location treatments in 1995

(P2.37 = 4.98, P = 0.012), but not 1993 (F2.24 = 3.56, P = 0.044). In 1995, mammals

killed more seeds and seedlings at dispersed than at random sites (P < 0.05), but mortality

caused by mammals at non-dispersed sites did not differ from that at either dispersed or

random sites (P > 0.05; Fig. 2-12). Mortality caused by beetle larvae (Heilipus sp. and at

least one other unidentified species) differed among the three treatments in both years

(1993; F2,23 = 4.85, P = 0.012, 1995: ¿*2,37 = 6.64, P = 0.003). In both years, more

non-dispersed than dispersed seeds were killed by beetles (P < 0.05; Fig. 2-12). Mortality

caused by fungal pathogens and physical damage (falling branches, trampling) did not

differ among treatments or years. For the three treatments, combined levels ofmortality by

each cause were similar between the two years, except for insect predation which was

significantly higher in 1993 than 1995 (Student's t-test; t = 1.97, df = 52, P < 0.05) and

mortality by mammals which was significantly higher in 1995 than in 1993 (t = 2.53, df =

67, P < 0.01).

Average canopy cover for seedlings that survived one year at dispersed sites

(94.3% + 3.6, N = 86) was significantly lower than for seedlings that died (95.2% ± 2.3,

N = 303), whereas canopy cover did not differ with one-year survival for non-dispersed or
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Figure 2-12. Average (+ SD) proportion per tree of caged dispersed and non-dispersed
seeds and randomly located seeds killed by different causes during the first year for seeds
from 1993 (above) and 1995 (below). Cages were removed after germination and shoot
development Sample sizes of seeds or seedlings killed shown in parentheses. Within
each cause ofmortality where a difference among sites was detected, bars with different
letters above are significantly different (Bonferroni-adjusted alpha = 0.0125). See text
(Methods: Germination and seedling survival) for definitions of types of mortality.
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random sites (2-way ANOVA, F^in = 3.98, P = 0.019). Denser canopy cover was also

a significant predictor of higher mortality by fungal pathogens flogistic regression, P =

0.0013). Seedlings that survived one year were significantly taller at sites with less dense

canopy cover (linear regression, r2 = 0.284, P < 0.001; Fig. 2-13). Seedlings from seeds

dispersed by bellbirds were significantly taller than those at other species' sites (t-test =

2.37, N = 38, P = 0.02).

Germination trials. Regurgitated seeds and seeds cleaned of pulp by hand had

higher germination rates than the seeds in intact fruits (X2 = 43.94, df = 2, P < .001). Of

30 seeds in each of the first two treatments, all but one seed germinated, and that one failed

because it was infested with a beetle larva. In contrast, seeds in intact fruits tended to

mold; 8 germinated and 22 appeared mealy and no longer viable after 12 wk. The 8 seeds

in fruits that germinated never developed a shoot outside the fruit pulp and eventually

rotted. Thus, ingestion of seeds by frugivores was beneficial in terms of pulp removal but

probably did not otherwise affect germination. Two of the 10 buried seeds started to

germinate (the seed coat appeared cracked) and seemed viable but the other eight seeds

rotted. After 4 mo, neither of the apparently germinating seeds had any sign of root

development, nor had the cotyledons begun to separate. Six of 10 buried seeds had

whitish mold on the seed coat. Thus, few buried seeds appear to establish as seedlings.

Seedling and sapling plots. Seedlings and saplings were equally common in 10 x

10 m plots under (6.6 ±1.5 individuals) and away (4.9 ± 3.5) from the parent trees (paired

t-test; t = 1.15, P > 0.05). Individuals in plots away from the parent trees, however, were

taller (79.9 ± 14.9 cm) than those near the parent trees (47.4 ± 7.2; Mann-Whitney U test,

P = 0.009).

Recruitment

Based on the experiment with marked seeds, the probability of recruitment is

determined mostly by post-dispersal seed predators. Assuming the experiment reflects the
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Figure 2-13. Seedling height (N = 140) plotted as a function of percent canopy cover for
both years combined (height = 28.93 - 0.233x; r2 = 0.284, P < 0.001). Values for canopy
cover below approximately 92% are associated with canopy gaps.
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absolute level of seed predation, and all seeds that escape predation germinate and survive,
then recruitment was 0% in 1993 and 0.4% in 1995. On the other hand, if seed removal at
2 wk (75-93%) reflects the ultimate pattern of survival (e.g., Lieberman 1996) then it is
possible to calculate the influence of stage-specific mortality patterns on the relative

probability of recruitment (Table 2-5, Fig. 2-14). The initial pattern of seed rain shows a

strong peak near the parent trees and secondary peaks beyond 40 m that correspond with
bellbird song perches (Fig. 2-14a). The bellbird perches encompass a range of canopy
cover values from forest/gap edge (=92%) to gap centers (=70%) and thus seed rain is

spread across a wider range of canopy conditions with increasing distance from the parent
trees. Two-week seed survival is higher for seeds > 30 m from fruiting trees, but relatively
consistent across the range of canopy cover (Fig. 2-14b). Germination is high for all seeds
regardless of distance from parent or canopy cover (Fig. 2-14c). One-year seedling
survival is highest for sites > 40 m from parents and < 90% canopy cover (Fig. 2-14d).
The cumulative probability of recruitment (the product of seed rain, 2 wk seed survival,

germination, and one year survival) shows a peak near the parent trees and secondary
peaks corresponding to the bellbird perches (Fig. 2-14e). Note that the probability of a
seed dispersed by birds surviving one year is < 0.2% at any location.

Discussion

The results illustrate four main points: (1) bellbirds dispersed seeds in a different

pattern than the other species; (2) post-dispersal seed predation is highest near the parents,
but is also high everywhere; (3) the pattern of recruitment is bimodal with a peak near the
parent tree in closed canopy forest and another in gaps corresponding to bellbird perches;
and, (4) all three advantages of dispersal (escape, colonization, and directed dispersal) are
supported. These points will be discussed in detail below.
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Table 2-5. Summary of post-dispersal stages leading to seedling recruitment Values for
stage-specific probabilities represent the average proportion of individuals per tree thatentered and survived each stage. Cumulative probabilities are the product of the current
and previous stage-specific probabilities. Data for 2- and 3-yr survival of the 1995 cohort
are unavailable.

Stage Stage-specific probability Cumulative probability
1993 1995 1993 1995

2 wk seed 0.094 + 0.113 0.137 + 0.167 0.094 0.137
germination 0.759 + 0.188 0.855 ±0.122 0.0713 0.1171
1 yr seedling 0.309 + 0.237 0.212 ±0.185 0.0220 0.0248
2 yr seedling 0.245 + 0.181 — 0.0054 —

3 yr seedling 0.360 + 0.115 — 0.0019 —



Figure 2-14. Average seed rain (a), 2 wk seed survival (b), germination (c), 1 yr seedling
survival (d), and cumulative probability of recruitment (e) as functions of canopy cover and
distance from parent for both years combined and averaged among 21 trees. For a-d, each
bar represents the percentage of the seeds or seedlings that survived that stage in each
distance/canopy cover category, averaged among trees. Categories with fewer than three
seeds were not included and are blank, while categories with a flat rectangle are zero. Seed
rain determined from the original distribution of seeds naturally dispersed by birds. Two-
week seed survival estimated from the removal of marked seeds. Germination and seedling
survival estimated from the seeds caged until after germination. Recruitment (the
cumulative probability of surviving every stage) is calculated as the product (a x b x c x d)
for each distance/cover category. For clarity, standard deviations are not shown.
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2-WK SEED SURVIVAL

Figure 2-14 —continued
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GERMINATION

Figure 2-14 --continued
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1-YR SEEDLING SURVIVAL

Figure 2-14 —continued
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RECRUITMENT

Figure 2-14 --continued
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Seed Dispersal

Most O. endresiana seeds handled by birds land under or just beyond the crowns of

parent trees. This distribution of seeds is typical for vertebrate-dispersed plants (Dirzo and

Dominguez 1986, Hoppes 1988, Willson 1993, Laman 1996a). The abundance of O.

endresiana adults in the study area makes dispersal beyond 80 m from any conspecific tree

virtually impossible. Considering the restricted elevational range of this species, longer-

distance dispersal may lead to arrival in habitats unsuitable for establishment (Wheelwright

1988). Thus, while regurgitating seeds just outside the crown of a fruiting tree may seem

like poor quality dispersal (McKey 1975), the shear abundance of seeds in that region may

lead to a small peak in recruitment near the parent tree (Fig. 2-14e) as predicted by Hubbell

(1980) and Condit et al. (1992). The long tail of the seed distribution, however, is

apparently important for recruitment because seeds dispersed farther from the parent trees

have a greater chance of arriving in a habitat where the probability of seedling survival is

higher (i.e., a safe site), as will be shown below.

Of the five species of birds that dispersed most of the seeds in this study, all but

one deposited most seeds in closed canopy forest. Only male bellbirds frequently

dispersed seeds to treefall gaps. In my study site, bellbird song perches were in dead

Sapium oligoneuron trees, bordering large treefall gaps. Such sites are typical for

bellbirds: Snow (1977) reported that bellbird song perches at lower elevations in the

Monteverde area (where the forest is fragmented) are usually on dead branches in tall trees

on the forest edge. In other Neotropical forests, three other species of bellbirds (Procnias

spp.) exhibit similar behavior in habitual use of tall, exposed song perches, often on dead

branches (Snow 1961, 1970, 1973a). Snags used by bellbirds in my site had several

branches and the birds made use of many different branches within each tree, such that

seeds under them were scattered over approximately 25 m^, including a gradient of site

conditions from gap to forest understory. Male bellbirds also dispersed seeds in forest as

do the other species, but they typically spend 80-95% of the day in the vicinity of the song
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perch (Snow 1977) and probably disperse a similar percentage of seeds they process under

song perches. Female bellbirds were rarely seen at the song perches, and then only for a

few minutes.

The influence of bellbirds on the pattern of seed fall is shown by the slight increase

in the number of seeds 40-65 m from the parent trees (Fig. 2-3). Bellbird perches in my

site happened to be far (> 40 m) from any fruiting O. endresiana trees. The other four bird

species that disperse O. endresiana seeds occasionally perch on the edges of gaps, (D.

Wenny, personal observation) although whether they do so more often than expected based

on perch availability is unknown. Because birds do not (cannot?) regurgitate in flight, and

guans apparently do not defecate in flight (personal observation), the most likely way an O.

endresiana seed can arrive in a gap is via male bellbirds. I never observed the other four

species on bellbird perches. Thus, O. endresiana has two types of dispersers that deposit

seeds in two different but predictable patterns: male bellbirds depositing large numbers

(52%) of the seeds they disperse in and near gaps, and the other four species depositing

seeds in forest, most (75%) within 25 m of parent trees and fewer more than 25 m away.

Additionally, on several occasions I followed quetzals and guans from one fruiting O.

endresiana to another, where they deposited seeds before eating fruits in the second tree.

Although I had no method of identifying the source tree of the seeds, it is likely that

dispersal of seeds from one tree to another conspecific occurs regularly (Wheelwright

1991, Gibson and Wheelwright 1995).

The patterns of seed distribution described here may be similar for other trees in

cloud forests where these disperser species occur during the breeding season, but may be

very different during the rest of the year. The five species of birds that disperse O.

endresiana are the most important fruit consumers of canopy trees in the area (Wheelwright

et al. 1984). At least 20 other species of trees are dispersed by these birds and probably

have similar patterns of seedfall as O. endresiana, with a peak near the parent tree and a

second peak at bellbird perches. However, all five dispersers (except perhaps toucanets)
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undertake elevational shifts that correspond with fruit availability (Wheelwright 1983,

Levey and Stiles 1992, Powell and Bjork 1995, Guindon 1996) and leave the study area in

late July or early August (In 1994 they left in June when O. endresiana failed to fruit).

Male bellbirds may not provide such a pronounced peak in seed dispersal to song perches

after the breeding season because they seem to use many different perches in the non-

breeding season and tend to use subcanopy perches that are not exposed (Stiles and Skutch

1989). Thus, seed fall for the community as a whole is likely temporally as well as

spatially heterogeneous.

The implications of seed dispersal to habitual perches deserves further study. Do

habitual perches represent foci of plant recruitment or of seed predation? Seed dispersal to

perches has been frequently studied in successional landscapes (Livingston 1972,

McDonnell 1986, Holthuijzen et al. 1987, Guevara and Laborde 1993, McClanahan and

Wolfe 1993, Robinson and Handel 1993, Vieira et al. 1994, Nepstad et al. 1996, Duncan

1997). In these systems, directed dispersal may play a key role in the restoration of

abandoned pastures, logged forests, and other degraded lands. It is possible that directed

dispersal is more common in intact forests than previously expected. For example,

manakins (Pipridae) and cocks-of-the-rock (Rupicola: Cotingidae) choose lek perches that

are more sunlit than average understory perches (Endler and Théry 1996), and such sites

may provide growth advantages for seedlings. Snow (1961,1970, 1973b) notes that

other species of bellbirds (Procnias) preferentially select perches on dead trees or branches,

or in sparsely-vegetated trees. For these species, competition among males for females

drives them to be as conspicuous as possible. The fortuitous outcome of this behavior may

be a disproportionate effect on plant recruitment in the vicinity of their display areas (Théry
and Larpin 1993). Whether habitual perches represent foci of seedling recruitment

(McDonnell and Stiles 1983, McDonnell 1986) or lead to density-dependent seed and

seedling mortality (Wheelwright 1988), needs to be examined in more detail.
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Seed Predation

Removal of marked seeds after dispersal in this study always resulted in predation.
Although seeds were taken into burrows and logs, I never found any treatment of seeds

indicative of scatterhoarding, such as burial in the soil (Smythe 1978, Hallwachs 1986,

Forget 1990,1993) or under piles of leaf litter (Forget 1991). In addition, the failure of

buried seeds to germinate and survive in the greenhouse experiment suggests that

scatterhoarding would not be advantageous for O. endresiana recruitment Only two
species ofmammals known to scatterhoard seeds occur in the study site: spiny pocket mice

(Heteromys desmarestianus) and agoutis (Dasyproctapunctata). Both species are much
less common here than at lower elevations (D. Wenny personal observation, K.G. Murray,
personal communication). Although some species of squirrels (Sciurus) and deer mice

(Peromyscus) are known to cache seeds in other regions of the world (VanderWall 1990),
information on tropical species (in this site S. deppei, and P. mexicanus) is lacking
(Emmons 1990).

The main seed predators in this study were probably rodents, particularly the deer
mouse Peromyscus mexicanus, by far the most common terrestrial rodent in the study area

(Anderson 1982, Langtimm 1992). Based on the exclosure experiment, however, it is

possible that species larger than mice (i.e., agouti, paca, peccary, wood-quail) are also

important seed predators. Because removal of seeds from the open control plots was about
twice that of the "small rodents only" plots, agoutis and other large mammals may have
been responsible for as much as 50% of O. endresiana seed predation. Nevertheless, the
exclosures also showed that in the absence of agoutis, small rodents will find and eat most

of the seeds, albeit over a longer time period. Additionally, the finding that most marked
seeds from the removal experiment were taken at night and removal of seeds always
resulted in predation rather than scatterhoarding suggest that agoutis, which are mostly
diurnal and known scatterhoarders (Smythe 1978, Hallwachs 1986), may not be taking
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many seeds (although few data exist on the extent to which agoutis eat but do not

scatterhoard certain species, e.g., Smythe 1978).

The high degree of post-dispersal seed predation reported here is not unusual

(Harper 1977, Cavers 1983). Recent reviews have found 90-100% losses of seeds to

predators in 22 of 62 studies (Crawley 1992, Hulme 1993). Estimates of seed predation

rates for Neotropical trees range from 40-50% for the canopy tree Brosimum alicastrum

(Burkey 1994), 36-98% for the canopy emergent tree Dipteryxpanamensis (DeSteven and

Putz 1984), 87% for Dipteryxmicrantha (Cintra and Homa 1997), 60-90% for the

subcanopy tree Faramea occidentals (Schupp 1988b), 50-90% for the subcanopy palm

Welfia georgii (Schupp and Frost 1989), 97% for the canopy palm Astrocaryum murumuru

(Cintra and Homa 1997), and 96% for the canopy tree Virola nobilis (Howe et al. 1985).

The study by Burkey (1994) was short-term (21 days) and may underestimate total

predation. Also, in the study by DeSteven and Putz (1984), a site with only 36% predation

had low populations of seed predators as a result of hunting. Previous studies on seed

predation of Lauraceae found 96-100% predation (Wheelwright 1988, Chapman 1989a,
Holl and Lulow 1997).

The high level of seed predation in my study site could be explained by dense

vegetation and cloudy conditions, providing small rodents protection from predators

(Bowers and Dooley 1993, Vásquez 1996). High predation is probably not a consequence
of high rodent populations due to lack of predators because potential predators of mice such

as owls, forest-falcons, and cats are relatively common (D. Wenny, personal observation).

During the day, light levels in the study area are often reduced as a result of cloudy weather

(Cavelier 1996, Chazdon et al. 1996) as well as dense vegetation. Indeed, on a few

occasions mice were seen during the day (especially Peromyscus and Scotinomys) and
some marked seeds were removed by small rodents during the day (see Post-dispersal seed

predation: distance effect). Also, local naturalists report seeing more mice on misty or

rainy days and nights than during clear weather (T. Guindon, personal communication).
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Thus, the high levels of predation for O. endresiana could be a result of longer activity

patterns by small rodents and may be typical for many large-seeded tree species in cloud

forests.

Seedling Survival and Recruitment

Most of the seeds protected from rodents germinated. High germination rates for

Lauraceae are apparently typical (Wheelwright 1985b). Some seeds that germinated were

eventually killed by beetle larvae (Heilipus sp. Curculionidae) developing in the

cotyledons. After the cages were removed from the growing seedlings, the seeds as well

as the seedlings were susceptible to predation by mammals. It is difficult to determine the

role of each species involved but the suite of species that kill seedlings is probably larger

than the suite of seed predators, and could include pacas (Agouti paca), brocket deer

(Mamma americana), tapir (Tapirus bairdii), and peccaries (Tayassu tajacu), in addition to

agoutis and smaller rodents.

Insects were most likely to kill non-dispersed seeds or seedlings while mammals

killed all types of seeds (dispersed, non-dispersed, and random). This finding is consistent

with Howe (1993a) and Terborgh et al. (1993), who found that insect-caused mortality

was distance-dependent, but mortality by mammals was not. In New Guinea, Merg (1994)

found the opposite pattern: insects tended to kill dispersed seeds and mammals killed non-

dispersed seeds. In contrast to insects and mammals, fungal pathogens killed

proportionately more O. endresiana seedlings in closed-canopy forest than in gaps.

Augspurger (1984) also showed fungal pathogens of seedlings were less prevalent in gaps

than forest understory for nine species of tropical trees.

The greater height of seedlings and saplings in plots >20 m from the parent trees

than in plots beneath the crowns, suggests that seedling mortality was higher closer to the

parent trees. Seedling ages are not known, but this difference suggests that longer-term

survival several years after dispersal is higher for seedlings >20 m from the crown of
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parent trees than for seedlings beneath crowns. Thus, seed dispersal away from the crown
of a conspecific appears to increase the chance of recruitment over the long term (Clark and
Clark 1984, Li et al. 1996).

