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Abstract. Despite their potential to provide mechanistic explanations of rates of seed
dispersal and seed fate, the functional and numerical responses of seed predators have never
been explicitly examined within this context. Therefore, we investigated the numerical
response of a small-mammal seed predator, Heteromys desmarestianus, to disturbance-induced
changes in food availability and evaluated the degree to which removal and fate of seeds of
eight tree species in a lowland tropical forest in Belize were related to the functional response
of H. desmarestianus to varying seed densities. Mark–recapture trapping was used to estimate
abundance of H. desmarestianus in six 0.5-ha grids from July 2000 to September 2002. Fruit
availability and seed fate were estimated in each grid, and two experiments nested within the
grids were used to determine (1) the form of the functional response for nine levels of fruit
density (2–32 fruits/m2), (2) the removal rate and handling times, and (3) the total proportion of
fruits removed. The total proportion of fruits removed was determined primarily by the
numerical response of H. desmarestianus to fruit availability, while removal rates and the
proportion of seeds eaten or cached were related primarily to the form of the functional
response. However, the numerical and functional responses interacted; H. desmarestianus
showed strong spatial and temporal numerical responses to total fruit availability, and their
density relative to fruit availability resulted in variation in the form of the functional response.
Types I, II, and III functional responses were observed, as were density-independent responses,
and these responses varied both among and within fruit species. The highest proportions of
fruits were eaten when the Type III functional response was detected, which was when fruit
availability was high relative to H. desmarestianus population density. Numerous idiosyncratic
inﬂuences on seed fate have been documented, but our results indicate that shifts in the
numerical and functional responses of seed predators to seasonal and interannual variation in
seed availability potentially provide a general mechanistic explanation for patterns of removal
and fate for vertebrate-dispersed seeds.
Key words: Belize; foraging behavior; Heteromys desmarestianus; rodents; seed dispersal; seed fate;
seed predation; small mammals; tropical forests.

INTRODUCTION
Animal-mediated seed dispersal is generally viewed as
a multistep process shaped by (1) plant strategies
enhancing seed survival, seedling establishment, and
recruitment; and (2) consumer strategies enhancing their
exploitation of food resources (Jordano and Herrera
1995). Fundamentally, it is a two-way interaction in
which the plant provides food for a consumer that is not
only a predator but also a potential dispersal agent of
the plants seeds. While there are many, often idiosyncratic, factors that inﬂuence seed removal and dispersal
rates (Levey et al. 2002, Forget et al. 2005), the critical
elements in the initial steps of the process are the
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abundance of the seed predator, the abundance of seeds,
the removal rate by the seed predator, and the
proportion of seeds either consumed or dispersed
(Schupp 1993). These determine the total number and
proportion of seeds that are handled, the rate at which
they are handled, and their mortality rate.
A great deal of attention has been focused on
strategies plants use to enhance seed dispersal (Levey et
al. 2002, Forget et al. 2005) and how these strategies
increase the likelihood of seed and seedling survival
(Howe and Smallwood 1982). There has been less
development of hypotheses for consumer strategies.
Many studies of animal-mediated seed dispersal have
related the number, proportion, and rate that seeds are
handled to seed attributes, such as size and nutritional
content (Martinez-Gallardo and Sanchez-Cordero
1993, Forget et al. 1998). There has also been
considerable work devoted to how the identity of seed
predators affects seed fate (Forget et al. 1998, Vander
Wall et al. 2005). Nevertheless, a general mechanistic
understanding of seed predator strategies and how