The overall pattern of recruitment with respect to distance from parent trees and

canopy cover was bimodal. This pattern was caused by the combination of distance-

dependent seed predation (Fig. 2-14b) and the influence of canopy cover on seedling
survival (Fig. 2-14d), despite the fact that most seeds landed close to the parent trees in

closed-canopy forest (Fig. 2-14a). This pattern is an example of spatial discordance caused

by the lack of congruity among the stages leading to recruitment (Herrera et al. 1994,

Jordano 1995). The occurrence of such discordance emphasizes the importance of stage-
specific survival patterns on patterns of recruitment and the need for data on the sequential

stages of plant reproduction rather than on only one or a few stages. Bellbirds are clearly
an important part of the dispersal system of O. endresiana, as over half (52%) of the seeds

they dispersed landed in a zone of higher recruitment

Synthesis: Advantages of Dispersal

Despite nearly complete predation, all three advantages of dispersal receive some

support for Ocotea endresiana. With respect to the escape hypothesis, mortality for both
seeds and seedlings had a component of density and/or distance dependence. Post¬

dispersal seed predation was higher for seeds directly under the parental crowns than for
seeds dispersed away from the crowns (Fig. 2-8). Seed predation was higher for seeds
closer to the trees (Fig. 2-9,2-12). Also, of seeds initially protected from mammalian seed

predators, more dispersed than non-dispersed seeds established as seedlings and survived
one year (Fig. 2-12). Overall, seeds dispersed away from the parent trees had a greater

probability of survival and recruitment These results support the general predictions of the
Janzen/Connell model of higher seed and seedling mortality near the parent tree (Connell
1970, Janzen 1970). However, removal of experimentally dispersed seeds showed that
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although distance is important, its effect decreased over time because removal approached
100% at all distances. Only two marked seeds were not removed by seed predators: one at

30 m and one at 70 m. Thus, although dispersal is advantageous for removal from the

zone of highest seed predation and seedling mortality near the parent tree, predation is so

high everywhere that dispersal beyond approximately 25 m is apparently not effective in

providing an additional escape advantage. Furthermore, the occurrence of seedlings in the
crown edge plots suggests that some recruitment can take place near the parents. Indeed, a

peak in recruitment occurred within 10 m of the crown edge (Fig. 2-14e), assuming the

pattern of seed predation at 2 wk (Fig. 2-14b). This peak is the one predicted by Janzen

(1970), and it occurs where Hubbell (1980) suggested it would, as a result of high seed
rain close to the parent trees and incomplete density-dependent mortality (see also Condit et
al. 1992).

Thus, factors in addition to escape from seed predation may be important in
recruitment. During a tree's lifetime, recruitment may be episodic, which if true, could

explain why O. endresiana seedlings are fairly common, despite the high levels of seed

predation observed in the two years of this study. Perhaps stochastic events combine to

result in low populations of seed predators and an increase in seedling recruitment only a

few times during a tree's reproductive years. Long-term studies are necessary to test

Hubbell's (1980) hypothesis that the variance in seed predation among years may be more

important than the average in determining the probability of recruitment

Dispersal of O. endresiana by guans, quetzals, robins, and toucanets is consistent

with the colonization hypothesis. Typically, the colonization hypothesis applies to pioneer
species that gain an advantage in random dissemination of seeds to increase the chance that

a few will arrive in a suitable location, such as treefall gaps. Many such species have seeds

capable of dormancy and are incorporated into the soil seed bank, where they wait for a gap
to form above them. Shade tolerant trees also benefit from colonization through
suppressed growth in the seedling and sapling stage rather than the seed stage, and
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accordingly a "seedling bank" develops in the understory. My results are probably

representative ofmany shade-tolerant canopy trees in tropical wet forests (Howe 1993a,

Lieberman 1996, Whitmore 1996). Because most O. endresiana seeds are dispersed to

sites within closed canopy forest, most surviving seedlings are part of the understory

seedling bank. During three years of intensive field work in this study site, I only found

two subadult O. endresiana (5-15 m tall), and both were in or near old (> 5 yr) treefall

gaps.

The directed dispersal hypothesis is also supported. Species that have directed

dispersal gain an advantage in arrival at specific sites associated with a higher probability of

survival. The few examples of directed dispersal in bird-dispersed plants are for parasitic

epiphytes (mistletoes) that can establish only on branches (Davidar 1983, Reid 1989,

Sargent 1995, Larson 1996). For O. endresiana, male bellbirds provide directed dispersal

to gaps, where seeds have a slightly lower probability of early predation by mammals

(Table 2-3), and a slightly higher chance of recruitment than in forest understory (Fig. 2-

13,2-12e). One must take into account the fact that most seeds land a few meters beyond

the crowns of the parent trees, and therefore, this zone contributes the most individuals to

the seedling/sapling stage. Seeds that land in a gap edge zone (sensu Popma et al. 1988),

in this case often associated with bellbird song perches, gain an advantage in survival and

growth. Thus, although bellbird perches are not the only places seedlings can survive, a

seed dispersed by a bellbird to a gap has a slightly higher chance of germinating and

surviving than one in the forest understory. Additionally, because gaps in Monteverde tend

to expand when trees on the edge of the gap fall (Lawton and Putz 1988), seeds dispersed

by bellbirds that germinate and survive, are more likely to encounter a favorable growth

environment (i.e., higher light levels) in the future, whereas the prospects for seedlings in

the understory are unpredictable.

These results are consistent with other studies that show shade tolerant species to be

capable of recruitment under a wider range of conditions than shade-intolerant pioneer
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species (Canham 1989, Denslow and Hartshorn 1994, Lieberman 1996). In montane

forests, shade-tolerant species may be better able to recruit in gaps than in lowland forests,

because cloudy conditions moderate the temperature fluctuations (Cavelier 1996). Thus,

seedlings of shade-tolerant species in montane forests may gain an advantage of higher

light levels in gaps without the increased risk of desiccation found in other rain forests

(Bazzaz and Pickett 1980, Veenendaal et al. 1995, Whitmore 1996). In addition, shade-

intolerant pioneer species are less common and require larger gaps with increasing elevation

in some forests (Whitmore 1996), suggesting that the seedlings of non-pioneers are more

common in montane forest gaps.

Conclusion

The overall conclusion of this study is that the pattern of recruitment of O.

endresiana depends on the combined effects of seed dispersers, seed predators, and

seedling mortality. Selection on plant traits occurs during each stage, and selection during

sequential stages may be opposed (Wheelwright and Orians 1982, Herrera 1985,1986,

Wheelwright 1988, Herrera et al. 1994). For example, high seed predation overall and the

slight preference for larger seeds by seed predators may select for smaller seeds or larger

seed crops, while seed dispersers may prefer larger fruits, which have larger seeds, but

occur in smaller fruit crops (but see Howe and Vande Kerckhove 1980,1981,

Wheelwright 1991, Mazer and Wheelwright 1993). On the other hand, seed size did not

influence germination, seedling height, or seedling survival. In addition, the bimodal

spatial pattern of recruitment may represent disruptive selection on seedling traits. Some

trees were visited by all five species of dispersers, while the trees far from bellbird perches

tended not to be visited by bellbirds. Thus, seeds dispersed to gaps beneath bellbird

perches were mostly from a subset of the available trees. The extent to which such

differences in dispersal and subsequent recruitment affect gene flow is poorly understood

(Gibson and Wheelwright 1995, Hamrick and Nason 1996). Further studies that compare
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dispersal patterns and the subsequent stages leading to recruitment at different sites, as well

as over longer time periods are especially needed.



CHAPTER 3
SEED DISPERSAL OF A HIGH-QUALITY FRUIT BY SPECIALIZED FRUGIVORES:

HIGH-QUALITY DISPERSAL?

"It is well known that most Lauraceae seeds are free ofpredation." Oscar C. Castro

(1993:67)

Introduction

In a seminal paper, McKey (1975) proposed that tropical trees producing nutrient-

rich fruits attract specialized frugivores that provide high-quality seed dispersal. He noted

that this strategy of high-quality fruits gaining high-quality dispersal by specialized

frugivores was one endpoint of a continuum of dispersal strategies. High-quality, or

specialist, plants produce large fruits with one or a few large seeds and lipid or protein-rich

pulp. At the other end of the continuum, generalist plants produce large crops of fruits

with many small seeds and pulp composed mostly of sugars and water. The many species

of small, opportunistic birds that eat generalist fruits McKey expected to be less reliable

dispersers because they were thought to be less dependent on fruit than are the specialized

frugivores. McKey’s framework was based on three ideas. First, the general similarity of

fruit characteristics of plants dispersed by different types of dispersal agents (i.e., dispersal

syndromes; Ridley 1930, van der Pijl 1972). Second, observations that fruit was an

important dietary component for many species, but few species were totally dependent on

fruit (Orians 1969, Morton 1973). Third, Snow's (1971) ideas about possible coevolution

between plants with large-seeded, nutritious fruits, and highly frugivorous birds that

dispersed the seeds. These ideas were further expanded by Howe and Estabrook (1977) to

66
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incorporate crop size, phenology and visitation rates. Although components of the

specialist/generalist framework have been confirmed, data to fully test it are still lacking

(Howe 1993b, Schupp and Fuentes 1995). Howe (1993b) suggested that the main reason

the framework remains untested is because plant ecologists and zoologists study different

aspects of the multiple stages of the plant recruitment process. Quantifying dispersal

quality is key to testing the model, yet to examine dispersal quality, it is necessary to study

both the dispersal pattern and post-dispersal fate of seeds (Janzen 1983c, Howe 1993b,

Jordano and Herrera 1995, Schupp and Fuentes 1995).

Another reason that the specialist/generalist framework has not been adequately

tested is because species-specific coevolution between plants and dispersers is now

considered unlikely; diffuse coevolution (sensu Janzen 1980) between groups of plants and

groups of dispersers is thought to be more typical (Wheelwright and Orians 1982, Janzen

1983c, Howe 1984, Herrera 1985, Levey et al. 1994). The diffuse mutualism paradigm is

based on four main points. First, because plants offer a reward (the fruit pulp) to

dispersers for fruit removal, but no reward for seed dispersal to an appropriate site, plants

have little control over what happens to seeds ingested by potential dispersers

(Wheelwright and Orians 1982). Second, most large, highly frugivorous animals eat a

wide range of fruits including both high-quality and low-quality species (Wheelwright

1983,Wheelwright et al. 1984). Similarly, small-bodied frugivores can be highly selective

among the available fruits, and species of approximately the same body size may handle

fruits and seeds very differently (Moermond and Denslow 1983,1985, Moermond et al.

1986, Levey 1986, 1987). Third, most plant species with fleshy fruits are eaten (and

presumably dispersed) by several to many species of animals of differing body size, seed

handling techniques, and movement patterns (Wheelwright et al. 1984, Bronstein and

Hoffman 1987, Jordano 1992). Fourth, plants probably evolve at different rates than the

animals that disperse them (Herrera 1986). Therefore, the opportunities for dispersal-

related plant and animal traits to coevolve at a species-specific level are minimal, and neither
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body size nor amount of fruit in the diet can be used to make any consistent prediction

about the quality of dispersal provided by that species (Herrera 1984b, 1986, Howe 1984,

Levey 1987).

Although many studies have addressed dispersal quality in terms of gut treatment of

seeds (Krefting and Roe 1949, Traveset and Willson 1997, Wahaj et al. in press), few

have examined dispersal quality in terms of suitability for growth and survival of sites

where seeds are dispersed (Schupp 1993). It is reasonable to expect seeds from an

individual plant to be dispersed to a variety of sites, and it is well known that all potential

dispersal sites are not equally suitable for seedling establishment or growth to maturity

(Grubb 1977, Harper 1977, Murray 1988, Bazzaz 1991, Schupp 1995). Thus, dispersal

quality may vary within and among conspecific trees, as well as among dispersers.

Many models of dispersal are based on wind-dispersed species (Green 1983, Geritz

et al. 1984, Greene and Johnson 1989, 1996, Okubo and Levin 1989, Andersen 1991)

because so little is known about where animals disperse seeds (Janzen 1983a, Willson

1993, Laman 1996a). Until recently, the difficulty in finding seeds dispersed by animals

has limited investigations of dispersal quality (in terms of the suitability of dispersal sites

for recruitment) to parasitic mistletoes, which have specific and easily quantifiable safe sites

(Davidar 1983, Reid 1989, Sargent 1995), and to ant-dispersed species that are dispersed

over relatively small scales (Horvitz and Schemske 1986b, Hanzawa et al. 1988).

Dispersal quality has been defined as the probability that a dispersed seed will survive to

reproductive age (Schupp 1993). The product of dispersal quality and dispersal quantity

(number of seeds dispersed) equals disperser effectiveness, which is defined as the

proportion of seedlings (Reid 1989) or ideally, adult plants (Schupp 1993) in a population

resulting from activities of a particular dispersal agent (see also Bustamante and Canals L.

1995). Most previous studies have experimentally examined seed and seedling survival

without considering the actual pattern of seed deposition generated by dispersers.

Therefore, dispersal quality cannot be assessed (Howe 1993b, Herrera et al. 1994, Schupp
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and Fuentes 1995). Although dispersal quantity has been studied more intensively than

dispersal quality, preliminary estimates for Virola indicate that quality is more strongly

correlated with disperser effectiveness than is quantity (Schupp 1993).

One of the prime examples of a specialized dispersal system, and indeed an integral

part of the development of seed dispersal theory, is the plant family Lauraceae (Snow

1971, McKey 1975, Wheelwright and Orians 1982). Most lauraceous trees produce large

one-seeded, lipid-rich fruits, and are dispersed by large highly frugivorous birds such as

bellbirds (Cotingidae), trogons (Trogonidae), and toucans (Ramphastidae) throughout the

Neotropics (Snow 1981, Wheelwright 1983, Avila H. et al. 1996). Species of Lauraceae

are also important for frugivorous birds in the Paleotropics (Crome 1975, Sun et al. 1997).

In this study I examined seed dispersal and seedling establishment of a Neotropical

Lauraceae (Beilschmiedia péndula; hereafter Beilschmiedia), dispersed by four species of

highly frugivorous birds. Beilschmiedia is one of the largest bird-dispersed seeds

throughout much of its geographic range. In the montane forests of northwestern Costa

Rica, it is the largest bird-dispersed seed (range = 5-20g, mean ± SD = 12.9 ± 3.6 g;

(Wheelwright et al. 1984, Burger and van der Werff 1990, Haber et al. 1996).

Beilschmiedia produces fruits that clearly fit the pattern of high-quality fruits. They are

large, have low pulp/seed ratios, and are high in lipids relative to other species of fruits

(Snow 1971, Wheelwright et al. 1984, Moermond and Denslow 1985). Fruits are

produced prior to and during the breeding seasons of the main dispersers, at a time of year

when the number of tree species in fruit is intermediate (Haber et al. 1996). Within the

study site, Beilschmiedia fruit availability overlaps with few other Lauraceae species

(Wheelwright 1985a). The four main seed dispersers are large, deposit intact seeds, and

are reliable consumers in the sense that all four species are relatively common and regularly

eat Beilschmiedia fruits (Wheelwright 1983, Wheelwright et al. 1984, 1985b, Guindon

1996). Naturalist guides in the Monteverde Cloud Forest Preserve note that fruiting

Beilschmiedia trees are predictable spots to find large frugivorous birds. In years or areas
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when the trees do not fruit, quetzals delay breeding or move elsewhere (T. Guindon, R.

Guindon, A. Villegas, personal communications). The influence of these dispersers on
recruitment of Beilschmiedia, however, is not well known.

The goal of this study was to estimate the quality of seed dispersal provided by

birds for Beilschmiedia. I examined dispersal pattern, seed predation, germination, and 1-

yr seedling survival to determine the influence of each stage on seedling recruitment,

because each stage may be important in limiting recruitment and few studies have integrated

dispersal patterns with their consequences (but see Herrera et al. 1994, Schupp and

Fuentes 1995). First, I determined the spatial distribution of dispersed seeds in relation to

parent trees by searching for regurgitated or defecated seeds beneath and beyond the

canopy of fruiting Beilschmiedia trees. At each site where I found a seed, I protected the

seed from vertebrate seed predators, measured microhabitat variables, and assessed

germination and 1-yr seedling survival to determine which variables were associated with

the highest probability of recruitment in the absence of predation. Then, I examined the

roles of seed predation and possible secondary dispersal in altering the seed shadow

produced by birds by recording the fate of marked seeds placed at the same sites as the

protected seeds. Another way of documenting quality of dispersal is to compare success at

sites where seeds are dispersed to success at random sites. Thus, microhabitat

characteristics, seed predation, germination, and seedling survival were also examined for

seeds placed at randomly located sites. Finally, I compared the spatial distribution of

naturally established saplings to that of dispersed seeds in relation to parent trees to estimate

the effects of longer-term patterns of mortality.

Study Site

This study was conducted January 1995 to June 1996 in the Monteverde Cloud

Forest Preserve (10°12'N, 84°42'W) in the Cordillera de Tilaran, Costa Rica. This

10,000 ha preserve is administered by the Tropical Science Center of San Jose, Costa Rica.
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The study area was in relatively undisturbed lower montane rain forest (Hartshorn 1983)

along the continental divide at 1600 m elevation. A 5 ha area, 500 m from the beginning of
the Valley Trail (Sendero El Valle), was mapped and marked into 10 x 10 m quadrats with

PVC tubing at every grid point. The site's vegetation is classified as leeward cloud forest

by Lawton and Dryer (1980) The canopy is 25-30 m tall and dominated by several species

of Lauraceae, Sapium oligoneuron (Euphobiaceae), Ficus crassiuscula (Moraceae), Inga

spp. (Leguminosae) and Pouteria viridis (Sapotaceae). The understory is dominated by

Rubiaceae, Acanthaceae, Gesneriaceae, Heliconiaceae, and Aracaceae. The vegetation of

the area is described in more detail by Lawton and Dryer (1980) and Nadkami et al.

(1995). Other characteristics of the Monteverde area are described by Nadkami and

Wheelwright (in press).

The average annual rainfall at 1520 m on the Pacific slope about 3 km from the

study site is approximately 2500 mm, with most of the precipitation occurring between

May and November. Actual rainfall in the study site was probably greater than 2500 mm

(due to the higher elevation of the study site relative to the rain gauge), but the seasonal

pattern was similar (Nadkami and Wheelwright in press). Range gauges underestimate the

amount of precipitation from mist and cloud interception, which contribute up to 50% of

the precipitation in some Neotropical montane forests (Cavelier 1996). Temperatures

recorded at the study site during this project ranged from 15° to 22°C.

Study Species

Beilschmiedia péndula [(Sw.) Hemsley] is a common canopy tree in Costa Rican

montane forests from 600-2000 m (Burger and van der Werff 1990). In the Monteverde

area it occurs from 1500-1600 m (Haber et al. 1996). Beilschmiedia begins flowering in
the late dry season (March) and is pollinated by small flies and other insects. Ripe fruits
are available from mid-January through late April. Fruits have black skin and lipid-rich

pulp (Wheelwright et al. 1984, Burger and van der Werff 1990). Most of the volume of
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the fruit is a single seed Qength: 48.55 ± 7.65 mm, width: 20.70 + 1.78 mm, mass: 12.89

± 3.60 g; mean ± SD, N = 293) that is composed of a small embryo and two large

cotyledons (for additional measurements see Mazer and Wheelwright 1993). Seed size

varies from 5.1 to 21.7 g. Compared to other genera of Lauraceae, Beilschmiedia has a

relatively thick (2.5 mm) endocarp, and the pulp is more tightly attached to the seed. Seven

Beilschmiedia trees were in the 5 ha study site. Data for two trees that had adjacent

crowns were pooled for analyses. Fruits and seeds for some experiments were collected

from trees on the periphery of the main study area. Large fruit crops (1837 ± 1024

fruits/tree) were produced by the seven trees in 1995, but not in 1994 or 1996 (see also

Wheelwright 1986).

Beilschmiedia fruits are eaten primarily by four species of birds: emerald toucanet

(Ramphastidae: Aulacorhynchus prasinus), resplendent quetzal (Trogonidae: Pharomachrus

mocirmo), three-wattled bellbird (Cotingidae: Procnias tricarunculata), and black guan

(Cracidae: Chamaepetes unicolor). The first three species typically remain in a fruiting tree

after eating several fruits, and often regurgitate viable seeds 30-70 min later under the same

tree or nearby (Wheelwright 1983,1991). Guans defecate seeds in viable condition, and

they generally leave a fruiting tree before defecating the seeds from that foraging bout.

Although seed retention times by guans were not recorded in this study, Guix and Ruiz

(1997) reported a median retention time of 6.2 hr for a larger cracid {Penelope obscura).

All four species can be considered fruit specialists in the sense that they depend on fruit for

most if not all of their dietary requirements, at least at some times of year (Wheelwright

1983, Avila H. et al. 1996). However, quetzals and toucanets also eat large insects, and

small vertebrates (Skutch 1967, Wheelwright 1983, Riley and Smith 1992, Avila H. et al.