1549

1550

ROB KLINGER AND MARCEL REJMÁNEK

these are related to seed dispersal and seed fate has not
emerged.
Seed dispersal is an outcome of seed harvest, but
whereas plants are selected to maximize seed survival,
seed predators are selected to maximize harvest rates.
Therefore, a potentially useful approach to understanding seed predator strategies would be to focus less on
seed dispersal per se and more on removal rates of seeds.
The numerical and functional responses of predators to
variation in prey availability are mechanistic models of,
respectively, the inﬂuence prey abundance has on
predator abundance (Bayliss and Choquenot 2002) and
the per capita proportion of prey consumed by
predators (Holling 1959a, b). It is well known that many
seed predator populations can have a strong numerical
response to ﬂuctuations in food availability (Boutin
1990, Meserve et al. 2001). Seed removal and dispersal
patterns are often related to abundance of seed predator
populations (Hoch and Adler 1997, Curran and Webb
2000), but with only a few exceptions (Herrera 1998,
Hoshizaki and Hulme 2002) the numerical response of
seed predator populations to varying fruit production
has not been explicitly incorporated into studies of seed
removal and fate. In addition, while some studies have
compared seed removal rates between patches with low,
medium, and high density of seeds (Sanchez-Cordero
and Martinez-Gallardo 1998) and others have examined
differences in seed predator diet between years when
food production varied (Herrera 1998), no studies have
focused explicitly on the relationship between an
animal’s functional response, seed removal rates, and
seed fate. This is a potentially major oversight, because
the form of the functional response has important
implications for tree regeneration. A Type I response
indicates a constant inﬂuence on seed survival over a
broad range of seed densities, where the magnitude of
that inﬂuence will be determined by the proportion
removed. Type II responses are the most frequently
reported form for vertebrates (Holling 1959b, Jeschke et
al. 2004). They are usually associated with predators
that are specializing on a particular prey item and imply
that a seed predator could limit seed survival at low seed
density. Type III responses are also relatively common,
but in contrast with the Type II response they are
generally associated with generalist predators that
switch between prey items (Jeschke et al. 2004). If a
seed predator population exhibits a Type III response,
then seeds would have a higher probability of escaping
predation at low and high densities. When seed removal
is density-independent (i.e., no Type I, II, or III response
detected), seed predators would be unlikely to have a
signiﬁcant inﬂuence on regeneration patterns.
Recent theoretical evidence suggests that the form of
the functional response can switch, depending on
predator density and that of alternative prey (van
Leeuwen et al. 2007). This has great relevance to
animal-mediated seed dispersal interactions, because
populations of both seed predators and seeds ﬂuctuate
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widely (e.g., Klinger 2007) and seed predators can often
select among many different seed types. This is especially
so in tropical systems. Where plant diversity is high,
fruiting can occur throughout much of the year, and
disturbances as well as seasonal and interannual
variation exert strong inﬂuences on seed predator and
fruit abundance (Van Schaik et al. 1993, Hammond and
Brown 1998). Seed predators in tropical ecosystems tend
to be generalists (Howe and Smallwood 1982), so it
would be expected that if seed removal were densitydependent then Type III functional responses would be
quite common. However, in some seasonal tropical
ecosystems or in particular years when many fruit crops
fail, seed predators may specialize on certain species and
exhibit a Type II response.
Determining the form of a seed predator’s functional
response and the degree to which it is related to their
numerical response would reveal the conditions when
they would have the greatest direct inﬂuence on seed
survival. Moreover, if seed dispersal was related to the
functional response, this would provide the foundation
for a more general, mechanistic understanding of
patterns in seed fate. Therefore, our goals in this study
were to: (1) examine the interaction between the
numerical and functional responses of a Neotropical
mammal seed predator (Heteromys desmarestianus
(Gray); Heteromyidae) to changes in food availability
and (2) evaluate the degree to which this interaction
inﬂuenced patterns of seed removal and fate for different
tree species in a lowland tropical forest (see Plate 1).
Based on prior studies (Klinger 2007) we expected a
strong numerical response by H. desmarestianus to
variation in food resources. Because H. desmarestianus
is a generalist seed predator, we also expected seed
removal would be consistent with a Type III functional
response and that a higher proportion of seeds would be
cached in seasons and in areas with higher fruit
production.
METHODS
Study area
The study was conducted from July 2000 to September 2002 in the Bladen Nature Reserve (BNR) in
southern Belize. The BNR is 350 km2 and lies within
the southeastern region of the Maya Mountains. It is
located ;30 km inland from the Caribbean Sea and 80
km north of Belize’s southern border with Guatemala
(16833 0 N, 88843 0 W). The BNR was designated a nature
reserve in 1990. There is typically 2500–3000 mm of
annual rainfall, with 67–81% occurring during the wet
season (June–January; Belize Foundation for Research
and Environmental Education, unpublished data). The
mean annual daily minimum and maximum temperatures are 248C and 308C. The BNR contains the
headwaters of the Bladen Branch of the Monkey River,
which runs through the reserve in a southwest-tonortheast direction. The main ridges are generally
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TABLE 1. Species of trees used in fruit removal experiments in the Bladen Nature Reserve,
southern Belize, July 2000–September 2002.
Species