1996), while guans also eat leaves (Haber et al. 1996). Bellbirds apparently eat only fruits

although diets of female bellbirds are poorly known (Snow 1982).

Dropped or fallen fruits are eaten by agoutis {Dasyprocta punctata) and possibly

pacas {Agouti paca) and other rodents. Agoutis chew off pulp and sometimes the
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endocarp, and leave the seeds under the trees, but do not eat or bury seeds. Thus, these

species probably do not provide significant dispersal for Beilschmiedia.

Methods

Seed Dispersal

Seeds were located by systematically searching the ground for freshly regurgitated

or defecated seeds from late January through mid-April. The ground searches started at the

base of a fruiting tree and proceeded along 10 m wide transects (delineated by the PVC

markers) to 100 m from each Beilschmiedia trunk. Additional sites away from the focal

trees were also searched; some were randomly selected and others were chosen due to bird

activity in the area. It was impossible to search the entire site with equal intensity, but an

effort was made to cover the entire site at least once every three weeks, so that over the

course of the three-month fruiting season each 10 x 10 m plot was checked at least four

times. Defecated seeds were assumed to be dispersed by black guans because guans are

the only avian disperser in the area that defecates large seeds. Sites were classified as non-

dispersed if directly under the crown of a fruiting Beilschmiedia tree, or as dispersed if not

under such a tree. All the dispersed and non-dispersed seeds, as well as the seeds placed at

random sites (see below) were covered with wire mesh cages to protect them from

vertebrate seed predators. By doing so, I was able to calculate accurate estimates of

germination and seedling establishment in the absence of seed predation by mammals.

In addition to these naturally dispersed and non-dispersed seeds, other seeds were

placed at 50 randomly selected sites to compare seed predation, germination and survival at

dispersed, non-dispersed, and random sites. These sites were selected with random

numbers generated by a hand calculator and used as coordinates within the study site. The

post-dispersal fate of seeds at these random locations was compared to the fate of seeds at

the dispersed and non-dispersed locations to determine how the probability of recruitment

differs among the three types of sites.
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Germination and Seedling Survival

The original dispersed and non-dispersed seeds, and all seeds placed at randomly

located sites were protected by a 4 x 8 x 4 cm cage made of 1 cm galvanized wire mesh

held in place by two 25 cm metal stakes. Caged seeds were used to determine germination

rates and insect predation rates in the absence ofmammalian seed predators. Each site was

checked weekly for at least 12 weeks and at 15-17 mo after dispersal (hereafter 1-yr

survival). Germination was defined as the splitting of the seed coat and spreading of the

cotyledons. Typically, the radicle had emerged by the census after germination, and a

week later the stem was visible. As each seed germinated and the shoot began to grow, the

cage was removed to allow normal seedling growth. The seedling location was marked

with one of the stakes from the cage. Causes of seedling mortality were classified as

mammal, insect, fungal pathogen, physical, or unknown. Mammals either ate the seed and

left the damaged shoot behind (seed predators) or removed the entire shoot (herbivores).

Some seeds that appeared to have germinated were eventually killed by beetles inside the

cotyledons. Insect-killed seeds frequently developed a root but never had a shoot >2 cm

tall. Seedlings killed by fungal pathogens were characterized by a wilted and discolored

shoot (Augspurger 1990). A seed was considered alive as long as it remained firm, even if

the shoot had been eaten or otherwise damaged. Such seeds resprouted repeatedly.

Post-dispersal Seed Fate

At each dispersed, non-dispersed, and random site, a marked seed was used to

assess rates of seed predation, to identify seed predators, and to determine if secondary

dispersal occurred. Seed predation and secondary dispersal could alter any pattern

generated by dispersers and thus be more important in determining the probability of
recruitment than primary dispersal (Wheelwright 1988, Herrera et al. 1994). For this

treatment I used regurgitated seeds collected under fruiting trees adjacent to the study site.
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Seeds were marked by gluing 50-75 cm of unwaxed dental floss to the seed, and tying

about 50 cm of flagging tape to the distal end of the floss. Because the glue held best on

seeds with a dry seed coat, seeds were taken inside and allowed to dry for 1-3 h before

gluing. Each marked seed was placed at a site the next morning.

All marked seeds were censused on days 1, 3, and 7, and once each week
*

afterwards until week 5. If a marked seed was removed, the surrounding area was

searched to find the flagging tape-dental floss assembly. The end of the floss where the

seed had been attached was examined to determine the fate (present or absent) of the seed.

In the few cases where seeds were partially consumed, teeth or bill marks were examined

to identify the consumer.

Seedling and Sapling Plots

To determine if Beilschmiedia seedlings and saplings are more likely to recruit

under or away from conspecifics, seedlings and saplings (up to 5 m height) were measured

and mapped in paired 10 x 10 m plots. For each of five trees, one plot was located near the

tree with approximately half of the plot directly under the crown. The second plot was

located at least 20-40 m from the crown edge. Beilschmiedia did not fruit in the study site

in 1994, so most individuals were presumably at least 2 yr old. Such seedlings can be

distinguished from new seedlings by the lack of a seed, woody stem, and presence of

epiphylls.

Microhabitat Characteristics

For all sites and seeds I measured seed characteristics and microhabitat variables

which might influence seed predation, germination, or seedling survival. Seed length and

width were measured with dial calipers and seed mass was measured with a hand-held

digital scale accurate to O.Olg. Canopy cover was estimated with a spherical densiometer

(Lemmon 1957). Leaf litter depth was measured as the number of leaves pierced by a
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metal stake thrust into the soil at the site. Vegetation density was the number of stems

within a 50 cm radius of the site. The distances to the nearest woody stem, tree > 10 cm

DBH (diameter at breast height), crown edge of fruiting Beilschmiedia tree, and fallen log

were measured with a fiberglass measuring tape.

Statistical Analyses

Data were analyzed with tests from SAS JMP (SAS Institute 1989). Parametric

tests were used unless data violated the assumptions of normality and equal variance, in

which case nonparametric procedures were used. Survival proportions were arcsin square-

root transformed before analysis. Throughout this paper mean values are followed by ± 1

SD.

Results

Over the three-month fruiting season, 217 regurgitated and 27 defecated seeds were

found. One hundred twenty-nine (53%) of these were deposited beyond the crowns of

fruiting trees (dispersed), while 115 (47%) were directly under the trees (non-dispersed).

Of the dispersed seeds, 67% landed within 20 m of crown edge, but some seeds were

found up to 70 m away (Fig. 3-1). Dispersal distance (for dispersed seeds) was not

correlated with seed mass (Spearman's Rho = 0.024, P = 0.77), length (Rho = -0.073, P
= 0.39), or width (Rho = 0.014, P = 0.87).

Seeds defecated (presumably by guans) averaged lighter (Wilcoxon X^ = 6.71, P =

0.009), and shorter (X^ = 9.86, P = 0.002), but not narrower (X^ = 0.77, P = 0.23) than

seeds regurgitated by the other three species (Table 3-1). Defecated seeds were dispersed

significantly farther (39.6 ± 17.2 m) from the parental crowns than regurgitated seeds

(14.3 ± 13.4 m; Wilcoxon X^ = 30.49, P < 0.001).

Very few marked seeds (17%) were eaten or removed after dispersal (or placement

at random sites), and removal rates did not differ among dispersed, non-dispersed, or
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Figure 3-1. The average number of regurgitated or defecated Beibchmiedia seeds (+ 1 SD)
at 5 m intervals from crown edges of six fruiting Beibchmiedia trees. The first category
(distance 0) includes all the non-dispersed seeds, while the remaining categories include
only dispersed seeds.
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Table 3-1. Average (± 1 SD) mass, length, and width of Beilschmiedia seeds
defecated (presumably by black guans) or regurgitated by quetzals, toucanets and
bellbirds. Sizes of regurgitated and defecated seeds were compared withWilcoxon
rank sum test Measurements for all seeds, including seeds placed at random sites
(N = 294), are shown for comparison.

Defecated
N = 27

Regurgitated
217

All Seeds
294

Mass (g)
Length (mm)
Width (mm)

11.25 (2.82)
43.08 (5.53)
20.40 (1.50)

13.04 (3.54)** 12.89 (3.60)
48.18 (7.84)** 48.55 (7.65)
20.82 (1.20)ns 20.70 (1.78)

** P < 0.01
ns P = 0.23
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random sites (survival analysis; Wilcoxon X2 = 1.2, df = 2, P > 0.1; Fig. 3-2). The most

conspicuous post-dispersal seed predators were two species of beetles, one ofwhich

(Nitidulae) buried the seeds and fed upon the rotting cotyledonary reserves. The second

beetle species (Curculionidae) consumed the seed by tunneling through the endocarp to

reach the seed. None of the seeds buried by beetles (N = 24, 8.2%) produced seedlings

(although a few germinated), and thus the beetles likely do not act as secondary dispersers.

Small rodents removed eight seeds (2.7%) and took them into burrows at least 50 cm deep.

Such a depth would preclude seedling establishment Therefore, rodents probably are not

secondary dispersers ofBeilschmiedia. Black-breasted wood-quail (Odontophorus

leucolaemus) pecked apart seven seeds (based on one direct observation and bill marks left

on pieces of seeds). An additional 11 marked seeds were removed but were not found.

Neither width, length, or mass were significant effects in logistic regression models

predicting 5-wk seed survival (Table 3-2). Seeds at dispersed and randomly located sites

were more likely to survive 5 wk than seeds at non-dispersed sites (Wald X2 = 6.96, P =

0.031) and similarly, seed survival was positively correlated with dispersal distance (Wald

X¿ = 7.33, P = 0.026; Table 3-2). Seed survival was also positively correlated with

amount of leaf litter (Wald X?- = 5.97, P = 0.051), vegetation density (Wald X^ = 11.57,

P = 0.003), and date of dispersal (Wald X^ = 14.00, P < 0.001).

Virtually all caged seeds initiated germination (98%) and the majority (68%) had

established seedlings by late July, three to five months after dispersal. The average

proportion per tree of seeds that germinated, established seedlings, or survived one year,

did not differ among the three treatments (Kruskal-Wallis tests, P's > 0.05; Fig. 3-3).

Overall, however, the number of non-dispersed seeds that established seedlings was

greater than expected if all three treatments had equal survival (X^ = 9.39, df= 2, P =

0.009).

Seed mass was not correlated with time to germination after dispersal (r = -0.086, P

= 0.15), but shoots from larger seeds grew faster after germination (r = -0.24, P < 0.001).
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Figure 3-2. Post-dispersal predation of seeds from dispersed (N = 129), non-dispersed (N
= 115), and random (N = 50) locations. Removal rates did not differ among the three
treatments.
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Table 3-2. Results of logistic regressions of post-dispersal survival of marked seeds after 5
weeks, and one-year survival of seeds initially caged against habitat variables. Only
significant effects are listed. Nonsignificant variables included seed mass, seed length,
seed width, canopy cover, distance to log, distance to woody stem, and distance to 10 cm
tree.

Response R2 -2 log likelihood
(x2)

predictorsa

5 wk seed survival 0.251 72.67*** + leaf litter*
+ dispersal date***
+ vegetation density***
+ distance from parent*
type (U < D = R)*

1 yr seedling survival 0.12 21.24*** + 3-mo seedling height**
- dispersal date***

*P^0.05, **P^0.01, ***P<0.001.
asign in front of each predictor indicates positive or negative correlation with the response
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Figure 3-3. Proportion of seeds germinating, establishing seedlings 3 mo after dispersal,
and surviving one year, at dispersed (N = 129), non-dispersed (N =115), and random (N
= 50) locations. The average proportion surviving each stage did not differ among the
three treatments (Kruskal-Wallis tests, P's > 0.05).
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Seeds that established seedlings by July 1995 averaged significantly heavier (13.5 ± 3.5 g,

N = 165) than seeds that did not establish seedlings (12.1 ± 3.6 g, N = 127; t = 3.2, P <

0.002), but seedlings that survived one year (13.1 ± 3.6 g, N = 143) were not from larger
seeds than those seedlings that did not survive (12.7 ± 3.5 g, N = 149; t = 0.87, P =

0.38). Of the seedlings that survived one year, seedling height was positively correlated
with initial seed mass (N = 143, r = 0.41, P < 0.001).

The predominant source of seedling mortality was fungal pathogens, although

many seeds resprouted several times even after fungal attack. Fungal pathogens killed
more seedlings directly beneath the parental crowns (non-dispersed) than seedlings at

dispersed or random locations (X^ = 20.29, df=4,P< 0.001). As for the marked seeds,

some caged seeds (6.8%) were buried or eaten by beetles. Herbivory by insects and
mammals was probably the primary cause of seedling mortality after seedling

establishment, but the effect of herbivory was difficult to quantify because the seedlings
were examined too infrequently.

Seedling survival at one year was predicted by only two variables in the logistic

regression analysis (Table 3-2). In contrast to seed survival at 5 weeks, one-year seedling
survival was negatively correlated with dispersal date (X^ = 9.69, P = 0.002). Seedling
survival was positively correlated with seedling height at 3 mo (X2 = 6.59, P = 0.01; Table

3-2).

The abundance of seedlings and saplings (up to 5 m height) was higher in plots
close to the fruiting trees (paired i-test = 3.44, df= 4, P = 0.005), but the median height of
individuals was greater in the plots 20-40 m away from the trees (Wilcoxon Rank Sums;

X2 = 5.08, df= 1, P = 0.024; Fig. 3-4). Most seedlings (58%) in the plots close to

fruiting trees were less than 50 cm in height, while most individuals (70%) in the plots far
from adult trees were over 50 cm and ranged up to 5 m. Because the Beilschmiedia trees in

the study site did not produce fruits in 1994, the youngest individuals were at least 2 yr

old.
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Figure 3-4. Average number and height of seedlings and saplings up to 5 m tall in paired10 x 10 m plots (N = 5 pairs) under and 20-40 m away from Beilschmiedia crowns.
Asterisks indicate significant differences (**P = 0.005, *P = 0.024).



Figure 3-5. Average (+ 1 SD) proportion of seeds surviving post-dispersal seed predators
(a), germinating (b), establishing seedlings (c), and surviving one year (d) as functions of
distance from the crown edge. Seeds deposited directly beneath the parental crowns (non-
dispersed) are included in distance 0. The probability of recruitment (e) was calculated as
the product of each of the four previous stages for each tree. Different letters above bars
indicate significantly different means {P < 0.05) based on ANOVA and Fisher's LSD on
arcsin-transformed data. Panels with no letters had no significant differences.
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The probability of recruitment per seed as a function of distance from parent trees

was calculated as the product of the probabilities of surviving seed predation, germination,

seedling establishment, and 1-yr seedling survival. Seed predation and germination were

not as important in limiting recruitment, as were seedling establishment and 1-yr survival

(Fig. 3-5). Establishment and 1 yr survival were higher for seeds under the crown and up

to 20 m from the crown than for seeds dispersed 30-40 m from the crown (Fig. 3-5). The
overall probability of recruitment varied with distance (One-way ANOVA on arcsin

transformed data, F520 = 5.75, P = 0.002). Recruitment probability was higher 10-20 m

from the crown than within 10 m (Fisher's LSD, P's = 0.01) or beyond 20 m (P's <

0.008; Fig. 3-5E). Recruitment was higher in the zone 20-30 m than 10-20 m from adults,

but the difference was marginally significant (P = 0.0517). Note that these probabilities do
not include the number of seeds per distance interval (Fig. 3-1), because that is a

component of dispersal quantity not quality.

Discussion

The observed spatial pattern of dispersed Beilschmiedia seeds in relation to parent

trees was similar to that of other vertebrate-dispersed trees (Howe 1993a, Laman 1996a).
The vast majority of the seeds disseminated by birds landed under or within 20 m of the

crowns of parent trees. One of the four disperser species, black guan, dispersed seeds
over greater distances than the other disperser species. If distance alone were the most

important factor in determining the probability of recruitment (i.e., high quality dispersal),
then guans might provide higher quality dispersal than the other species. Guans, however,

pass seeds through the digestive tract, and dispersed smaller seeds than the other species,
and small seeds were less likely to establish as seedlings than were large seeds. Thus,

large seeds are more likely to land near the parent trees where they face the possibility of

density-dependent mortality from beetles and fungal pathogens, and competition from

siblings. Wheelwright (1985b) also noted that quetzals, bellbirds, and toucanets are highly
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selective with regard to fruit size, and tend to drop large fruits and consume smaller fruits.

These dropped fruits are not dispersed any appreciable distance by terrestrial animals, and

the seeds are not eaten very often by vertebrates.

Both germination and seedling survival are relatively high. A seed has about a 40%

chance of surviving one year regardless of dispersal distance or microhabitat. Larger seeds

produced larger seedlings initially, and larger seedlings were more likely to survive one

year. The large seeds of Beilschmiedia enable the seedlings to resprout several times. The

lack of a correlation between seedling survival at one year and initial seed mass is probably

because large seeds are more likely to land under or near the parent where fungal attack and

seed predation were higher than for seeds dispersed farther.

In Howe's (1993b:4) summary of the characteristics of specialized dispersal

systems, the only post-dispersal component listed that could be construed as dispersal

quality is "seed dispersal away from parents (is) critical for recruitment." For

Beilschmiedia, seeds dispersed 30 to 50 m fared no better, and in some cases a little worse,

during the first year than seeds dispersed up to 20 m from the crowns. Many seedlings

survived more than one year under parent trees. Thus, it is unclear from this study if

dispersal of seeds away from parent trees is critical in the sense that it is absolutely

required, or critical in the sense that in leads to a higher probability of recruitment compared

to seeds directly below parents. But clearly, dispersal beyond parental crowns leads to a

higher probability of recruitment than beneath crowns.

Quality of dispersal is defined as the probability that a dispersed seed will survive to

reproductive age (Schupp 1993). Distance from parent trees is the only variable that seems

important for one-year survival of Beilschmiedia. Seed size and the measured habitat

variables had minimal effects at best The data on one-year survival presented above

combined with the distribution of older seedlings and saplings suggest that dispersal a short

distance away from the parent tree leads to a higher probability of survival than either

longer dispersal or deposition directly below the fruiting tree. Density-dependent survival
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is shown by the higher survival from seed predators and fungal pathogens with distance
and suggested by the taller saplings farther from adult trees. The resulting probability of
recruitment of one-year seedlings reaches a mode 10-20 m from the parent trees.

Approximately 20% of the seeds receive high quality dispersal by being deposited in this
zone. Whether or not seedlings in this zone retain the highest probability recruitment to
reproductive age (to satisfy Schupp's definition of dispersal quality), awaits longer-term
studies. Unfortunately, long term studies on recruitment of long-lived trees are logistically
difficult

Even with some component of high-quality dispersal, the majority of seeds receives
no or low quality dispersal. Seed mass of Beilschmiedia ranges from 5 to 22 g, and the

largest seeds are frequently dropped by the current dispersers (Wheelwright 1985b). These

apparently too-large seeds suggest either an alternative dispersal strategy or a missing
disperser. Although the concept of determining extinct dispersers is fraught with

assumptions (Janzen and Martin 1982, Howe 1985, Hunter 1989, Witmer and Cheke

1991), Wheelwright (1985b) speculated that bare-necked umbrellabirds (Cephalopterus
glabricollis) may be missing from the disperser assemblage of Lauraceae in the Monteverde

continental divide area (see also Fogden 1993). Umbrellabirds were observed in the study
site on several occasions but are not known to breed there currently. Umbrellabirds could

easily swallow the largest Beilschmiedia fruits. The addition of dispersal by umbrellabirds
would considerably alter the results presented in this study. Tapirs (Tapirus bairdii) may
also be a missing disperser. Tapir populations in Costa Rica have been greatly reduced by
hunting (Janzen 1983d). They do occur rarely in the study site, but most observations
were in the wet season when Beilschmiedia was not fruiting. Although tapir tracks were
not observed under fruiting Beilschmiedia trees, the structure of the fruit and seed is similar

to other species eaten and dispersed by tapirs (Janzen 1982a, Bodmer 1991, Fragoso
1997).
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Another explanation for the large seeds avoided by birds is that the large number of
dropped or uneaten fruits that fall beneath parent trees is an alternative dispersal strategy not
adequately addressed in this study. Agoutis and possibly other rodents eat the pulp from
fallen fruits, but apparently do not eat or scatterhoard the seeds. The removal of fallen

fruits was not quantified in this study, and it is possible that rodents remove some seeds

from under parental crowns, thus providing dispersal equivalent to birds in terms of

distance. However, rodents often chew some or all of the protective endocarp in addition
to the pericarp, which may render the seeds more susceptible to disease, desiccation, or
seed predation by insects. In any case, a Beilschmiedia seed directly under the parental
crown does have a chance of survival (albeit lower than a seed dispersed 10-20 m), in
contrast to other large-seeded species (Clark and Clark 1984, Howe et al. 1985, Crawley
1992, but see Chapman and Chapman 1995).

It is generally believed that Lauraceae seeds have secondary compounds that protect
them from seed predators (Castro 1993), either by making the seeds toxic or unpalatable,
or by limiting the number of seeds an individual seed predator can physiologically tolerate
during a given day. Although the chemistry of Beilschmiedia seeds has not been

examined, the resinous fragrance of cut seeds and the low predation rates suggest that the
seeds are chemically defended. These defenses are likely an important part of the trade-offs
involved in the Beilschmiedia dispersal strategy. Large seed size is thought to foster
recruitment in the shaded understory (Foster and Janson 1985, but see Kelly and Purvis
1993, Hammond and Brown 1995). Because suitable sites for Beilschmiedia germination
and short-term survival are predicted only by a relatively short distance from parent trees,

rather than specific habitat characteristics, the large seeds may enable recruitment in the

shaded understory despite high conspecific density if they are chemically defended and can
avoid density dependent seed predators and fungal pathogens (e.g., Kitajima 1996).

Although seed predation by beetles and rodents, and seedling mortality by fungal
pathogens showed some indication of density dependence, the overall levels ofmortality
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were not high enough to preclude one-year survival ofmany seedlings under and near the

parent trees.

The data for Beilschmiedia suggest no advantage of dispersal over long distances.

Although theoretically dispersal is always advantageous for gene flow and to increase the
chance of occupying vacant sites (Hamilton and May 1977), the probability of

Beilschmiedia recruitment drops considerably 30-50 m from the parent trees, and few

seeds were observed dispersed beyond 50 m. Perhaps Beilschmiedia recruitment is

limited by edaphic factors or other habitat requirements not measured in this study. One
factor important for many tropical species is mutualistic association with mycorrhizal fungi.

Beilschmiedia seedlings increased relative growth rates after experimental inoculation

(Lovelock et al. 1996). Short-distance dispersal may increase the chance of encountering

mycorrhizal fungi similar to those associated with the parent trees, although mycorrhizae

are not known to be highly species specific (Wilkinson 1997b). Another explanation for

the advantage of short over long distance dispersal is that conditions for growth and

establishment become more unpredictable, or at least predictably not better than close to the

parent with increasing distance. The lack adaptations for long-distant dispersal in many

desert plants may be explained by the harsh environment (Ellner and Shmida 1981). For
these plants, investment in dispersal structures is wasted energy if the chances of survival

are low everywhere, and determined largely by stochastic processes. Perhaps the large

investment per seed in Beilschmiedia limits dispersal to areas near, and thus in similar

habitats to, the parent trees, but favors persistent shade-tolerant seedlings. A similar trade¬

off between dispersal and seed survival has been noted for some African trees (Chapman

and Chapman 1996).

Dispersal quality for tropical trees has received little attention from ecologists

despite insights it may provide about forest dynamics (Howe 1993b, Schupp 1993), not to

mention the theoretical importance it is assumed to have (McKey 1975, Venable and Brown

1993). The results from this study suggest that dispersal quality is more a characteristic of
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the plants than of the dispersers per se. Although dispersers are important, many are

interchangeable for a given plant species, or treat different plant species differently

(Wheelwright and Orians 1982, Levey 1986). Because dispersal quality is the most

difficult aspect of dispersal to quantify, it may be most profitable to study plant species that

fall at the endpoints of the fruit quality continuum noted by McKey (1975). Specifically,

these include small fruits with many small seeds and pulp low in lipids (e.g., Solanaceae,

Melastomataceae) on one end of the spectrum, and large, single-seeded, nutrient-rich fruits

(or arils) such as Lauraceae, Palmae, or Myristaceae on the other. Much of the attention by

researchers has been on species that are unusual and not representative ofmost plants (e.g.

Ficus, Cecropia, mistletoes). Ficus includes many species of hemiepiphytes (strangler

figs) and mistletoes are obligate stem parasites. The fruit-like structures of both Ficus

(synconia) and Cecropia (spadices) are relatively large with many small seeds and are eaten

pieces rather than swallowed whole by many potential dispersers, including birds (e.g.,

Levey 1986). Families or genera with wide geographic distributions, either pantropical

(e.g., Lauraceae, Palmae) or cosmopolitan (e.g., Solarium, Juniperus, Prunus) are likely to

lead to fruitful comparative analyses that address the underlying evolutionary factors

involved in seed dispersal systems.



CHAPTER 4
TWO-STAGE DISPERSAL OF TWO SPECIES OF GUAREA (MELIACEAE)

It is well established that animals...bury nuts, and it is widely accepted that these animals
are the primary dispersers ofmany ...trees and shrubs. However, exactly what happens to
the nuts after they have been buried ispoorly understood " Stephen B. VanderWall
(1990:198)

Introduction

Seed dispersal systems involving two stages with different dispersal agents have

been reported in a variety of tropical plants. Typically, the first stage of dispersal is by

birds or mammals that deposit intact seeds on the ground, and the second stage is either by

ants that discard seeds in refuse piles or nests (Roberts and Heithaus 1986, Kaspari 1993,

Levey and Byrne 1993), or caviomorph rodents (Dasyproctidae) that scatterhoard seeds

and fail to retrieve some of them (Forget and Milleron 1991, Forget 1993, Fragoso 1997).

Dung beetles also act as secondary seed dispersers when they carry off and bury dung

containing seeds (Estrada and Coates-Estrada 1991, Shepherd and Chapman in press), and

similarly, carnivores may occasionally disperse seeds ingested by their prey species (Hall

1987, Dean and Milton 1988, Nogales et al. 1996). In addition to these examples,

VanderWall (1992) reported two-stage dispersal of a temperate pine involving wind and

small rodents, and Clifford and Monteith (1989) described three-stage dispersal of an

Australian shrub involving birds (emus), ants, and explosive dispersal. Examples of two-

stage abiotic dispersal have also been described (Redbo-Torstensson and Telenius 1995,

Fischer 1997, Greene and Johnson 1997). Finally, post-dispersal seed dormancy could be

viewed as a second stage of dispersal through time rather than space (e.g., Fenner 1985,

Murray 1988).

93
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The key component of all these systems is that secondary dispersers rearrange the

pattern of seed distribution (seed shadow) produced by the first stage of dispersal, and in

doing so, place some seeds in a different microhabitat that may provide better chances of

seed survival. For example, dispersal by ants is often to nutrient-rich sites (Beattie and

Culver 1983, Horvitz and Schemske 1986a, but see Rice and Westoby 1986, Hanzawa et

al. 1988, Bond and Stock 1989), while seed dispersal by scatterhoarding rodents decreases

the probability of seed predation by other species of seed predators even though many if
not most seeds are retrieved and eaten by the scatterhoarder (Hallwachs 1986, Smythe

1989). Thus, secondary dispersal may have a great impact on plant recruitment and may
counteract or accentuate the patterns generated during the first stage of dispersal (e.g.,
Herrera et al. 1994).

In many Neotropical forests, the most important scatterhoarding rodents are agoutis

(Dasyprocta spp.) and acouchis (Myoprocta). They bury seeds 1-3 cm in the soil rather

than simply caching seeds under leaf litter as does Proechimys (Forget 1991), and seeds

under leaf litter are more accessible to other seed predators, such as peccaries and insects,

than are buried seeds (Smythe 1989, Forget 1991). Many other small rodents cache seeds

in deep burrows (larderhoarding) or on branches (Emmons 1990, VanderWall 1990)

which are probably not suitable sites for seedling establishment

Although many species of plants and seed-eating animals are involved in this

interaction, the effects of scatterhoarding have been studied in only a few species

(Hallwachs 1986, Smythe 1989, Forget 1993, Peres et al. 1997), and thus the influence of

secondary dispersers in rearranging the initial seed shadow is poorly known. In addition,

the importance of scatterhoarding as secondary dispersal for some plants is in dispute

(Larson and Howe 1987, Forget and Milleron 1991).

The purpose of this study was to follow the post-dispersal fate for naturally

dispersed seeds of two species of congeneric trees (Guarea glabra and G. kunthiana). The

specific objectives were to determine the pattern of dispersal generated by birds and
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compare it to the pattern after seed predation and secondary dispersal, to determine if

secondary dispersal resulted in a shift in microhabitat and overall dispersal distance. Post¬

dispersal fates of the two species were compared to assess the influence of seed size on

removal rates. Experiments in a simple greenhouse were also conducted with G. glabra to

examine the effects of seed burial on germination and seedling establishment.

Study Site

This study was conducted May to August 1994 in the Monteverde Cloud Forest

Preserve (10°12'N, 84°42'W) in the Cordillera de Tilaran in northern Costa Rica. This

preserve is administered by the Tropical Science Center of San Jose, Costa Rica. The

average annual rainfall is about 2500 mm, with most occurring between May and

November. Additional precipitation from mist and cloud interception is probably

substantial (e.g., Cavelier and Goldstein 1989, Lawton 1990) but has not been well

quantified at Monteverde. The study area is in relatively undisturbed lower montane rain

forest (Hartshorn 1983) along the continental divide at 1600 m elevation. A 5 ha area 500

m from the beginning of the Valley Trail (Sendero El Valle) was mapped and marked into

10 m x 10 m quadrats with the grid points marked with PVC pipes. The vegetation of the

area is described by Lawton and Dryer (1980) and Nadkami and Wheelwright (in press).

Study Species

The genus Guarea is widespread in the Neotropics and a few species occur in

Africa (Gentry 1993). The taxonomy and relationships of Costa Rican Guarea species are

not well known (Haber et al. 1996). Guarea glabra (Vahl) is an understory tree ranging 8-

17 m in height, with crown radii approximately 2-5 m, while G. kunthiana (Adr. Juss.) is a

tree of the canopy and upper understory 12-25 m in height, with approximately 8-12 m

crown radii. Both species produce dehiscent capsules with 1 to 8 (usually 4-6) añílate

seeds per fruit. Fresh seed mass averaged 4.5 g (± 1.9) for G. kunthiana, and 0.8 (± 0.2)
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for G. glabra (N = 50 for each species). The seeds have a distinctive seed coat and

irregular shapes. Along the long axis of the seed, one side is smooth with a lighter-colored

dot near the center, while the other side has a pitted surface from which fibers emerge and

converge into an attachment that holds the arillate seed to the capsule. The red to orange

aril covers all of the smooth side and gets progressively thinner on the other side closer to

the attachment. The seed coat of G. glabra is 0.5 mm (± 0.03) thick, while that of G.

kunthiana is much thicker (1.1 ± 0.1 mm; N = 10 for each species).

Based on 14 hr of watches at fruiting trees and casual observations, the main

consumers of G. kunthiana and G. glabra arils are birds, primates, and squirrels. The

animals most frequently seen feeding in these trees were toucanets (Aulacorhynchus

prasinus) and guans (Chamaepetes unicolor). In addition, G. glabra is dispersed by robins

(Turdus plebejus), and both tree species are occasionally (2-5 observations) dispersed by

mantled howler (Alouatta palliata) and white-fronted capuchin (Cebus capucinus) monkeys,

and rarely (1 observation) by spider monkeys (Ateles geoffroyi). Squirrels (Sciurus

deppei) chew the arils but drop seeds beneath the parent trees. Detailed foraging

observations were not undertaken but additional dispersal agents are expected, especially

for the smaller-seeded G. glabra (e.g., Howe and DeSteven 1979). At lower elevations on

the Pacific slope, Masked Tityra (Tityra semifasciata), Golden-olive Woodpeckers (Piculus

rubiginosus), Olive-striped Flycatchers (Mionectes olivaceus), and Black-faced Solitaires

(Myadestes melanops), in addition to guans, toucanets, and robins, are known to consume

arils of Guarea species (Wheelwright et al. 1984). Five fruiting G. kunthiana, and eight

fruiting G. glabra occurred in the study site.

Methods

Dispersed seeds were located in June - August 1994 by systematically searching the

ground for freshly regurgitated, dropped, or defecated seeds. The searches started at the
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base of a fruiting tree and proceeded along 10 m wide transects (delineated by the PVC

markers) 50-60 m from the trunk. It was impossible to search the entire site with equal

intensity, but an effort was made to cover the entire site at least once every two weeks, so

that over the course of the 10 wk fruiting season each 10 x 10 m plot was checked at least

four times. Seeds with a damaged seed coat (by gnawing of squirrels or other animals)

directly under the fruiting trees were not included. When fresh, the seeds are light

yellowish-tan in color and become darker in 2-3 days as they are exposed to air. Thus,

recently deposited seeds could be distinguished from older seeds. Seeds were marked by

gluing 50-75 cm of unwaxed dental floss to the seed, and tying about 50 cm flagging tape

to the floss. Seeds were allowed to air dry for 1-3 hours in a lab room before gluing.

Similar marking procedures have been used with no evidence ofeffects on seed removal in

several other Neotropical sites (Schupp 1988a, Forget 1996, Peres and Baider 1997), as

well as with other species in this same study site (Chapter 2). Each marked seed was

returned to its original location the next morning.

The distance from each dispersed seed to the trunk of the closest fruiting

conspecific (hereafter referred to as the "parent" tree) was measured with a tape measure (if

less than 50 m) or estimated from the study site map ifmore than 50 m. Seeds were

classified as non-dispersed if directly below the parental crown, and as dispersed if beyond
the crown, but the distance from the edge of the crown was not measured. For all sites I

measured microhabitat variables I thought might influence seed removal. Canopy cover
was estimated with a spherical densiometer (Lemmon 1957). Leaf litter depth was

estimated as the number of leaves pierced by a metal stake thrust into the soil at the site.

Vegetation density was estimated as the number of stems within a 50 cm radius of the site.

The distances to the nearest tree trunk over 10 cm DBH (diameter at breast height) and

fallen log over 5 cm diameter were measured with a fiberglass measuring tape. The same

variables were measured at the sites of buried seeds after scatterhoarding. In addition, the

distance from the initial dispersal location to the secondary dispersal location was
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measured. These variables were selected based on their importance in previous studies.

Canopy cover, vegetation density, and distance to objects may influence rodent foraging

patterns (Kiltie 1981, Kitchings and Levey 1981, Bowers and Dooley 1993, Vásquez

1996). Leaf litter may influence seed predation or germination (Molofsky and Augspurger

1992, Myster and Pickett 1993, Cintra 1997a).

All sites were censused on days 1, 3, 7, and once each week afterwards for a total

of 12 weeks. If a marked seed was removed, the surrounding area was searched until the

flagging tape-dental floss assembly was found. The end of the floss where the seed was

attached was examined to determine the fate of the seed. If a seed was removed from the

floss and pieces of the seed coat remained, the seed was classified as eaten. If a seed was

buried in the soil (not just under leaf litter) it was classified as cached by agoutis

(Dasyprocta punctata). Seed predation by peccaries (Tayassu tajacu) was determined on

the basis of tracks and overturned leaf litter, typical of peccary foraging packs (Kiltie

1981). At the end of the study, all remaining seeds were examined and classified as either

viable if the seed was solid and not mealy inside, or not viable if it was infested with

insects or was mealy, discolored, or rotten inside.

Experiments were conducted in a screened greenhouse to determine the effects of

seed burial on germination and establishment. In June 1995, seeds were collected from

beneath fruiting trees outside of the study site. Seeds were examined carefully to exclude

those with signs of insect infestation. All seeds were weighed and measured, as

intraspecific seed size variation has been shown to be important in germination and seedling

growth in other studies (Howe and Richter 1982, Moegenburg 1996). In each of 19 plastic

containers (approximately 10 X 10X5 cm) with drain holes, four seeds were planted; two

were buried 2 cm deep and two were placed on the soil surface, for a total sample of 38

buried seeds and 38 surface seeds. The containers were watered frequently to keep the soil

moist (as it would be in the forest at that time of year). They were checked at least once

each week for seedling emergence and growth.
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Statistical tests from SAS JMP (SAS Institute 1989) were used. Dispersal

distances were not normally distributed, even after appropriate transformations, so in most

cases nonparametric tests were used. Removal rates of the two species were compared

with survival analysis and the Wilcoxon test, which places greater emphasis on earlier

events (Pyke and Thompson 1986). For the greenhouse germination experiment, the

effects of seed size and burial treatment on germination success were analyzed with logistic

regression models (Trexler and Travis 1993). Microhabitat characteristics of initial

dispersal sites were compared with those at cache sites with paired ¿-tests with an alpha-
value adjusted for multiple comparisons (Holm 1979). Throughout this paper mean values
are followed by 1 SD.

Results

Dispersal bv Birds

The first stage of dispersal is largely by birds and occasionally by mammals.

During early June to mid-August, 120 G. kunthiana and 404 G. glabra seeds were found.

Twenty (16.7%) G. kunthiana and 44 (10.9%) G. glabra seeds were deposited under the

crowns (Fig. 4-1). For seeds dispersed beyond the crowns, G. kunthiana seeds were

dispersed farther from the trunk (median = 14 m, mean = 18.1 ± 11.5 m) than G. glabra

seeds (median = 10 m, mean = 13.9 ± 10.1 m; Wilcoxon rank sum test, X2 = 17.07, df=

1, P < 0.001). Approximately 2% (9 of 404) of G. glabra seeds had signs of pre¬

dispersal insect infestation, while 10% (12 of 120) of the G. kunthiana seeds were

unusually small and/or light and later determined to be hollow and inviable. Hollow seeds

of G. glabra were never found, and only 2 G. kunthiana seeds had obvious signs of pre¬

dispersal insect infestation (Table 4-1).
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Figure 4-1. Number of seeds regurgitated or defecated by birds and mammals (bars), and
the number of seeds buried by rodents (lines) at 10 m distance intervals from fruiting eight
Guarea glabra and five G. hmthiana trees. Distance class 0 includes all seeds directly
below the crowns, while the other distance classes are measured from the trunks. Crown
radii were approximately 2-5 m for G. glabra and 6-10 m for G. kunthiana.



101

Table 4-1. Post-dispersal fate of Guarea seeds after 12 weeks. Seeds regurgitated or
defecated by birds and mammals were marked with a dental floss and flagging tape
assembly (see Methods), and searched for if removed. Seeds were considered eaten by
mammals if removed from the floss and pieces of the seed coat remained, eaten by insects
if entry or exit holes were visible, cached if found buried in the soil, and inviable if
appearing mealy.

G. kunthiana G. glabra
Fate N (%) N (%)

removed, eaten 72 (60.0) 157 (38.9)
removed, cached, eaten 23 (19.1) 48 (11-9)
removed, cached 9 (7.5) 136 (33.7)
removed, missing 2 (1.7) 1 (0.2)
not removed, viable 0 (0) 20 (4.9)
not removed, insects 2 (1.7) 39 (9.7)
not removed, inviable 12 (10.0) 3 (0.007)
Total sample 120 404
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Post-dispersal Seed Fate: Seed Predation and Scatterhoarding

The most striking difference in the post-dispersal fate between the two tree species

was that peccaries rapidly consumed many G. kunthiana seeds that fell under or were

dispersed near the parent trees, whereas they did not consume G. glabra. The combination

of seed predation by peccaries and rodents and scatterhoarding by agoutis left no viable

uncached G. kunthiana seeds of the original sample of 120 after 12 weeks. Agoutis buried

32 (27%) seeds singly 1-3 cm deep. Only 9 (28%) of these buried seeds had not been dug

up and eaten after 12 weeks (Table 4-1). Three cached seeds were dug up and reburied,

but all three were later eaten. In the descriptions of cache site microhabitats below, only the

characteristics of the first cache are included.