Family

Fruit type

Ampelocera hottlei (Standl.) Standl.
Astrocaryum mexicanum Liebm. ex Mart.
Attalea cohune Mart.
Brosimum alicastrum Sw.
Compsoneura sprucei (A. DC.) Warb.
Eugenia aeruginea DC
Pouteria sapota (Jacq.) H.E. Moore & Stearn
Spondias mombin L.

Ulmaceae
Arecaceae
Arecaceae
Moraceae
Myristicaceae
Myrtaceae
Sapotaceae
Anacardiaceae

drupe
nut
nut
drupe
berry
berry
berry
drupe

Fruit mass (g)
2.6
17.4
59.1
2.2
2.0
2.0
47.7
8.6

6
6
6
6
6
6
6
6

0.1
0.5
0.2
0.1
0.1
0.1
1.3
0.3

Notes: Sample size for estimation of fruit mass (mean 6 SE) was N ¼ 100 for all species
except Pouteria sapota, for which N ¼ 50. The mass for Pouteria sapota is for mean seed mass
rather than fruit mass.

,300 m in elevation, but the topography above the
ﬂoodplain (ﬂats) is very rugged. Soils are derived from
limestone and volcanic formations (Bateson and Hall
1977). The vegetation is comprised of primary evergreen
tropical forest (Beard 1944).

Fruits from eight species of trees were used for fruit
removal studies (Table 1). Selection was based on availability and known or presumed use by H. desmarestianus
(Sanchez-Cordero and Martinez-Gallardo 1998, Brewer
and Rejmánek 1999).

Disturbances

Trapping

Two ﬂoods and a Category 4 hurricane (Iris;
maximum sustained winds 210–249 km/h; U.S. National
Oceanic and Atmospheric Administration National
Hurricane Center, data available online) occurred in
the BNR between 2000 and 2002.2 The ﬁrst ﬂood
occurred in July 2000 and covered 100% of the
ﬂoodplain for 72 h. The second ﬂood occurred in
August 2002 (duration ¼ 6 h, 25–50% of ﬂoodplain
covered). Hurricane Iris was a small but severe hurricane
that hit southern Belize in October 2001. Winds in the
BNR were sustained for ;6 h (J. Marlin, personal
communication). Approximately 75–100% of the trees
in most areas of the reserve were defoliated, had their
crown removed, or were uprooted (Meerman 2001; R.
Klinger, personal observation).

Population size of H. desmarestianus was estimated
with mark–recapture trapping in six permanent 0.5-ha
grids. The grids were established in primary forest on the
ﬂats in the southeast region of the reserve. Grid
locations were randomly selected, and distance between
them ranged from 125 to 375 m. Each grid had 100 trap
stations divided equally among 10 lines and spaced 7 m
apart. A single Sherman live trap (Model XLK; H. B.
Sherman Traps, Tallahassee Florida, USA; 8 3 10 3
38 cm) was placed at each station. The traps were
checked each morning and kept open 24 h/d. They were
baited with a mixture of whole peanuts, whole raw corn
kernels mixed with peanut butter, and a slice of banana
or plantain. All captured individuals were identiﬁed to
species and sex, ear-tagged, weighed, evaluated for
reproductive condition (females pregnant, lactating, or
not active; males with testes descended or not), and
assigned to an age class (adult, subadult, or juvenile
based on pelage, mass, and reproductive status).
The robust trapping design (Pollock et al. 1990,
Klinger 2007) was used as the sampling protocol. There
were six trapping periods: July 2000, August 2000,
September 2001, January 2002, May 2002, and September 2002. Trapping was conducted for 5–6 d/grid in July
2000 and the periods from September 2001 to September
2002. It was only possible to trap four grids in July 2000
and August 2000 because of logistical difﬁculties
associated with the July 2000 ﬂood. Trapping could
only be conducted for three days with 50 traps/grid in
the August 2000 primary period.