In contrast to G. kunthiana, 45% (184 of 404) of G. glabra seeds were found

buried and 136 of those (74%) remained buried after 12 weeks. In addition, 20 (5%)

apparently viable seeds were not eaten or cached (Table 4-1). Insects killed many seeds

(10%) beneath and near parent trees compared to G. kunthiana, where removal by

peccaries superseded insect seed predation.

The overall removal rates (seeds eaten plus seeds cached) were similar for the two

species (Fig. 4-2), but G. kunthiana seeds were more often eaten than cached (survival

analysis; Wilcoxon = 4.6, df = 1, P = 0.03). For both species, the highest proportion

of cached seeds occurred in the first three weeks (Fig. 4-2). After that time, the proportion

of cached G. kunthiana declined as most seeds were dug up and eaten, while the proportion

of G. glabra remained relatively constant as most cached seeds were not retrieved.

The fate of cached G. kunthiana seeds was influenced by distance to parent trees.

Cached seeds that were eventually dug up and eaten were closer to parent trunks than were

seeds that were not retrieved (Wilcoxon Rank Sum test, P < 0.001). Of 23 seeds that

were cached and later eaten, 19 were directly beneath the crowns of parent trees. For G.

glabra, distance from conspecifics did not influence the fate of cached seeds (Wilcoxon

Rank Sum test, P = 0.69).
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Figure 4-2. Cumulative percent of seeds eaten (diagonal lines), buried (stippled), or not
removed (open space at top) over the course of the fruiting season for G. glabra and G.
kunthiana. Note that time zero is not the same day for all seeds; the individual phenologies
have been adjusted for ease of comparison.
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The distance between the initial dispersal site and the site of burial was greater for

G. kunthiana, (6.1 ± 4.0 m) than for G. glabra (1.2 ± 1.3 m; Wilcoxon rank Sums, P

<0.001). The net outcome of secondary dispersal was a slight increase in the average

distance from parent trees (Table 4-2). The seed shadow of cached seeds was also

truncated because most seeds directly under the parents as well as those far (> 30 m) from

parents were eaten rather than cached (Fig. 4-1). The initial distance from the trunk was

not correlated with how far seeds were moved during secondary dispersal for G.

kunthiana: (Spearman's Rho = 0.068 P = 0.354), or G. glabra: (Rho = 0.0584, P =

0.755).

G. kunthiana seeds were often cached near logs; secondary dispersal sites were

closer to logs than were the initial dispersal locations (paired t-test: t = 3.24, df = 31, P =

0.003; Table 4-2). For G. glabra, secondary dispersal sites tended to have less leaf litter (t

= 3.86, df = 183, P < 0.001) and lower vegetation density (f = 3.38, df = 183, P <

0.001) than the initial dispersal locations. The same trends were evident for G. kunthiana,

(leaf litter: t = 2.66, df = 31, P = 0.012; vegetation density: t = 2.69, df = 31, P = 0.011;

Table 4-2).

Germination

None of the marked G. glabra seeds germinated in the field. Of the cached seeds

that remained after 12 weeks, 79% (107 of 136) appeared mealy or rotten. Most of the rest

(14%) were infested with insects, while the remainder (7%) were solid and appeared

viable. The 9 cached G. kunthiana seeds remaining at the end of the study appeared

viable.

In the greenhouse, germination was higher for buried than for surface seeds (X2 =

22.03, df = 1, P < 0.001; Fig. 4-3). Seeds in the buried treatment established more

seedlings than surface seeds (X2 = 11.08, df = 1, P < 0.001; Fig. 4-3). In logistic

regression models including seed width, length, and mass in addition to a treatment effect
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Table 4-2. Habitat characteristics (average ± SD) of Guarea kunthiana and G. glabra
dispersal locations before (primary dispersal site) and after scatterhoarding (secondary
dispersal site). N = 32 for G. kunthiana and 184 for G. glabra. Within each variable,
values for each site before and after scatterhoarding were compared with paired-t-tests with
an alpha value of 0.008 adjusted for multiple comparisons. See text for details of test
results.

G. kunthiana G. glabra
primary secondary primary secondary

conspecific tree (m) 15.67
(11.85)

15.96**
(10.09)

12.75
(10.15)

13.99**
(8.67)

10 cm tree (m) 1.23
(0.91)

1.57
(0.85)

1.95
(1.05)

1.74*
(0.89)

log (m) 1.48
(1.38)

0.91**
(0.84)

1.93
(1.68)

1.82
(1.57)

leaf litter (#) 2.56
(1.29)

1.69*
(1.47)

2.55
(1.43)

2.01**
(1.13)

vegetation density 43.09
(18.70)

31.28*
(15.97)

26.35
(15.45)

21.63**
(11.17)

canopy cover (%) 95.28
(1-82)

95.50
(2.05)

96.05
(2.51)

96.30
(3.63)

*0.05 > P > 0.008 (marginally significant)
**P^ 0.008
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Figure 4-3. Number of seeds buried 2 cm or placed on the soil surface that germinated and
established seedlings in a greenhouse. N = 38 seeds in each treatment.



107

(buried or surface), only treatment was a significant predictor of the probability of

germination (R2 = 0.23, X2 = 18.59, P < 0.001).

Discussion

Secondary Dispersal

Scatterhoarding in combination with seed predation resulted in a rearrangement of

the seed shadow, in terms of an increase in mean distance from parent trees, as well as a

shift in microhabitat. In particular, seeds directly below parent trees are more likely to be

eaten rather than cached, or retrieved if cached. On the other hand, the increase in distance

would be expected at random, especially for seeds close to the tree, because the possible

destinations in a circle centered on a seed range from 100% farther way from the tree

directly at the trunk, to approximately 50% way with increasing distance. For G.

kunthiana, it is apparent that peccaries focus on the seeds close to parent trees, and they

seemed to regularly check the trees several times during the fruiting season. Peccaries also

exploited the similarly clumped resources of Inga spp. later in the year. The faster removal

of G. kunthiana seeds is attributable to peccaries, which preferred them over G. glabra.

A shift in microhabitat is also a consequence of scatterhoarding, and perhaps more

important than a shift in distance. Guarea kunthiana seeds were often cached near fallen

logs, while G. glabra seeds were often cached in areas with less leaf litter and sparser

vegetation. It is possible that the process of scatterhoarding removes some leaf litter and

herbaceous vegetation, as the same trends were evident (but only marginally significant) for

G. kunthiana. While G. glabra was sometimes cached near logs, most often the caches

were not obviously associated with any object. In addition, G. kunthiana seeds tended to

be moved longer distances during secondary dispersal. These differences between the

species suggest that more than one animal species was involved in scatterhoarding, or that

one species of disperser treats the two seed species differently. Forget (1990) points out

that the only Neotropical species known to bury seeds in the soil are caviomorph rodents
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(Dasyprocta, Myoproctd). If other species are involved in scatterhoarding, the likely

candidates in Monteverde are Sciurus deppei, Peromyscus nudipes, and Heteromys

desmarestianus. Species in all three of these genera are possible scatterhoarders in other

areas (VanderWall 1990). The possibility of scatterhoarding by non-caviomorph rodents in

the tropics deserves further study.

Germination

Lack of germination in the field was likely an experimental artifact The hypocotyl

ofGuarea emerges from the middle of the long side of the seeds, rather than from the end.

Unfortunately, the most convenient place to glue the floss used to mark the seeds, was

directly on top of the point of emergence, which was not determined until later. Thus the

glue and line assembly may have interfered with germination and resulted in most seeds

rotting. Nevertheless, the germination experiments showed that burial is advantageous for

G. glabra. More buried seeds germinated and established seedlings than seeds on the soil

surface. The importance of seed burial has been shown in several other studies. The

clearest case is that ofAstrocaryum palms in Panama, which Smythe (1989) showed were

eaten by peccaries and insects if not scatterhoarded by agoutis. In addition to seed

predators, seeds on the surface face greater fluctuations in temperature and moisture than

do buried seeds. Buried seeds may also have longer induced dormancy than surface seeds

(Fenner 1985).

Poor germination of G. glabra in the field may explain the low retrieval rates (26%)

of cached seeds compared to G. kunthiana (72%). With some species scatterhoarded by

agoutis the food reward is the developing seedling (Emmons 1990, Forget and Milleron

1991), particularly the fleshy cotyledons of species with epigeal germination (e.g.,

Garwood 1996). Plants may shift defensive compounds from cotyledons to leaves after

germination, thus rendering the cotyledon more palatable (Janzen 1981). If such



109

compounds in G. glabra limit seed consumption by agoutis, perhaps they cache seeds to

consume less-defended parts of seedlings after germination.

Conclusions

The alteration of the seed shadows during secondary dispersal is likely an important

stage in recruitment for Guarea, and other species as well. Very few studies have

examined seed dispersal by scatterhoarding rodents. Judging from those available (Smythe

1989, Forget 1993,1996, Cintra 1997b, Peres and Baider 1997) and the ubiquity of

caviomorph rodents in Neotropical forests (Wright et al. 1994), the effects of

scatterhoarding on forest composition could be considerable. Peres and Baider (1997)

suggested that scatterhoarding by agoutis can lead to clumped distributions of trees.

Fragoso (1997) also found a clumped distribution of palms that were dispersed primarily

by tapirs and secondarily by agoutis. He attributed the clumped distribution, however, to

tapirs, rather than to agoutis, because the tapirs deposit many seeds in habitual latrines up

to 2 km from existing palm patches, whereas the agoutis then space out the seeds from the

latrines (Fragoso 1997, see also Bodmer 1990). Other studies, however, have not found

clumped patterns of tree species scatterhoarded by caviomorph rodents (Forget 1997). The

relationships of primary dispersal, secondary dispersal, seed predation, habitat effects, and

seedling survival, are just beginning to be unraveled and require further study to better

understand the role ofmulti-stage dispersal in forest dynamics.



CHAPTER 5
ADVANTAGES OF DISPERSAL: A RE-EVALUATION OF DIRECTED DISPERSAL

"But the real importance ofa large number ofeggs or seeds is to make up for much
destruction at someperiod oflife; and this period in the greatmajority ofcases is an early
one." Charles Darwin (1859:77)

"I have no doubt that, per gram eaten, the seedpredators have the largest impact on tropical
forest structure ofany animal life form." Daniel H. Janzen (1983b:172)

"It matters who defecates what where." D. H. Janzen (1986:251)

Introduction

Seed dispersal has a major influence on plant fitness because it determines the

locations in which seeds, and subsequently seedlings, live or die. Theoretically, plants

could increase fitness if a higher proportion of seeds were dispersed to sites where

offspring have a predictably high probability of survival relative to random sites. This

process is known as directed dispersal. To do so, a plant must have a predictable dispersal

vector, either biotic or abiotic, that takes seeds disproportionately to suitable sites. Such a

pattern of dispersal likely will be retained in the distribution of adult plants (Schupp and

Fuentes 1995), in which case a particular dispersal agent has a disproportionate effect on

plant recruitment and demography. If true, then patterns of dispersal, not just dispersal,

may have a greater role in the structure and composition of plant communities than

currently believed.

To document directed dispersal, two conditions must be met: (1) nonrandom

movement of seeds and, (2) disproportionate arrival in sites with known characteristics that

are especially favorable for survival (Howe and Smallwood 1982, Howe 1986). Although
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nonrandom movement patterns and habitat selection by animals, and variation in

microhabitat suitability for plant growth are well documented, examples of directed

dispersal are thought to be rare and unusual (Howe 1986). I suggest that directed dispersal

is more common and ecologically significant than previously believed, but has been

overlooked for several reasons. First, the current paradigm of diffuse coevolution between

plants and their dispersers does not predict the evolution of adaptations for directed

dispersal. Second, the alternative advantages of dispersal (escape, colonization, directed

dispersal; see below) are not mutually exclusive and can be difficult to distinguish; the

demonstration of one advantage does not preclude the others. In particular, the emphasis

of research on escape obscures the occurrence of directed dispersal. Third, few studies

have integrated patterns of seed distribution (seed shadows) and the consequences of such

patterns for plant recruitment in a way that can detect directed dispersal. Plant recruitment

is a multistage process that has most often been studied in a stage-specific manner (Houle

1995, Jordano and Herrera 1995, Schupp and Fuentes 1995). Zoologists have studied the

fruit removal and gut treatment stages, while botanists have focused on the seedling stages

(Howe 1993b). Fourth, finding dispersed seeds, especially those dispersed by vertebrates,

is difficult Identifying parents of dispersed seeds is also difficult, and so far has been

limited to studies of isolated trees (Gladstone 1979, Augspurger 1983, Augspurger and

Kitajima 1992), or indirectly by genetic studies (Gibson and Wheelwright 1995, Hamrick

and Nason 1996) Fifth, several different names have been used for the same or closely

related ideas. The term directed dispersal was introduced by Howe and Smallwood (1982)

at the same time the initial framework of seed dispersal theory was being critically

examined (Wheelwright and Orians 1982, Herrera 1985,1986), Thus, because directed

dispersal was not expected under the diffuse mutualism view, the term was not widely

adopted, and instead terms such as 'safe sites,' 'nurse plants,' 'recruitment foci,'

'succession facilitation,’ and 'targeted dispersal' were used for concepts related to directed

dispersal (Grubb 1977, Harper 1977, Stiles 1989, Bazzaz 1991, Vieira et al. 1994).
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I review the literature on seed dispersal and argue that directed dispersal is not

inconsistent with the diffuse mutualism paradigm and although subtle, may be quite

common. After defining and describing the advantages of dispersal for plants, and

outlining the development of the diffuse mutualism paradigm, I will briefly outline three

classic examples of directed dispersal: scatterhoarding pine seeds and acorns by corvids,

dispersal by ants to nests or refuse piles, and dispersal of mistletoes by small birds. I then

discuss what may be further examples of directed dispersal to illustrate how widespread it

may be. Finally, I will suggest specific research needed to demonstrate directed dispersal.

The directed dispersal hypothesis can be tested with data on patterns of dispersal and post¬

dispersal fate.

Advantages of Dispersal

Plants display many morphological features associated with differing methods of

seed dispersal (e.g., Beal 1898, Ridley 1930, van der Pijl 1972). Considering the cost to

the plant of producing such dispersal-related structures, it is reasonable to expect some

advantage to dispersal (Hamilton and May 1977, Thompson and Willson 1978, Howe and

Smallwood 1982). Three hypotheses concerning the spatial aspects of dispersal have been

proposed: 1) escape from high mortality caused by distance- or density-dependent factors

near conspecifics (escape hypothesis), 2) colonization of rare, unpredictable, ephemeral

sites, such as treefall gaps (colonization hypothesis), and 3) directed dispersal to particular

microhabitats especially suitable for survival (Howe and Smallwood 1982, Howe 1986,

Willson 1992). Because these hypotheses are not mutually exclusive, they can be assessed

only if dispersal sites and post-dispersal fates are known.

In addition to the three hypotheses mentioned above, several other advantages of

dispersal have been proposed and will be mentioned here but not discussed in detail

because they are not concerned with the spatial distribution of seeds in relation to adult

trees. Gene flow is another advantage of dispersal (Levin and Kerster 1974). Gene flow
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helps avoid inbreeding, and may occur during both pollination and dispersal (Hamrick and

Nason 1996). The contributions of pollination and dispersal to gene flow can be

distinguished by recently developed techniques, and future studies should be helpful in

evaluating the influence of different dispersal vectors on genetic structure of plant

populations (Hamrick and Loveless 1986, Hamrick et al. 1993, Gibson and Wheelwright

1995, Weiblen and Thomson 1995, Alvarez-Buylla et al. 1996). Note that inbreeding is

not necessarily a problem for all plant species, and in some cases short-distance dispersal is

favored over long-distance (Howe and Smallwood 1982). Also, the spatial distance among

conspecific trees is not necessarily a good indication of the genetic distance among

individuals, or the distance traveled during dispersal (e.g., Gibson and Wheelwright

1995).

Effects on germination have also been proposed as advantages of dispersal

(reviewed by Traveset andWillson 1997). Although animals may scarify seeds and

influence the rate or proportion of seeds germinating, the effects of gut passage have little

to do with dispersal per se (Howe and Smallwood 1982). Consumption of fleshy fruits by

vertebrates is generally advantageous for removal of the pulp, but often does not otherwise

affect germination (Chapter 2, Janzen 1982b, Howe et al. 1985, Jackson et al. 1988).

Escape. The escape hypothesis is expected to be an advantage for most plants and

is supported by numerous studies that have shown density- or distance-dependent mortality

near parent trees (e.g., Clark and Clark 1984, Howe 1986). Note that high levels of seed

predation or seedling mortality are not sufficient to demonstrate benefits of escape. If

99.9% of a plant's progeny is killed regardless of location, then escape is not an advantage

of dispersal. Instead, the evidence should be disproportionate mortality correlated

negatively with distance or positively with density (Howe 1986). Even if escape is shown

to be an advantage for a particular plant species, however, colonization or directed dispersal

could also be important for the seeds that do escape.
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Colonization. The colonization hypothesis is most relevant when suitable sites for

establishment are unpredictable or randomly distributed, as is thought to be the case for

new treefall gaps in tropical forests (Hartshorn 1978, Brokaw 1985, Van der Meer and

Bongers 1996). For species that require canopy gaps to reach reproductive maturity, the

expected dispersal strategy is colonization via blanketing the understory with propagules

capable of dormancy or suppressed growth until a gap forms and increased light levels

induce germination or more rapid growth. Widespread dispersal of seeds in the area

around the parent plants will maximize the number of different sites occupied, and increase

the chance that some seeds land in sites that become suitable in the future. Colonization of

sites currently favorable, such as recent disturbances, should involve dispersal to such sites

in proportion to their abundance. Note that in most forest ecosystems, gaps vary greatly in

size and most gaps are small (Brokaw 1982b, Martinez-Ramos and Alvarez-Buylla 1986,

Murray 1986, Lawton and Putz 1988, Runkle 1990, Gray and Spies 1996). The

importance of small gaps and even subcanopy gaps is not well known (Connell et al.

1997).

Directed Dispersal. Alternatively, directed dispersal can result if dispersal agents

deposit seeds disproportionately in suitable locations. Thus, directed dispersal has two

components: non-random arrival and increased survival in predictable locations (Howe and

Smallwood 1982, Howe 1986, Schupp et al. 1989). To benefit from directed dispersal, a

plant must have fruits with characteristics that attract certain dispersers more than others, or

must have a morphology that enables the propagules to arrive in certain habitat patches

more often than expected by chance (Venable and Brown 1993). Note, however, that the

examples below show that plants need not be adapted specifically for directed dispersal as

was originally theorized. Instead, I argue that directed dispersal occurs in many situations
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in which a plant has multiple dispersal agents, and some provide directed dispersal to

particular sites while others provide widespread dissemination to a variety of sites.

Distinguishing the Alternative Advantages. Many plants are likely to benefit from

more than one, if not all three advantages. Distinguishing the relative roles of each

advantage for different plants should implicate which specific dispersal agents are

particularly important in different ecosystems. If seeds are dispersed to sites with random

microhabitat characteristics (not including distance from parent), then the colonization

hypothesis is supported. If seeds disproportionately arrive in a nonrandom subset of the

available microhabitats and post-dispersal survival is predictably higher in those

microhabitats than in random sites, then the directed dispersal hypothesis is supported.

Escape is supported if dispersal decreases the probability of being killed by seed predators,

herbivores, or other mortality factors that act in a density dependent fashion. In practice

however, these three hypotheses can be difficult to distinguish (Howe 1986). I now

discuss the reasons for this difficulty and suggest potential solutions.

Most dispersal does not result in seedling establishment, even by "high quality"

dispersers, thus directed dispersal is likely to be subtle. Because most seeds die, research

on escape has overshadowed colonization and directed dispersal. Much larger sample sizes

are needed to detect factors correlated with seedling survival than for seed removal in a

natural setting (Howe 1990b). In addition, many studies either do not attempt to

distinguish the three hypotheses, combine colonization and directed dispersal into

colonization, or ignore directed dispersal altogether (Herrera and Jordano 1981, Dirzo and

Dominguez 1986, Martinez-Ramos and Alvarez-Buylla 1986, Levey et al. 1994).

Furthermore, all the data to evaluate directed dispersal are seldom collected in one study.

In particular, the ecological literature is dominated by stage-specific studies, whose results

cannot necessarily be used to distinguish among the hypotheses. Long-term studies that

document survival through sequential stages including dispersal, germination, seedling
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establishment, and growth to maturity, are needed to evaluate the consequences of dispersal

and thereby tease apart the hypotheses (Herrera et al. 1994, Houle 1995, Schupp and

Fuentes 1995). Such studies are difficult for long-lived species.

In most cases, the distribution of dispersed seeds is highly leptokurtic and right-

skewed, with most seeds near the parent and progressively fewer farther away (Janzen

1970, Levin and Kerster 1974, Willson 1993, Herrera et al. 1994, Houle 1995, Schupp

and Fuentes 1995). The shape of the curve is best described by either negative exponential

or inverse power functions (Portnoy and Willson 1993, Willson 1993, Laman 1996a, but

see Murray 1988). Therefore, seed shadows are always non-random with respect to

distance from the parent plant Plotting the abundance of seeds over distance as a linear

function, however, can obscure the great heterogeneity within the tails of the distribution

(Janzen 1983a, Stiles 1989, Portnoy and Willson 1993, Willson 1993). It is important to

note that non-random dispersal associated with such heterogeneity is a necessary but not

sufficient condition for directed dispersal. For directed dispersal to occur, non-random

dispersal must be to suitable sites, so that the overall result is a positive, disproportionate

effect on recruitment Similarly, many studies show heterogeneity in seedling

distributions. Yet, these patterns could be caused by higher seed fall in some areas than

others, or by higher survival in some areas, or both (Hubbell 1980, Jordano and Herrera

1995, Schupp and Fuentes 1995). The important point is that on a per seed basis, directed

dispersal yields a higher probability of survival to maturity than does widespread

dissemination (i.e., colonization).

A key element for distinguishing directed dispersal from colonization is determining

where seeds actually land. Few studies have determined the seed shadows generated by

different dispersal agents. This aspect is particularly important for plant species dispersed

by many different dispersal agents. By attracting many disperser species with different

behaviors and dietary requirements, the seeds are likely dispersed to many different types

of sites. Such a pattern suggests that widespread dissemination is the main advantage of
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dispersal (e.g., Laman 1996b). However, a subset of the disperser assemblage may be

responsible for dispersing most of the seeds that eventually establish. Even for plant

species with a restricted set of dispersers, it has been shown that disperser species differ in

the per seed probability of establishment (Reid 1989).

The other critical aspect necessary to assess directed dispersal is determining post¬

dispersal plant fate. It is well known that plant mortality is generally highest in the seed

and seedling stages (Darwin 1859, Harper 1977). Every potential recruit requires a space

in which to grow, in addition to water, nutrients, and light. Such spaces are rare in the

environment. Therefore, the probability of establishment for any seed is very low. It

follows then, that any survival benefit at early stages is likely to increase the chances of

further survival (Schupp and Fuentes 1995). As further illustration of distinguishing the

dispersal hypotheses, consider the following hypothetical situation. A tree or shrub with

small-seeded fruits attracts a variety of birds that disperse 100 seeds in the area around the

parent plant in a typical right-skewed distribution. Insects kill all but one of the seeds

within 10 m of the plant, and rodents kill all but ten of the seeds beyond that distance.

Nine of these seeds are taken by ants, eight of which are eaten and one of which is

discarded in viable condition on a refuse pile. The seed not taken by ants is incorporated

into the soil seed bank when a peccary steps on it and pushes it into the mud, where it can

remain dormant for 2 years. The other two seeds, one within 10 m of the parent plant and

one in the ant refuse pile both germinate and establish as seedlings. Because of the

nutrients in the refuse pile, that seedling grows larger. In this example, note that escape,

colonization, and directed dispersal are all supported. Of the three live offspring produced

by the plant which is most likely to reach maturity? The best choice is the largest seedling,

in which case the relatively rare event of directed dispersal contributes as much or more to

the plant's fitness as escape and colonization. In summary, more detailed studies on where

seeds are dispersed, how they get there, and what happens afterwards are necessary to



118

distinguish the hypotheses. I know of only one study that has attempted to examine the

three hypotheses (Masaki et al. 1994).

The Diffuse Mutualism Paradigm

The evolutionary aspects of the fruit-frugivore interaction noted by Ridley (1930)

and van der Pijl (1972), were first clearly developed by Snow (1965, 1971). These ideas

were later expanded into the specialist/generalist dichotomy of plant traits and dispersal

quality (McKey 1975, Howe and Estabrook 1977). The expectation was that large-seeded,

nutrient-rich fruits would attract dispersal agents that provided high quality dispersal in

terms of dispersal to sites appropriate for establishment. In contrast, small but abundant

nutrient-poor fruits attracted opportunistic foragers that provided lower quality dispersal,

but the sheer number of seeds dispersed resulted in a few landing in appropriate sites. In

other words, seeds in high-quality fruits were expected to benefit from directed dispersal,

while seeds in low quality fruits were expected to benefit from widespread dissemination.

Both benefited from escape. The implication was that fruit-frugivore evolution could be

relatively specific, involving adaptations between pairs or small sets of species, as seen in

flower-pollinator evolution (Wheelwright and Orians 1982). Over the next decade,

however, the view that emerged from more detailed studies (mainly on avian foraging

behavior) was that coevolution between plants and their dispersers was not species-

specific, but instead was diffuse, involving adaptations between large groups of plants and

groups of dispersers (Wheelwright and Orians 1982, Howe 1984, Herrera 1985, 1986,

Levey et al. 1994). Indeed, although plant species vary tremendously in the number of

potential dispersers they attract, and a few have very restricted sets of dispersal agents

(Janzen and Martin 1982, Chapman et al. 1992), there are no unequivocal examples of a

plant species entirely dependent one species of disperser (Witmer and Cheke 1991).

Some interpretations of the diffuse mutualism framework seem to exclude the

possibility of directed dispersal. Two of the main objections to the specialist/generalist
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dichotomy are (1) that plants reward dispersers for removing fruits but not for dispersing

them to appropriate sites and thus can do little to influence where dispersers take seeds, and

(2) suitable sites for plant establishment (safe sites) are spatially and temporally

unpredictable (Wheelwright and Orians 1982, Janzen 1983c). Studies on pollination were

well ahead of those on seed dispersal when specialist/generalist framework was being

developed (Howe 1993b), and both the specialist/generalist dichotomy and the critiques

that followed were based on comparisons to pollination. This comparison to pollination is

exemplified by the statement "plants cannot direct the dispersal of seeds to a particular

location with a degree of exactness comparable to pollen dispersal, though possibly they

could favor animal vectors with particular foraging behaviors, habitat preferences, or

probabilistic patterns of seed dispersal" (Wheelwright and Orians 1982:406). By

implication, escape and colonization became the most likely benefits of dispersal, and

directed dispersal became unlikely as an adaptive strategy. Note, however, in the above

quotation that "particular foraging behaviors, habitat preferences, or probabilistic patterns

of seed dispersal" are exactly the conditions that result in non-random patterns of dispersal.

If these patterns of dispersal are coupled with arrival to suitable sites, then directed

dispersal is achieved. In fairness, the objections to the specialist/generalist theory raised by

Wheelwright and Orians (1982) and others, were not to reject directed dispersalper se but

rather to refute the idea of species-specific coevolution between plants and dispersers.

Interest in seed dispersal mutualisms paralleled that in factors promoting tropical

forest diversity, especially seed predation and seedling mortality in relation to adult

distributions (Connell 1970, Janzen 1970, Hubbell 1980). The escape hypothesis is also

referred to as the Janzen/Connell hypothesis, although the two are not equivalent (Howe

and Smallwood 1982, Clark and Clark 1984, Burkey 1994, Cintra 1997b). As noted

above, the escape hypothesis predicts disproportionate mortality as a function of distance

from parent plants, while the Janzen/Connell hypothesis states that such disproportionate

mortality for one species allows other species a higher probability of establishment, and
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thus promotes species coexistence. Both hypotheses predict an advantage of local

dispersal. Subsequently, seed predation experiments have dominated the literature with

relatively little effort placed on documenting seed survival as a function of any other

variable beside distance from parents (but see Schupp 1988a, Kitajima and Augspurger

1989, Howe 1990b, Laman 1995, Cintra 1997a). In addition, because actual patterns of

seed dispersal are so poorly known, demonstration of the escape advantage predicts

nothing about colonization or directed dispersal, but suggests that one or both may also

occur.

Classic Examples of Directed Dispersal

Three systems are typically given as examples of directed dispersal: scatterhoarding

by corvids, mistletoe dispersal by small birds, and dispersal of elaisome-bearing seeds of

herbaceous plants by ants. Although these systems are often thought of as exceptions to

the general rule of diffuse coevolution (Wheelwright and Orians 1982, Levey et al. 1994),

they are actually consistent with the theory, as all three examples involve each species of

plant being dispersed by more than one species of disperser, which in turn disperse several

other species of plants (e.g., Restrepo 1987). They may be more specialized than most

other plant/disperser systems and perhaps illustrate one endpoint of a continuum of

dispersal strategies.

Corvids

Approximately 20 species of pines (Pinus; most in the subgenus Strobus) are

dispersed by jays and nutcrackers (Corvidae; Tomback and Linhart 1990, Benkman 1995).

Most other pines are wind-dispersed, although they may benefit from secondary dispersal

by scatterhoarding rodents (VanderWall 1992). These pines occur in western North

America and across Eurasia, and are distinguished from the wind-dispersed species by

having large seeds that lack a well-developed winged appendage for wind dispersal, and
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cones that do not release the seeds (Toraback and Linhart 1990). The most specialized

dispersers are the two species of nutcrackers (Nucifraga). Nutcrackers have a sublingual

pouch (unique among birds) in which they carry up to 90 seeds (VanderWall and Baida

1977, Tomback 1982). They bury seeds in the ground in shallow surface caches of 1-4

seeds. Presumably they disperse seeds considerable distances (Lanner 1996). Each

nutcracker caches thousands of seeds each year, exceeding its dietary requirements 2-5

times (Vander Wall and Baida 1977, Tomback 1982). Several other corvids cache pine

seeds and are important dispersers, including pinyon jays (Gymnorhinus cyanocephalus),

western scrub jays (Aphelocoma califomica), and Steller's jays (Cyanocitta stelleri). These

birds have highly developed spatial memory (Baida and Kamil 1989, Kamil and Jones

1997), but do not retrieve all caches every year (Lanner 1996). Most seeds that are not

taken by birds and fall beneath adult Pinus monophylla trees are harvested by rodents,

which are less effective dispersers than corvids because they larderhoard many seeds in

nearby burrows (VanderWall 1997). Most of the corvid-dispersed pine species are found

in xeric habitats, where burial protects seeds from desiccation (Lanner 1996). However,

both the corvids and the rodents scatterhoard some seeds in sites under bushes that provide

shade and are thus beneficial for germination and establishment (VanderWall 1997). In

addition, some of the pines are early successional species (pioneers) and the birds,

nutcrackers and pinyon jays in particular, are known to make frequent caches in open areas

(Lanner 1996).

Corvids and squirrels also disperse oaks and beeches (Fagaceae) by

scatterhoarding. Although the presumed mutual adaptations in these species are less clear

than for nutcrackers and pines, in is clear that many seeds are cached in suitable sites for

germination and establishment (Bossema 1979, Darley-Hill and Johnson 1981, Sork 1983,

Johnson et al. 1997). In addition, dispersal by jays has been implicated in the rapid post-

Pleistocene northward spread of oaks and other plant species (Johnson and Webb 1989,

Wilkinson 1997a, Clark et al. 1998).
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Mistletoes

Mistletoes (about 40 genera; Viscaceae, Loranthaceae, Eremolepidaceae) are

obligate stem-parasites that occur worldwide and are dispersed by passerine birds. The

pulp contains sticky viscin that is difficult to separate from the seed, even during gut

passage. The viscin enables the seeds to cling to a branch until germination and connection

with the host xylem. The viscin also allows several seeds to stick together and to the bird,

during defecation or regurgitation, and increases the chances that the string of seeds will hit

a branch or be wiped directly onto the branch by the bird. In Australasia, mistletoes are

dispersed by several species of flowerpeckers and mistletoebirds (Dicaeidae; Docters van

Leeuwen 1954, Reid 1991). In forested regions of Central America and South America

they are dispersed mainly by euphonias and other tanagers (Thraupidae) and to a lesser

extent flycatchers (e.g., Zimmerius vilissimus, Tyrannidae; Davidar 1983, Restrepo 1987,

Stiles and Skutch 1989, Monteiro et al. 1992, Sargent 1995). In a Chilean desert site,

mockingbirds {Mimas thenca; Mimidae) are the main dispersers ofmistletoe (Martinez del

Rio et al. 1995,1996), while in North America, waxwings and phainopeplas

(Borabycillidae) are the main mistletoe dispersers (Walsberg 1975, Skeate 1987, Larson

1996). Mistletoe seeds in fruits not eaten by birds, and seeds dispersed to the ground have

no chance of survival.

Studies by Reid (1989) and Sargent (1995) illustrate directed dispersal of

mistletoes. Suitable establishment sites are not simply twigs and branches, but live twigs

of a certain size, depending on the species. In Australia, Amyema quandang mistletoes

established best on 1-6 mm diameter twigs (Reid 1989), while in Costa Rica,

Phoradendron robustissimum established best on 10-14 mm twigs (Sargent 1995). Larger

twigs and branches have thicker bark that may preclude establishment, and smaller twigs
are more likely to die than larger twigs after mistletoe infection (Sargent 1995). Sargent

(1994) showed that euphonias tend to perch on twigs of the appropriate size for
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establishment, and therefore, within a tree establishment was on a non-random set of the

available twigs and branches. Reid (1989) similarly showed thatmistletoebirds (Dicaeum

hiruninaceum) were more likely to deposit seeds on the appropriate-sized twigs than were

honeyeaters (Acanthagenys rufogularis). In both cases, a restricted set of dispersers is

entirely responsible for successful mistletoe establishment. Non-random distribution of

mistletoes among the available host plants (host preferences) have been shown in several

other studies (Monteiro et al. 1992, Martinez del Rio et al. 1995, Larson 1996).

Host preferences have been noted for other epiphytes (e.g., Ficus; Daniels 1991,

Laman 1996, Patel 1996, Putz 1989), but it is unclear if they are related to the pattern of

dispersal or of survival. Disproportionate establishment in certain sites does not imply

disproportionate dispersal to those sites (Schupp and Fuentes 1995), although August

(1981) did suggest that bats provided directed dispersal of fig seeds to palm trees in

Venezuela. Laman (1995, 1996b), however, proposed that host preferences of Bornean

Ficus are caused by differences in establishment requirements not by differential dispersal,

as Ficus seeds are dispersed by many species of birds and mammals and probably achieve

widespread dissemination.

Ants

A wide variety of tropical and temperate plants produce seeds with lipid-rich

elaisomes that attract ants (Beattie and Culver 1981, Horvitz and Schemske 1986b,

Ohkawara et al. 1997). This ant-plant mutualism is worldwide, occurring in habitats

ranging from deserts to tropical forests, and involving representatives of over 80 plant

families and numerous ant taxa (Beattie 1985). Typically, ants take the seeds back to their

nests and discard the seed after the nutrient-rich elaisome has been consumed. Seeds are

dispersed when placed on refuse piles or abandoned in nests (Beattie and Culver 1982).

Because the nests or refuse piles have higher concentrations of nutrients available to

seedlings compared to the surrounding soil, seedling growth or establishment is often
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higher in such sites than in random sites (Davidson and Morton 1981, Horvitz 1981, Levey
and Byme 1993). In one of the few studies to document the fitness benefits of dispersal by

animals, Hanzawa et al. (1988) showed than a cohort of ant-dispersed Corydalis aurea

produced 90% more offspring that a control cohort. Arrival to nutrient-rich sites, however,

is apparently not the explanation for myrmecochory in some areas (Rice and Westoby

1986, Bond and Stock 1989). In California chaparral, ant nests are located in the gaps

between shrubs rather than under shrubs, so that seeds discarded in nests may face lower

competition from other plants (Boyd 1996).

In contrast to vertebrate frugivores which usually eat the reward (fruit pulp) before

dispersing seeds, ants typically take seeds back to their nests before eating the elaisome

(Culver and Beattie 1978, Horvitz 1981). In some species, removal of the elaisome

induces germination, and thus the ant-dispersal provides a predictable cue that a suitable

site has been reached (Horvitz 1981). Seeds not taken by ants are likely eaten by rodents

and other seed predators (O'Dowd and Hay 1980, Heithaus 1981, but see Smith et al.

1989), but many species release the seeds during the morning, when ants are active but

rodents are not (Gibson 1993, Ohkawara et al. 1997). Ants also act as secondary

dispersers of seeds in bird droppings (see below).

Other Examples of Possible Directed Dispersal

Abundant circumstantial evidence hints that directed dispersal is more common than

previously believed. Aside from the systems described above, few studies have attempted

to test the directed dispersal hypothesis. In this section I describe several possible

examples of directed dispersal that should be investigated in future studies. None of these

examples is unequivocal because seed shadows generated by individual disperser species
and post-dispersal seed fates are poorly known. But in all cases, one of the two

requirements of directed dispersal is met: either nonrandom patterns of post-dispersal

survival or disproportionate dispersal by a particular vector to certain sites.
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Dispersal bv Wind and Birds to Gaps

Canopy gaps caused by dead or fallen trees or branches are crucial recruitment sites

in most forest ecosystems. Typically 1-2% of the forest canopy is opened annually, and

about 5% of the forest area is in gaps formed in the last 5 years (Lawton and Putz 1988,

Martinez-Ramos et al. 1988, Murray 1988). Because many plant species require gaps for

germination and seedling growth, seed arrival in gaps would be highly advantageous for

these species. Seeds can arrive via the seed bank (past dispersal) or via seed rain (current

dispersal). The former case would be colonization while the latter could be colonization if

arrival is in proportion to the area available, or directed dispersal if arrival is more often

than expected by chance.

Air currents around gaps may pull in wind-dispersed seeds from the surrounding

area (Schupp et al. 1989). In support of this hypothesis, at least three studies have found

disproportionate arrival in gaps of wind-dispersed species (Augspurger and Franson 1988,

Denslow and Gomez Diaz 1990, Loiselle et al. 1996). Similarly, Betula lenta seeds

dispersed by wind across snow accumulated in indentations resulting in non-random seed

distributions (Matlack 1989). Because many wind-dispersed species are shade-intolerant

and require gaps for establishment, wind dispersal may often result in directed dispersal.

Many more wind-dispersed than animal-dispersed seeds arrived in gaps in all three

studies mentioned above, but overall seed rain was higher in forested sites. Nevertheless,

that does not preclude the possibility of directed dispersal to gaps by animals as well. All

three studies noted great heterogeneity among the samples, suggesting patterns in seed rain

at a scale not well quantified by paired gap/understory seed traps. One possible cause of

such heterogeneity in seed rain is that seed-dispersing animals may concentrate their

activities where resources are most abundant. It is well known that fruiting plants produce

larger crops in gaps (Levey 1988a, 1988b, 1990, Martinez-Ramos and Alvarez-Buylla

1995) and that frugivorous birds are also especially active in and around gaps even though
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few species can be considered gap specialists (Schemske and Brokaw 1981, Willson et al.

1982, Levey 1988b). Based on these studies, Schupp et al. (1989) hypothesized that seed

rain of small-seeded animal-dispersed seeds would be higher in tropical forest gap edges,

but no studies have tested this idea. In Illinois, however, Hoppes (1988) did find such a

pattern; seed rain was often bimodal with most seeds landing near the parents and a second

smaller peak at gap edges. Overall, Hoppes (1988) estimated 50% of bird-dispersed seeds

landed in gaps and gap edges which together comprised only 16.8% of the study area. In

Japan, seed dispersal of Comus controversa by birds was not disproportionate to gaps,

but gap and gap edge sites were not distinguished (Masaki et al. 1994). Both Hoppes

(1987) and Denslow and Gomez-Diaz (1990), noted the likely occurrence of seed dispersal

from plants in one gap to another gap. The most likely plant species to benefit from

directed dispersal to gaps are those that can establish, not in new gaps, but in building-

phase gaps a few years old (Denslow 1987, Brandani et al. 1988).