Species
The spiny pocket mouse (Heteromys desmarestianus)
is a granivorous/frugivorous rodent that is often
considered to be the most abundant small mammal in
many lowland forests throughout Central America
(Sanchez-Cordero and Fleming 1993, Schmidly et al.
1993). Its density in the BNR is generally an order of
magnitude greater than other small mammals (Klinger
2006). The sex ratio is approximately 1:1 (Klinger 2007),
but there is size dimorphism between the sexes (mean
adult mass, males, 95.5 g; females, 76.6 g; R. Klinger,
unpublished data). Home range has been estimated as
;100 m2 (Fleming 1974). Heteromys desmarestianus
consumes a variety of fruit and seed types and is known
to play roles as both seed predator and seed disperser
(Sanchez-Cordero and Martinez-Gallardo 1998, Brewer
and Rejmánek 1999).
2

hhttp://www.nhc.noaa.gov/2001iris.htmli

Food availability
Systematic searches of fruiting trees and lianas were
done weekly in each grid within 3–4 weeks of the
beginning or end of trapping during each primary
period. Counts were made of the number of fruits or
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PLATE 1. The spiny pocket mouse (Heteromys desmarestianus) and the palm that provides its primary year-round food
resource, Astrocaryum mexicanum, in the Bladen Nature Reserve, Belize, Central America. Photo credits: mouse, R. Klinger; palm,
M. Rejmánek.

seeds on the ground in four 1.0-m2 quadrats beneath
fruiting trees and lianas. One quadrat was located
randomly along each of four 3-m transects oriented in
the four cardinal directions from the main trunk of the
tree or the main stem of the liana. The mean of the four
counts was used as the estimate of fruit abundance for
that species in that grid. Estimates were summed as an
index of fruiting tree and liana species in the grid.
Astrocaryum mexicanum Liebm (Arecaceae) is the
most abundant understory palm in the BNR (433/ha;
M. Rejmánek, unpublished data) and known to be an
important year-round food resource for H. desmarestianus (Brewer 2001). The number of infructescences of
A. mexicanum was counted along ﬁve randomly selected
2 m wide transects spanning the long dimension (70 m)
of each grid. Counts were done within two weeks of the
beginning or end of trapping during each primary
period.
Fruit removal experiments and determination of seed fate
Two fruit removal experiments were conducted. The
objective of the ﬁrst experiment was to quantify the
functional response of H. desmarestianus to varying
levels of fruit abundance for seven of the tree species.
For each species, nine 1-m2 plots were randomly located
in each grid. The plots were separated by a minimum of
7 m, and each was randomly assigned to a density of 2,
3, 4, 6, 8, 12, 16, 24, or 32 seeds/plot of one species. With
the exception of Astrocaryum mexicanum, each species–
density combination was replicated in three grids.

Astrocaryum mexicanum was replicated in three grids
in all primary periods except September 2002, when
replicates were placed in all six grids. Ampelocera hottlei,
Brosimum alicastrum, and Compsoneura sprucei were
used in the experiments in July 2000 and September
2001; Attalea cohune in July 2000, September 2001, and
January 2002; Eugenia aeruginea in September 2001; and
Spondias mombin in September 2001, January 2002, and
May 2002. Each plot was checked once for ﬁve
consecutive days and the number of fruits that were
removed was recorded. Fruits that had been removed
were replaced daily to maintain a constant initial
density.
The objective of the second experiment was to
quantify removal rates and the total proportion of fruits
removed over time. The protocol was similar to the ﬁrst
experiment except fruits were not replaced after being
removed. The second experiment was started after the
ﬁfth day of the ﬁrst experiment, with a subset of the
same plots used in the ﬁrst experiment used in the
second. Attalea cohune was not used in the second
experiment because none of its seeds were handled in the
ﬁrst. Pouteria sapota was included in the second
experiments in July 2000 and September 2001. The
same nine levels of density used in the ﬁrst experiment
were used for Astrocaryum mexicanum in the second
experiment. Three density levels (8, 16, and 32 fruits/m2)
were used for all other species except Pouteria sapota.
Not enough fruit of Pouteria sapota could be found for
the three densities used for the other species, so a plot
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consisting of 16 seeds/m2 was set in each of three grids.
The number of fruits removed was recorded for all
species at regular intervals of 1, 2, 3, 5, 8, 12, 17, 23, and
30 d in each primary period. The experiment was
concluded after 30 d because, with the exception of
Astrocaryum mexicanum, most fruits rot or become
infested with beetles within that time.
To conﬁrm that removal of fruits was by H. desmarestianus and not by other species three cameras connected
to infrared motion sensors (TrailMaster Model 1550;
Goodson and Asssociates, Lenexa, Kansas, USA) were
set above the seed plots. One camera per seed plot was
set for 2–4 d then moved to another seed plot. The
motion sensors and cameras were programmed to
operate 24 h/d.
In July 2000 fruit dispersal and seed fate were
monitored by attaching a 1.5-m colored nylon thread
to a subset of the fruits of each species used in the seed
removal experiments. The strung fruits were checked
every 1–2 d, with observers systematically searching a
20-m radius centered on the fruit plots. The nylon thread
method was replaced with a spool and thread method in
2001 and 2002. Depending on how many remained in a
plot, one to six fruits of each species were threaded with
nylon carpet string attached to spools. The spools spun
on metal washers around a nail driven into the ground.
The fruits were checked every 3–4 d, and when one was
taken the string was followed and the fruit classiﬁed as
to whether it was eaten (string only found), taken into a
burrow, or cached (surface or buried in leaf litter)
(Forget 1991, 1993, Brewer and Rejmánek 1999). The
distance and compass bearing of each fruit from its
source and the number of fruits in the pile from which it
was taken were also recorded. Nylon carpet string is
extremely difﬁcult to break, but if a string was found
with the knot left on it and there was no evidence of
consumption (fragments of skin, seeds) then it was
assumed the string had pulled through the fruit and fate
was classiﬁed as undetermined. Strings of cached fruits
were reattached to a spool and continued to be
monitored.
Data analysis
Capture–mark–recapture and fruit production analysis.—Details on procedures used to estimate density of
H. desmarestianus are given in Klinger (2007). In brief,
the robust design model was used to estimate population
size (N) in each grid within each primary period and to
derive an overall estimate of N for each primary period
(Pollock et al. 1990). Population size was standardized
as density (D; number of individuals per hectare), D ¼
N/Ae, where Ae is the effective trapping area of the grid
(0.6 ha). The effective trapping area of the grid was
estimated by the mean maximum distance moved
between traps (Wilson and Anderson 1985). Program
MARK was used to estimate N and ﬁt a series of
reduced parameter models to the data (White and
Burnham 1999). The reduced parameter models com-
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pared the ﬁt of the best starting model with models that
included additive and multiplicative effects of the fruit
availability index and production of A. mexicanum nuts
among grids at time t and in the previous period, t  1.
The fruit density index and production of A. mexicanum
nuts at t  1 were not included for September 2001
because of the long period of time since the July 2000
trapping period. The best-ﬁt models were determined by
inspection of the change in Akaike’s Information
Criterion (DAIC) and the ratio between the best-ﬁt
model and alternative models. Models with DAIC . 10
were considered to have no support and were removed
from the analysis. Estimates of N were derived by model
averaging (White and Burnham 1999).
ANOVA was used to test differences in (1) the index
of fruit availability between July 2000, September 2001,
and January 2002 and (2) differences in production of
A. mexicanum nuts from July 2000 to September 2002.
Functional response analysis.—Functional response
data were analyzed for each species within a primary
period with a two-step process (Juliano 2001). First, the
shape of the functional response was determined by
ﬁtting a polynomial logistic model of fruit density to the
proportion of fruits removed:
pe ¼