Canopy gaps are formed when a tree or branch falls or when a tree dies standing.

Locations of new gaps are thought to be randomly distributed and unpredictable (Hartshorn

1978, Brokaw 1985, Martinez-Ramos et al. 1988, Van der Meer and Bongers 1996). The

fact that trees on gap edges are more likely to fall than are trees in closed canopy forest

(Lawton and Putz 1988, Young and Hubbell 1991, Van der Meer and Bongers 1996)

suggests that gap edges are predictably more favorable locations than random understory

locations for species that benefit from higher light levels. In addition, in some forests,

gaps are aggregated (Lawton and Putz 1988, Van der Meer and Bongers 1996). In

montane Costa Rica, Sapium oligoneuron trees often die standing and are frequently used

by Bellbirds as song perches (Chapter 2). Standing dead trees drop large branches for

several years before falling entirely. Thus, gaps may not always be as unpredictable as is

commonly believed. The possibility of directed dispersal to gaps or gap edges in tropical
forests remains to be examined.
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Habitual Perches and Habitual Defecation Sites

Many frugivorous tropical birds have lek breeding systems in which the males have

display perches where they spend the majority of the day during the breeding season. Such

species range from manakins (Pipridae) to the much larger bellbirds, umbrellabirds, and

cocks-of-the-rock (Cotingdae) in Neotropical forests, and birds-of-paradise (Paradisaeidae)

in New Guinea. Many of these species are common and conspicuous. The males of two

species of manakins and two species of bellbirds spent 87-95% of the day at display

perches, leaving only for brief foraging bouts (D.W. Snow 1962b, 1962a, B.K. Snow

1970,1977). Most of the seeds dispersed by males of these species are probably deposited

in the vicinity of the leks or display perches. If perch or lek areas are also suitable

establishment sites, then these species may provide directed dispersal. For example three-

wattled bellbirds (Procnias tricarunculata) in Costa Rica typically display on tall exposed

perches such as dead branches or dead trees (Snow 1977). In a study on seed dispersal of

the canopy tree Ocotea endresiana (Lauraceae) 52% of the seeds dispersed by bellbirds

landed in gaps (under display perches) compared to only 3% of the seeds dispersed by four

other species (Chapter 2). Overall, including seeds whose dispersal agent was unknown,

1*1% of the seeds landed in gaps, which was much greater than the 5.3% expected based on

the area of the forest in gaps < 5 yr. Seedlings in gaps had almost twice the chance of

surviving one year compared to seedlings in closed canopy forest Thus, bellbirds

provided directed dispersal: disproportionate dispersal to especially suitable sites. Other

species of bellbirds and cotingas have similar behavior in perching on exposed limbs or in

trees with sparse foliage (Snow 1982), and considering the wide variety of fruits they eat,

bellbirds are likely to provide directed dispersal for other species as well.

Other lekking species such as manakins and cocks-of the-rock display in the forest

understory. Although this pattern may lead to colonization via accumulation of dormant

seeds in the soil (Krijger et al. 1997), and suppressed seedlings, Endler and Théry (1996)

have shown that Guianan cock-of-the-rock (Rupicola rupicola) and two species of
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manakins (Corapipo gutturalis, Lepidothrix serena) select lek areas in specific light

environments in the forest understory so as to maximize conspicuousness during displays.

Some species of manakins even maintain their leks by removing leaves that obstruct the

view at lek height (Snow 1976). The importance of differences as small as 1-2% in light

availability has been demonstrated for some shade-tolerant seedlings (Howe et al. 1985,

Howe 1990b), and it is possible that some of the species dispersed by lekking species

benefit from higher light levels around leks. In cock-of-the-rock leks in French Guiana,

77% of the plants present as seedlings and saplings were likely dispersed by Rupicola,

while only 11.5% of the species in a forest understory site were shared with the lek (Théry
and Larpin 1993). Thus, the Rupicola leks can have a great impact on the vegetation

structure, and may contribute to clumped and patchy distributions of fruiting plants. In

contrast, manakins that disperse seeds of shade-intolerant Melastomataceae, but display in

the understory, contribute heavily to the soil seed bank but apparently not to the vegetation

around the lek (Krijger et al. 1997).

A similar situation has been found for sleeping trees of howler monkeys (Alouatta

seniculus) in French Guiana (Julliot 1996, 1997). Of six plant species studied, all were

more common as seedlings in the vicinity of sleeping roosts than on control sites. This

difference could be a result of higher seed input (as suggested by Julliot 1997) or by

differential survival of seedlings under roosts. Although the presence of seedlings

demonstrates successful establishment, the effects of seed predators and secondary

dispersal were not quantified. Habitual sleeping sites have been noted for several other

frugivorous primate species (Chapman 1989b, Heymann 1995) and forkinkajous (Potos

flavus; Julien-Laferriere 1993).

Lowland gorillas (Gorilla gorilla) in Gabon defecate around nest sites which are

typically located in open areas of the forest (Turin et al. 1991). Gorillas were the most

important disperser of the most common tree in the study area (Cola lizae: Sterculiaceae).

Cola seedling survival six months after dispersal at nest sites in open areas was 40%, but
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only 1.1% in forest Although the seedlings in fecal clumps may face intense sibling

competition, the open canopy at nest sites provides a favorable growth environment (Tutin

et al. 1991). Gorillas eat fruits of at least 78 plant species, and may disperse many other

species in a similar pattern (Tutin et al. 1991).

Similarly, baboons (Papio anubis) in Ghana congregate daily on rocky outcrops

where they often defecate seeds. Lieberman et al. (1979) found seeds from 59 species in

dung collected from the outcrops. They noted that although the rocks themselves were not

good establishment sites, many seeds were likely washed by rain to the surrounding soil,

and the vegetation around the outcrops was dominated by the same plant species baboons

commonly dispersed.

Rhinoceros (Rhinoceros unicornis) in Nepal, and tapirs (Tapirus terrestris) in Brazil

have habitual latrine sites (Dinerstein and Wemmer 1988, Dinerstein 1991, Fragoso 1997).

Rhinoceros latrines in floodplain grasslands provide crucial recruitment sites for the shade

intolerant tree Trewia that dominates the riverine forest. Seeds in dung piles are not

secondarily dispersed by rodents but may be scattered by repeated use of latrines and

occasional floods (Dinerstein 1991). The seedlings may face interspecific competition but

are located in nutrient-rich sites. Seeds in tapir latrines are scatterhoarded by agoutis (see

below, Fragoso 1997).

Latrine use has also been documented for European badgers (Meles meles) in Italy

(Pignozzi 1992). Badgers have latrines around the periphery of their territories, and

dispersed the seeds of at least 10 plant species although seedling survival was not

documented. Other examples of seed dispersal concentrated at latrines or burrow sites of

highly frugivorous mammals deserve further study (e.g., palm civets, Paradoxurus

hermaphroditus; Joshi et al. 1995). In addition, species such as rabbits (Oryctolagus

cuniculus), are known to have latrines (Sneddon 1991), but their role as seed dispersers is

not well known (but see Nogales et aL 1995, Schupp et al. 1997a, b). In some cases,

dispersal concentrated in certain sites will no doubt lead to extremely high seed or seedling
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mortality due to inappropriate growing conditions, intense seedling competition, or

attraction of predators or pathogens (Snow 1979, Howe 1989). Based on the studies

above, however, it is clear that concentrated seed dispersal is not necessarily

disadvantageous, even when mortality is high.

Nurse Plants

In a variety of arid ecosystems, shrubs and trees provide the critical recruitment

sites for many plants, and are referred to as nurse plants. In contrast to treefall gaps in

forests, the spaces between plants in arid lands are hostile to seedlings; water and heat

stress rather than light availability are often the factors limiting plant growth (Valiente-

Banuet et al. 1991, Fulbright et al. 1995, Callaway et al. 1996, Nabhan 1997). Soil under

nurse plants, especially nitrogen-fixing species, is sometimes higher in nutrients than the

surrounding soil (Barnes and Archer 1996), but nutrient availability is not necessarily the

main limiting factor (Franco-Pizaña et al. 1996). Whereas the lack of perches in recent

gaps may limit seed rain of animal-dispersed seeds in forests, nurse plants in arid and

semiarid ecosystems are often the only perches available and thus provide both high seed

input in a nonrandom pattern and a favorable microclimate for bird-dispersed species.

Several studies have shown birds leaving fruiting plants in non-random directions, and

higher seedling emergence under certain post foraging perches than others (Herrera and

Jordano 1981, Tester et al. 1987, Izhaki et al. 1991, Chavez-Ramirez and Slack 1994). In

some cases, seed predation under shrubs is lower than in the open (Callaway 1992), but

other studies have suggested the opposite result (Owens et al. 1995, Hulme 1996, 1997).

Dispersal by birds to nurse plants in arid and semiarid ecosystems presents a strong case

for directed dispersal, but virtually all studies have focused on seedling growth and

interspecific plant associations without documenting patterns of dispersal. Nurse plants

may be particularly important for maintaining populations of rare plant species (e.g., Cardel

et al. 1997).
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Similar to nurse plants, decomposing logs may serve as important recruitment sites

for some species. Whether seeds arrive at logs disproportionately has not been

documented, but the influence of nurse log abundance on forest composition has been

suggested (Scowcroft 1992, Hofgaard 1993). In addition, the propensity of certain bird

species to perch on fallen logs has been noted (e.g., Turdus albicolis; Charles-Dominique

1986). In a temperate woodland, 33% of the species on logs were probably ant-dispersed

and 25% were fleshy-fruited species typically dispersed by birds and mammals (Thompson

1980). As ant nests are often located in or near logs, and birds and mammals often perch

on logs, especially in treefall gaps, Thompson (1980) suggested that logs may differentially

accumulate seeds. Similarly, several Melastomataceae species have been noted in

association with logs in two tropical forests (Lawton and Putz 1988, Lack 1991). These

melastome species produce fleshy fruits typically dispersed by birds, and sometimes

removed from bird droppings and secondarily dispersed by ants (Levey and Byme 1993).

Some other species on fallen logs, however, clearly were established on the trees before

they fell (Lawton and Putz 1988). Another possibility for directed dispersal to nurse logs

is the dispersal of fungal spores by rodents (e.g., Cork and Kenagy 1989, Johnson 1996).

Perches in Successional Landscapes

Numerous studies have documented high rates of seed dispersal by animals to

perches in pastures, Oldfields, or other human-disturbed landscapes (Debussche et al.

1982, Guevara and Laborde 1993, McClanahan and Wolfe 1993, Robinson and Handel

1993, Da Silva et al. 1996, Ne'eman and Izhaki 1996). Such sites are referred to as

recruitment foci (McDonnell 1986, Myster and Pickett 1992) or succession facilitators

(Vieira et al. 1994). In these situations, the dispersal pattern is clearly nonrandom, as seed

rain beneath perches is often 1 or 2 orders ofmagnitude greater than in open areas (Willson
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and Crome 1989, Robinson and Handel 1993, Nepstad et al. 1996, Duncan 1997).

Although the pattern of seed rain is similar to that for nurse plants in arid ecosystems, the

suitability of such sites for growth and survival is less clear. In active pastures, where

grazing animals would eat or trample seedlings in the open, dispersal beneath shrubs,

fencerows, or by rocks may represent the best recruitment sites within the pasture

(Livingston 1972, Herrera 1984a), even though more suitable sites may exist in the

adjacent habitat from which the seeds were dispersed.

This situation raises the possibility that directed dispersal may become more

common in managed or highly disturbed landscapes than in natural habitats. In managed

landscapes the distribution of safe sites may be more predictable than in natural areas. Safe

sites in managed landscapes are not necessarily rarer than in undisturbed areas, especially if

they are located near highly invasive species (De Pietri 1992, Vieira et al. 1994), or planted

shrubs or trees (Robinson and Handel 1993, Debussche and Isenmann 1994). If true, this

also illustrates the idea that plants may not be adapted for directed dispersal, but can take

advantage of it in some situations. In successional landscapes the species most likely to

benefit from directed dispersal are the smaller-seeded "generalist" plants that attract many

dispersers, rather than the larger-seeded fruits with a more restricted disperser assemblage

(Da Silva et al. 1996). It follows then, that the advantages of directed dispersal in

successional landscapes would diminish for the generalist plants as succession approaches

the climax stage, and then colonization of unpredictable sites increases in importance (see

also Debussche and Isenmann 1994).

Secondary Dispersal bv Agoutis. Ants, and Dung Beetles

Recent studies in tropical forests indicate that dispersal by vertebrates is often only

the first of two stages of dispersal. Seeds in frugivore defecations are removed by ants

(Roberts and Heithaus 1986, Kaspari 1993, Levey and Byrne 1993) and rodents (Janzen

1986, Moegenburg 1994, Fragoso 1997). In both cases, the secondary dispersers act
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mainly as a seed predators, but the beneficial treatment of the seeds they do disperse may

lead to a large influence on plant recruitment Ants are ubiquitous in Neotropical forest

understory environments and rapidly remove small seeds from bird droppings. The ants

take seeds back to their nests and most seeds are eventually eaten. In one study, about 6%

of the seeds were discarded on refuse piles, but perhaps more importantly, nest twigs and

the seeds within them, were abandoned on average every three months (Levey and Byrne

1993). Seedlings had higher survival on experimental refuse piles under light levels typical

of small gaps. Thus, ants remove seeds from a high-density pattern in a frugivore

defecation where interspecific competition may be intense (Howe 1989, Loiselle 1990),

and place a few seeds in low-density, high-nutrient sites favorable for seedling growth.

Some plant species have been noted in association with rotting logs (Thompson 1980,

Lawton and Putz 1988, Lack 1991), and perhaps ants are the mechanism of seed arrival at

such nurse logs. Kauffman et al. (1991) suggested that some Ficus seeds have an

elaisome and are adapted for secondary dispersal by ants, but Byrne and Levey (1993)

found no obvious elaisomes on the Melastomataceae seeds commonly harvested by ants

from bird droppings.

Tapirs in Amazonian Brazil disperse palm seeds (Maximiliano, maripa) to latrine

sites, which are used repeatedly (Fragoso 1997). In terre firme forest, 96% of 25 tapir

latrines were located by buttresses of the emergent tree Couratari multiflora

(Lecythidaceae). Most seeds not dispersed by tapirs are killed by insects. The most

remarkable aspect of this system is that agoutis removed seeds from tapir latrines and

buried them in shallow surface caches. The density of seedlings and saplings <, 5 yr old

was significantly higher around latrine sites than around either parent trees or non-palm

control trees. Fragoso (1997) suggested that the combination of tapir and agouti dispersal

was responsible for the clumped distribution of the palms observed over large areas of the

forest Clumped distributions of other species of trees have been attributed to agoutis in

other Neotropical forests as well (Peres and Baider 1997). Scatterhoarding by agoutis can
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be either primary or secondary dispersal, depending on the plant species, although the

benefits of scatterhoarding to seeds are similar in both cases; in addition to escape from

some insect and mammalian seed predators, burial may prevent desiccation and facilitate

germination and establishment (Hallwachs 1986, Smythe 1989, Forget 1990, Vander Wall

1990). Agoutis have been frequently noted caching seeds by logs or other objects (Smythe

1978, Hallwachs 1986, Forget 1990,1993, Chapter 4) but the extent to which these sites

represent suitable establishment sites has not been studied. In addition, Kiltie (1981) noted

that peccaries often forage near objects, perhaps to locate agouti caches.

Another example of secondary dispersal is removal ofmammalian dung, and the

seeds it may contain, by dung beetles (Estrada and Coates-Estrada 1991, Estrada et al.

1993, Shepherd and Chapman in press). In this case, the dung beetles have no interest in

the seeds, and may even discard larger seeds (Andresen in press). The beetles bury small

balls of dung several cm deep. The females oviposit on the dung, the larvae consume most

of the dung ball, and leave the seeds behind. Estrada and Coates-Estrada (1991) found that

80% of the plant species dispersed by howler monkeys benefited from secondary dispersal

by dung beetles. They suggested that burial by beetles allow escape from rodent seed

predators, but the likely benefits of burial in nutrient-rich dung have not been examined.

Numerous species of dung beetles may be involved in secondary dispersal, and they vary

in the amount of dung taken, how far it is taken, and how deep it is buried (Estrada et al.

1993, Andresen in press).

Conclusions; Going the Distance, and Bevond

The examples above illustrate the potential for directed dispersal in a wide variety of

systems, and suggest its importance in restoration ecology, conservation, and in

understanding plant-animal interactions. A test of the directed dispersal hypothesis is

within reach, but the lack of detailed data on patterns of dispersal generated by particular
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vectors, integrated with post-dispersal seed and seedling fate limits our understanding of

the role of directed dispersal in plant recruitment. In addition, seed rain into different

patches at the community level is still poorly known. Surprisingly, the models of Schupp

et al. (1989) have not been adequately tested. Testing their predictions of seed rain patterns

into gaps, gap edges, and forest understory should be fairly straightforward and should

identify certain plant species and their dispersers suitable for more detailed study that will

yield insight into plant community dynamics.

Tests of the escape hypothesis have shown that some mortality agents respond to

distance and/or density and other do not (Howe et al. 1985, Merg 1994). Now we need

studies that go beyond the distance factor and examine the characteristics of sites in which

seeds actually land, and the subsequent fate of those seeds. Experimental studies are useful

in determining causation, but they need to be based on some realistic initial pattern. Even

more important is the need for studies that examine the sequential stages of recruitment,

from dispersal through establishment (e.g., Herrera et al. 1994). Studies that ignore the

possibility of secondary dispersal are likely to lead to misleading conclusions about the

importance of dispersal patterns (Levey and Byrne 1993). Thus, another useful study

would be to examine the influence of areas of high seed rain, such as habitual perches,

leks, primate sleeping sites, large-mammal latrines, gap edges, or nurse plants, on plant

distributions and community composition. Are dense concentrations of seeds away from

the parent plants foci of recruitment for seedlings, seed predation, or secondary dispersal?

In addition to perches in successional landscapes, recruitment foci may be present within

forested areas as well. Emergent trees, standing dead trees, or perhaps trees with abundant

fruit crops (e.g., Ficus) may attract vertebrate seed-dispersers and have higher seed rain

than beneath trees nearby (Smith 1975, Coates-Estrada and Estrada 1986, Masaki et al.

1994). In a preliminary test, Fleming (1988) found no difference in the diversity or density

of vertebrate-dispersed plants around 5 Ficus spp. trees and 5 wind-dispersed
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Calycophyllum candidissimum trees, but the scale (1600m2 plots), small sample size and

the different sizes of the trees are confounding factors.

Venable and Brown (1993) suggested that directed dispersal involves being

deposited in dung which acts as fertilizer, but high rates of post-dispersal seed removal

from defecations cast doubt on this idea (Janzen 1986, Chapman 1989a, Levey and Byrne

1993, Fragoso 1997). Nevertheless, Dinerstein and Wemmer (1988) and Dinerstein

(1991) showed that the distribution of Trema nudiflora in riparian forests in Nepal is

almost entirely attributable to dispersal by rhinoceros, and suggested that rhinoceros dung

piles provided nutrients necessary for the seedlings. The importance of dung for seeds

buried by dung beetles has not been examined and should be amenable to experimentation.

One of the difficulties in evaluating directed dispersal is that suitable locations for

establishment (i.e., safe sites) are often difficult to specify or are poorly known for most

species (Grubb 1977, Fowler 1988). In addition, safe sites for seeds may not be the same

as those for seedlings or adults (Smith 1984, Lamont et al. 1993, Schupp 1995), leading

some researchers to state that safe sites become more specific over time (Oswald and

Neuenschwander 1993). For example, sites occupied by saplings may a specific subset of

those occupied by seedlings, which in turn are a subset of those occupied by seeds

(Oswald and Neuenschwander 1993). For tropical forest species, the hypothesized

partitioning of gaps among seedlings in terms of gap age and position within the gap

suggests that recruitment conditions could be defined (Hartshorn 1978, Denslow 1987,

Brandani et al. 1988, Popma et al. 1988, Brown and Whitmore 1992). If so, the next step

would be to examine seed arrival to such sites (e.g., Schupp et al. 1989).