expðB0 þ B1 N0 þ B2 N02 þ B3 N03 Þ
1 þ expðB0 þ B1 N0 þ B2 N02 þ B3 N03 Þ

where pe was the mean per capita proportion removed
and the Bj are estimated parameters. The mean per
capita proportion removed was estimated by dividing
the mean proportion removed by the estimated density
of H. desmarestianus in each grid ((Ne/N0)/D, where Ne
is the mean number of fruits removed and N0 is the
initial fruit density). The best-ﬁt model was determined
by the P values of the parameters, where P  0.05 was
considered signiﬁcant. An equation with three parameters was used as the starting model (Trexler et al. 1988,
Juliano 2001). If the second- and third-order terms (B2
and B3, respectively) were not signiﬁcant they were
dropped from the analysis. Type III functional responses had a signiﬁcant positive value for B1 and a signiﬁcant
negative value for B2, Type II functional responses had a
signiﬁcant negative value for B1, while Type I functional
responses had B1 values that were not signiﬁcantly
different from 0. The best-ﬁt model of pe was then
plotted against seed density and visually inspected to see
whether it was consistent with the expected pattern for
the predicted functional response type.
After the shape of the functional response was
determined, linear and nonlinear regression were used
to estimate per capita removal rates (a) and handling
times per fruit (Th). For the Type I response, a was
estimated from least squares regression of Ne on N0,
where Ne is the per capita number of seeds removed and
N0 is initial seed density. Handling time per fruit for the
Type I response is considered negligible (;0; Juliano
2001, Jeschke et al. 2004). Nonlinear regression was used
to estimate a and Th for Type II and Type III responses
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TABLE 2. Density estimates (individuals/ha, mean 6 SE) for the spiny pocket mouse
(Heteromys desmarestianus) in six 0.50-ha trapping grids in the Bladen Nature Reserve,
Belize.
Grid

July 2000

1
2
3
4
5
6
Overall

44.6
54.8
19.5
10.8

6
6
6
6

2.8
3.0
1.2
0.8

34.4 6 2.6

September 2001
71.8
62.8
41.5
45.9
9.6
28.5
42.5

6
6
6
6
6
6
6

11.0
8.0
4.7
5.4
2.6
3.7
3.2

January 2002
66.1
52.7
55.4
46.2
27.4
24.2
47.3

6
6
6
6
6
6
6

2.5
1.0
1.8
1.1
0.9
1.2
1.6

May 2002
41.7
26.7
33.3
45.0
18.3
26.7
31.9

6
6
6
6
6
6
6

0.1
0.1
0.1
0.1
0.1
0.1
0.1

September 2002
16.7
20.0
18.3
38.3
20.0
23.3
23.4

6
6
6
6
6
6
6

0.1
0.1
0.1
0.1
0.1
0.1
0.6

Note: No animals were captured in August 2000 when trapping was conducted within 10 days
of a large ﬂood.

(Juliano 2001). The disk equation was used to model
Type II responses (Holling 1959b):
Ne ¼

aTN0
:
1 þ aTh N0

Heteromys desmarestianus is nocturnal, therefore T was
assumed to be 12 h.
Type III functional response data were ﬁt by the
following equation:
Ne ¼

dTN þ bN02 T
1 þ cN þ dTh N0 þ bN02 Th

where Th, b, c, and d are the estimated parameters
(Hassell et al. 1977). For a Type III functional response,
b . 0, but the parameters c or d may be 0 (Juliano 2001).
An initial analysis was done for the full model (all
parameters included in the model). If either c or d were
not signiﬁcantly different from zero (determined by
inspection of 95% conﬁdence intervals and t tests) they
were dropped and a reduced model was used to estimate
the remaining parameters.
For the Type III functional response, a is a function
of the parameters b, c, and d and was estimated by the
following equation (Hassell 1978):
a¼