Another theme illustrated by the examples above is that directed dispersal may often

be a fortuitous outcome of disperser behavior rather than an adaptive strategy by plants.

Thus, in situations where disperser behavior can be predicted, dispersal can be manipulated

to increase the probability of directed dispersal. Regeneration of degraded land is often

limited by low seed input (Aide and Cavelier 1994, Duncan 1997). Accordingly,
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manipulation of directed dispersal has potential to play a large role in restoration ecology

(De Pietri 1992, McClanahan and Wolfe 1993, Robinson and Handel 1993).

The implication of directed dispersal is a disproportionate effect on plant

recruitment. Therefore, the loss of a disperser species providing directed dispersal may

result in a marked decrease in fitness for that plant species. A corollary of this idea is that

in depauperate communities that have lost dispersers providing colonization, plant species

benefiting from directed dispersal will become more common. Similarly, directed dispersal

may play a role in facilitating encroachment of invasive plant species (Stiles 1982, Meyer

and Florence 1996, Hutchinson and Vankat 1997, Malo and Suarez 1997). For highly

invasive species with high seed/seedling survival due to lack of seed predators, pathogens,

or herbivores, the initial premise of the colonization hypothesis (i.e., rare and unpredictable

safe sites) may not be met In addition, the roles of introduced animals as seed dispersers

have been virtually ignored (Meyer and Florence 1996).

Abundant evidence hints at directed dispersal in both natural and disturbed

ecosystems. Examining movement and dispersal patterns of individual disperser species,

in combination with seed and seedling survival in different patch types into which seeds are

dispersed, should yield insight into the role of plant-animal interactions in ecosystem

function. When data are available to test the directed dispersal hypothesis, some of the

examples above may not be supported. Demonstrating directed dispersal, however, is not

the most important goal. By conducting the necessary studies we will learn a great deal

about the importance of dispersal patterns in community dynamics.



APPENDIX
OCOTEA ENDRESIANA LOCATION DATA

This appendix contains the locations of all the dispersed (type D) and non-dispersed (N)
Ocotea endresiana seeds found in 1993 and 1995. Tree numbers correspond with those in
Figure 2-1. Compass directions are given from the tree toward the site and distances are
from the trunk of the closest fruiting conspecific. This data set represents an estimated
0.7% of the total seed crop (approximately 100,000) produced in the study site in both
years combined.

year tree type compass distance

93 1 D 285 14.4
93 1 D 293 13.0
93 1 D 299 10.8
93 1 D 307 10.4
93 1 D 262 16.0
93 1 D 280 14.8
93 1 D 248 11.8
93 1 D 219 10.9
93 1 D 209 12.6
93 1 D 229 18.4
93 1 D 217 9.8
93 1 U 135 5.3
93 1 U 139 5.6
93 1 U 103 6.9
93 1 U 182 6.4
93 1 U 186 6
93 1 U 12 1.7
93 1 U 95 7.6
93 1 U 279 8
93 1 U 276 11.35
93 1 U 283 7.95
93 1 U 115 2.7
93 1 U 149 1.3
95 1 D 192 10.5
95 1 D 300 11
95 1 D 293 17.1
95 1 D 177 16.4
95 1 D 101 9.1
95 1 D 202 16.6
95 1 D 35
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1
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1
1
1
1
1
1
1
1
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1
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2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
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D 173 10.9
D 4 21.2
D 24 15
U 316 9
U 320 4.3
U 253 5.15
U 296 2.95
u 206 2.25
u 214 7.3
u 308 5.6
u 279 5.7
u 272 6.2
u 245 7
u 296 9.1
u 282 8.4
u 10 3
u 268 4.15
u 318 2.2
u 279 7.15
u 233 5.55
u 152 2
u 308 2.05
u 210 3.7
u 118 2.6
u 95 4.9
u 187 6.3
u 46 4.5
u 112 2.2
u 104 2.2
u 328 5.05
u 318 2.4
u 5.3
u 10.5
D 229 8.7
D 23 10.1
D 232 12.3
D 237 12.3
D 241 14.6
D 230 14.1
D 216 16.4
D 249 14.2
D 225 16.6
D 213 12.8
D 306 12.9
D 322 11.3
D 191 14.2
D 198 12.7
D 194 12.3
D 189 12.0
D 178 11.3
D 172 11.1
D 192 12.6
U 266 6.3
U 215 3
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223 2.7
190 4.7
210 4.7
135 5.3
130 5.1
140 7.9
151 4.5
107 2.3
38 6.2
106 2.8
346 0.6
24 6.6
24 6.65
330 1.75
284 1.15
196 4.6
113 3.4
250 4.3
250 4.37
250 4.37
125 13.2
134 15
136 15.8
134 12.7
239 19.5
237 17.7

34
39 4
43 6
141 4.15
190 6
35 3.65
55 3.25
211 3.85
214 3.75
224 2.4
202 3.9
31 6.3
192 10.5
200 12.1
308 14.3
199 16.0
273 15.7
278 17.6
307 8.3
331 6.9
340 6.2
275 12.8
275 12.9
286 10.2
338 3.2
147 10.4
151 10.4
127 8.9
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D 129 8.5
D 156 10.3
D 129 8.9
D 143 10.0
D 264 8.4
D 284 6.6
D 308 4.9
D 341 3.0
D 343 3.1
D 356 3.8
D 283 2.2
D 272 5.3
D 126 8.5
U 83 4.2
u 109 3.25
u 177 2.8
u 248 5.6
u 161 1.6
u 215 2.2
u 113 3.4
u 119 4.7
u 113 5
u 113 5
u 147 2.85
u 145 2.15
u 139 1.8
u 220 1.7
u 240 1.3
u 170 2.95
u 145 5.2
u 115 5.1
u 175 4.7
D 280 12.7
D 9 4.4
D 244 11.25
D 248 11.8
D 249 12.15
D 18 7.0
D 8 5.7
D 11 12.4
D 342 13.2
D 320 5.6
D 269 5.9
D 291 7.4
D 135 14.4
D 75 11.3
D 116 14.2
D 115 15.1
D 151 10.6
D 149 10.8
D 160 9.4
U 161 5.4
U 158 5.15
U 183 3.7
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195 5.3
139 7.1
171 5.5
171 5.4
165 5.75
150 6.1
118 4.3
157 3.9
42 6
46 5.75

36
157 1.9
297 3.55
303 2.3
203 10.4
214 10.5
95 11.3
110 10.9
260 11.5
267 9.1
110 19.7
123 23.8
198 19.9
223 18.2
239 18.3
257 18.2
152 11.3
140 14.5
196 17.7
192 10.7
209 17.7
186 5.05
198 4.1
94 5.4
127 6.9
131 6.6
142 5.5
202 3.2
280 5.9
180 4.05
240 3.4
241 2.6
329 4.6
323 4.3
359 3.1
83 2.3
62 10
200 8.4
187 9
84 9
82 9
72 9
150 8.6
163 7.3
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u 301 3.8
u 207 4.75
u 163 6.9
u 242 2.5
u 270 5.85
u 290 4.5
u 285 2
u 295 2.1
u 301 2.95
u 271 4.7
u 267 3.4
u 294 3.3
u 272 2.65
u 333 2.5
u 81 5
u 104 3.7
u 56 4.1
u 200 5.5
u 229 3.5
u 226 1.55
u 106 1.65
u 93 5
u 40 2.8
u 175 4.6
D 270 6.3
D 274 5.3
D 275 5.2
D 283 5.0
D 245 6.7
D 259 7.1
D 269 9.7
D 279 8.2
D 292 10.6
D 293 11.7
D 292 11.5
D 294 14.2
D 307 14.0
D 291 13.2
D 301 11.3
D 303 10.8
U 144 1.9
U 174 4.4
U 242 3.2
u 276 3.85
u 284 3.6
u 283 3.3
u 284 2.9
u 170 4.1
D 148 10.8
D 134 11.15
D 129 12.1
D 131 9.7
D 134 25.75
D 140 18.8
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D 140 12.4
D 134 10.3
D 117 9.8
D 139 15
D 135 31.25
D 131 10.55
D 131 12.5
D 142 14.3
D 135 17.8
D 133 19.65
D 141 25.1
D 172 10.1
D 72
D 72
D 197 28.7
D 70
D 131 13.7
D 123 13.75
D 40 10.3
D 127 14.9
D 141 10.95
D 142 19.5
D 134 13.1
D 135 28.3
D 167 8.95
D 163 10
D 210 10.1
D 207 10.2
D 243 10
D 122 27.9
D 131 11.15
D 300 18
D 135 26.1
D 149 13.6
D 217 7.7
D 238 8.8
D 180 11.05
D 38
U 30 2
U 124 9.75
U 117 9.25
U 101 6.2
U 212 1.5
U 214 2.7
U 248 6
U 111 8.3
U 130 6
U 130 4.3
u 281 4.15
u 186 3.75
u 186 1.25
D 52
D 42
D 38
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8 D 12 10
8 D 340 12.5
8 U 54 4.8
8 U 0 4
8 U 40 2.5
8 U 56 7.5
8 U 12 8
8 U 30 9
8 U 23 9
9 D 206 25
9 D 203 23.7
9 D 198 25.6
9 D 170 10.3
9 D 57.6
9 D 200 2.95
9 D 171 16.2
9 D 168 19.2
9 D 126 12.4
9 D 192 18
9 D 220 37.6
9 D 137 12.7
9 D 182 18.1
9 D 175 23.9
9 D 95 17.8
9 D 202 22.4
9 D 110 15
9 D 26
9 U 243 1.65
9 U 155 4.8
9 u 315 4.2
10 u 331 7.85
10 u 335 11.1
10 u 311 6
10 u 340 9.95
10 u 0 6
10 u 152 11.05
10 u 313 6.6
10 u 226 9.5
10 u 121 5
11 u 142 11.2
11 u 150 9.7
11 u 135 11.5
11 u 118 7.5
11 u 99 4
11 u 95 3.4
11 u 115 10.4
12 D 181 16.5
12 D 179 21.0
12 D 172 21.6
12 D 192 23.2
12 D 172 28.4
12 D 165 27.9
12 D 101 27.3
12 D 97 25.6
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95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
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12 D 103 25.6
12 D 74 23.5
12 D 56 25.6
12 D 53 24.9
12 D 56 22.7
12 D 113 48.9
12 D 113 48.8
12 D 115 46.5
12 D 115 46.9
12 D 115 49.5
12 D 134 51.5
12 D 97 46.5
12 D 94 46.0
12 D 54 25.6
12 D 123 44.0
12 U 168 5.6
12 U 129 12.1
12 U 182 2.4
12 u 243 3.2
12 u 347 2.65
12 u 0 12.2
12 u 90 11.75
12 u 62 16
12 u 21 2.45
12 u 140 6.9
12 u 150 8.25
12 u 147 13.45
12 D 30
12 D 30
12 D 133 27.6
12 D 35
12 D 35
12 D 35
12 D 38
12 D 62
12 D 62
12 D 50
12 D 65
12 D 117 26.2
12 D 95 23.6
12 D 101 28.75
12 D 65
12 D 65
12 D 60
12 D 45
12 D 45
12 D 45
12 D 50
12 D 48
12 D 48
12 D 48
12 D 38
12 D 140 16
12 D 178 21.2



95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
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12 D 65
12 D 65
12 D 65
12 D 65
12 D 65
12 D 65
12 D 65
12 D 65
12 D 65
12 D 65
12 D 65
12 D 65
12 D 65
12 D 65
12 D 90 30.2
12 D 62
12 D 62
12 D 62
12 D 62
12 D 59 16
12 D 60
12 D 60
12 D 50
12 D 68
12 D 68
12 D 68
12 U 90 9.4
12 U 111 7.45
12 U 131 10.9
12 U 196 2.3
12 U 58 1.45
18 D 135 8.35
18 D 118 8.95
18 D 130 8.6
18 D 224 4.4
18 D 228 6.1
18 D 112 10.15
18 D 182 10.5
18 U 143 5.6
18 U 61 4.2
18 U 72 4.85
18 U 165 3.4
18 U 174 2.9
18 u 198 4.1
18 u 238 2.8
18 u 130 6.3
18 u 324 4.3
18 u 12 6.5
18 u 68 3.6
18 u 340 1.9
18 u 123 9.05
18 u 140 6.2
18 u 164 2.2
15 D 41 6.6



95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
93
93
93
93
93
93
93
93
93
93
93
93
93
93
93
93
93
93
93
93
93
95
95
95
95
95
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15 D 15 14.15
15 D 39 14.2
15 D 42 13.75
15 D 45 13.1
15 D 51 16.15
15 D 15
15 D 20
15 D 50 14.65
15 D 35 16
15 D 42
15 D 4 24.2
15 D 25
15 D 44
15 D 40
15 D 28 13.9
15 D 31 15
15 D 1 23.15
15 D 359 22.1
15 D 43
15 D 28
15 D 2 22.4
15 D 25
16 D 35 10.4
16 D 38 11.6
16 D 28 10.2
16 D 36 11.9
16 D 36 12.9
16 D 116 12.8
16 D 107 13.1
16 D 52 13.0
16 D 120 16.2
16 D 296 12.0
16 U 3 2.8
16 U 12 3.35
16 U 5 6.2
16 u 37 6.95
16 u 68 5.8
16 u 84 2.15
16 u 150 4.4
16 u 164 3.3
16 u 264 4.85
16 u 121 0.9
16 u 264 1.1
16 u 0 1.1
16 u 153 4.8
16 u 69 5.1
16 u 65 7.3
16 u 233 1.9
16 u 228 2.15
16 u 90 6.1
16 u 340 1.8
16 u 70 7.5
16 u 124 5
16 u 245 1.7



95
95
95
95
95
95
95
95
95
93
93
93
93
93
93
93
93
93
93
93
93
93
93
93
93
93
93
93
93
93
93
93
93
93
93
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
93
93

149

16 U 255 34.5
17 D 206 19
17 D 219 14.8
17 D 230 13.3
17 D 214 13.4
17 U 263 3.2
17 U 265 5.9
17 U 196 14
17 U 201 12.6
18 D 207 15.8
18 D 207 15.8
18 D 177 9.2
18 D 141 19.4
18 D 182 8.7
18 D 27 12.9
18 D 27 14.5
18 D 332 14.9
18 D 67 15.0
18 D 321 16.5
18 D 90 17.1
18 D 207 15.8
18 U 142 10
18 U 142 10
18 U 169 12.1
18 U 135 11.2
18 u 142 12.3
18 u 149 17
18 u 84 11.2
18 u
18 u 87 9.6
18 u 87 8.5
18 u 95 10.5
18 u 90 12.2
18 u 99 12.5
18 u 99 12
18 D 172 20
18 D 149 15
18 D 167 18
18 D 68 7
18 D 165 19.6
18 D 353 6.5
18 D 103 12
18 U 142 8
18 U 126 2
18 U 0 4
18 U 104 8
18 U 58 7
19 D 114 12.7
19 U 202 7.1
19 u 164 8.4
19 u 245 2.7
19 u 196 3
20 D 321 10.8
20 D 304 11.0



93
93
93
93
93
93
93
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95

150

20 D 270 8.9
20 D 35 14.5
20 U 59 4.7
20 U 28 5.3
20 U 23 4.1
20 U 272 1.6
20 u 278 1.52
20 D 234 16.2
20 D 25
20 D 34
20 U 173 2.2
20 u 248 11
20 u 350 5.5
20 u 336 3.8
20 u 328 1.2
20 u 217 1.14
20 u 40 2.2
17 D 170 6.1
17 U 105 5.3
17 D 139 19
17 u 179 6.1
24 D 45
24 D 30
24 U 154 7.2
24 u 100 7.3
24 u 146 10
27 D 159 7.8
27 D 143 15.6
11 D 230 26.5
38 D 336 8.6
38 U 282 5.05
38 D 54 13.5
38 D 54 21.8
38 D 89 19.85
38 D 42 15.4
38 D 89 18.4
38 D 17 1.75
38 D 49 19.3
38 D 49 18.15
38 D 357 2.8
38 D 90 6.7
38 D 122 16.9
38 D 122 19.25
38 D 8 14.15
38 U 190 3.2
40 D 83 15.6
40 D 89 15.6
40 D 105 14.5
40 D 83 15.5
40 D 78 11.1
40 D 249 13.4
40 D 250 15
40 D 55 21.4
40 D 89 10.1



95
95
95
95
95
95
95
95
95
95
95

151

40 D 73 18.6
40 D 60 16.1
40 D 57 16.2
40 D 59 19.25
40 D 67 17.5
40 D 57 15.4
40 U 102 5.6
40 U 289 5.1
40 U 285 6.5
40 U 273 5.8
8 D 124 27.5
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BIOGRAPHICAL SKETCH

Born in Poughkeepsie, New York, I have always enjoyed being outside. Two of

my earliest memories are of climbing a spruce tree behind the house and rolling down the
hill in the front yard into the leaves below. In the same year I was bom, my parents bought

some land in New Hampshire, where the whole family spent two to three months every

summer. We lived in a large tent, cooked on an open wood fire, and kept food in a

propane refrigerator. Water was supplied by several natural springs (one of which doubled
as a 'fridge for the first couple years). We feasted on wild strawberries, blueberries,

raspberries, and blackberries, as well as apples from an abandoned orchard. These
summers on the 270 acres of Thompson Hill near Hillsboro were the foundation ofmy

interest in biology. I began by identifying ferns and trees, later catching snakes, frogs, and

salamanders, and finally, watching birds when I was given binoculars. My maternal

grandparents owned land adjacent to a lake nearby (within sight of the hill), where my

grandfather had been coming every summer since he was a small boy. The lake added

swimming, canoeing, and fishing to the activities. When I turned four, my family moved

toWilmington, Delaware, where I eventually graduated from Brandywine High School.

My main activities in high school were bird-watching and listening to Firesign Theatre
records with my friend Jeff Gordon (now a guide for Victor Emanuel Nature Tours),

playing soccer on the school team, and playing street hockey.
I attended Earlham College where my most important mentors were ornithologist

Bill Buskirk and botanist Brent Smith. The highlights included a semester in Kenya on a

biology/sociology program, and a three week tropical ecology field trip to Costa Rica.

Both trips were led by Bill Buskirk. I became frustrated with the competitiveness of

college soccer and switched to ultimate frisbee, which is much more fun, a better workout,
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and less injury-prone. After graduating from Earlham, I worked one summer in North

Dakota as a field assistant for Cornell University graduate student Carola Haas (now at

Virginia Tech). Then I moved on to a surprisingly quick and efficient master's degree at

the University of Missouri-Columbia under the direction of John Faaborg. One day in the

library at UMC, I read an article by Doug Levey, and decided I should write him to ask

about the possibility of continuing graduate work on some aspect of seed dispersal by

tropical birds. At the time I did not know that Doug had also graduated from Earlham. In

my last semester at UMC, I participated in an Organization for Tropical Studies course.

While at Missouri, I metWendy Gibbons, another biology graduate student, and

we were married several years later. I began conducting field work in Costa Rica, and

enjoyed Monteverde so much that I convinced Wendy to move down with me so I could

work year-round instead of doing research only during the northern summers. Wendy

worked at the Monteverde Institute editing a newsletter. We lived in Costa Rica long

enough to distinguish a cold day and a hot one. Our first child, Malia, was bom in Costa

Rica in 1994, and, to complete our clutch, Jack was bom in Gainesville in 1996. Now we

know the real meaning of the phrase "sleeps like a baby."

My family and I will be moving to northwestern Illinois where I am taking a job

with the Illinois Natural History Survey as an avian ecologist. I will be based at the

Savanna Army Depot, which is being decommissioned and restored to prairie and oak

savanna. Future work in the tropics is also a possibility.
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