d þ bN0
:
1 þ cN0

Fruit removal and fate analysis.—The Kaplan-Meier
estimator was used to analyze fruit removal rates
(Kleinbaum 1996). Differences in removal rates between
density levels were compared for each species within
periods with log-rank tests (Kleinbaum 1996). Log-rank
tests were also used to compare differences in removal
rates between species within each period.
Differences in seed fate were analyzed with log-ratio
chi-square tests (Christensen 1997). The analysis was
partitioned into three parts: (1) between species within
each period; (2) between July 2000 and September 2001
pooled within species (Ampelocera hottlei, Astrocaryum
mexicanum, Brosimum alicastrum, and Compsoneura
sprucei); and (3) between functional response types
pooled within species (Ampelocera hottlei, Astrocaryum
mexicanum, Brosimum alicastrum, Compsoneura sprucei,

Eugenia aeruginea, and Spondias mombin). Fate was
pooled into two categories; eaten (eaten þ burrow) and
cached (surface þ buried).
Analyses of the fruit availability index, functional
response, fruit removal, and seed fate were done with
SYSTAT version 11 (SYSTAT, Evanston, Illinois,
USA).
RESULTS
Density of H. desmarestianus and fruit production
There was substantial spatial and temporal variation
in density of H. desmarestianus (Table 2). No individuals
were captured in August 2000 after the ﬂood, but by
September 2001 density was 20% higher than in July
2000. Density increased in the three months after the
hurricane, but then went into a steady decline through
September 2002 (Table 2). Fifteen models that included
Astrocaryum mexicanum nut production and the fruit
production index had AICc values less than the best
starting model (Appendix A). Additive models generally
had more support than multiplicative models (Appendix
A), but all models with the fruit production index
indicated a strong and consistent positive relationship
among grids and at t and t  1 with density of H.
desmarestianus (Fig. 1a). The relationship between H.
desmarestianus density and Astrocaryum mexicanum nut
production was more complex. From July 2000 to
January 2002 there was a strong positive relationship
between H. desmarestianus density and Astrocaryum
mexicanum nut production among grids at t and t  1
(Fig. 1b), but there was a negative relationship from
May 2002 to September 2002 (Fig. 1c).
A total of 11 tree and liana species were observed
fruiting in the plots in July 2000. Ten tree and liana
species were observed fruiting in the plots in September
2001. The number of fruiting trees and lianas/plot
ranged from 2 to 4 in July 2000 and from 0 to 4 in
September 2001 (Table 3). The index of fruit availability was signiﬁcantly lower in September 2001 than in
July 2000 and January 2002 (F ¼ 12.16, df ¼ 1, 23, P ¼
0.002). Fruit production essentially ceased in the year
after the hurricane, and with the exception of Spondias
mombin and Astrocaryum mexicanum, there were no

June 2009

H. DESMARESTIANUS FUNCTIONAL RESPONSE

1555

FIG. 1. The relationship between density of the spiny pocket mouse (Heteromys desmarestianus) and (a) an index of fruit density
at time t and t  1 and (b, c) production of Astrocaryum mexicanum palm nuts at time t and t  1 in the Bladen Nature Reserve,
Belize. Individual points are for grids used to trap H. desmarestianus and estimate fruit density in ﬁve periods from July 2000 to
September 2002. Virtually all fruit production ended three months after a hurricane in October 2001, but production of A.
mexicanum nuts increased in the year after the hurricane.

other food resources available to H. desmarestianus
(Table 3). Availability of Spondias mombin fruit was
high in January 2002, but this was not due to trees
producing fruit crops but because of fruit-laden
branches that snapped and fell to the ground during
the hurricane. There was a decrease in the production
of infructescences by Astrocaryum mexicanum from
September 2001 to January 2002, but production then
increased more than sixfold from January 2002 to
September 2002 (F ¼ 115.46, df ¼ 1, 29, P , 0.001;
Table 3).
Functional response of H. desmarestianus
No species other than H. desmarestianus was identiﬁed in photographs of fruits being removed (N ¼ 72). We

concluded that H. desmarestianus was responsible for
removal of all fruits used in the experiments based on
the photographs, the density of H. desmarestianus
relative to other small-mammal species (Klinger 2006),
lack of evidence of exploitation of seed piles by larger
mammals (e.g., tracks or rooting), and patterns of
removal of the strung fruits.
Parameter estimates for the shape of the functional
response, removal rates, and handling times are given in
Appendix B. In July 2000 H. desmarestianus had a Type
III functional response to Ampelocera hottlei, Brosimum
alicastrum, and Compsoneura sprucei (Fig. 2). In
September 2001 the functional response switched to a
Type II for Ampelocera hottlei and Brosimum alicastrum
(Fig. 2) and a Type I for Compsoneura sprucei. The
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TABLE 3. Values for an index of fruit density (Index; mean number of fruits/m2 summed across
species), the number of fruiting species (Species), and the number of infructescences/ha for
the palm Astrocaryum mexicanum in six 0.5-ha trapping grids in the Bladen Nature Reserve,
Belize.

Grid and measurement

July
2000

September
2001

January
2002

May
2002

September
2002

Grid 1
Index
Species
A. mexicanum

16.6
4
291.4

8.8
4
400.0

18.1
1
194.3

0.0
0
668.6

0.0
0
817.1

Grid 2
Index
Species
A. mexicanum

16.0
4
308.6

8.1
4
342.9

12.1
1
34.3

0.0
0
120.0

0.0
0
234.3

Grid 3
Index
Species
A. mexicanum

8.5
3
154.3

8.7
3
228.6

12.2
1
182.9

0.0
0
285.7

0.0
0
565.7

Grid 4
Index
Species
A. mexicanum

6.4
2
74.3

9.8
3
251.4

12.7
1
51.4

0.0
0
200.0

0.0
0
702.9

Grid 5
Index
Species
A. mexicanum

5.9
2
74.3

10.0
1
17.1

0.0
0
131.4

0.0
0
434.3

Grid 6
Index
Species
A. mexicanum

0.0
0
148.6

9.4
1
74.3

0.0
0
165.7

0.0
0
657.1

Mean 6 SE
Index
Species
A. mexicanum

11.8 6 2.6
6.9 6 1.8 12.4 6 1.6
0.0 6 0.0
0.0 6 0.0
3.3 6 0.5
2.7 6 0.6
1.0 6 0.0
0
0
207.2 6 45.8 241.0 6 49.1 92.4 6 31.4 261.9 6 84.9 568.6 6 85.1

Notes: Sampling was not done in grids 5 and 6 in July 2000. No fruits were observed being
produced in any of the grids following a hurricane in October 2001. The high index for fruit
abundance in January 2002 was due to fruits of Spondias mombin on broken branches that fell
to the ground.

functional response to Eugenia aeruginea in September
2001 was a Type II. There was a Type II response to
Astrocaryum mexicanum in July 2000 and a Type I
response in January and May of 2002. There was no
evidence of a functional response to Astrocaryum
mexicanum in September 2001 and September 2002.
Heteromys desmarestianus had a Type II response to
Spondias mombin in September 2001 and a Type III
response in January 2002 (Fig. 2). There was no evidence
of a functional response to Spondias mombin in May
2002. No Attalea cohune fruits were handled.
Based on comparison of nonoverlapping 95% conﬁdence intervals, the per capita removal rates were
consistently higher for Type III responses than Type I
and II responses (Appendix B). The per capita removal
rates were higher and handling times shorter for
Ampelocera hottlei, Brosimum alicastrum, Compsoneura
sprucei, and Eugenia aeruginea than for Spondias
mombin and Astrocaryum mexicanum (Appendix B).
The per capita removal rate of Astrocaryum mexicanum
in September 2001 was 0.008 6 0.002 and 0.002 6 0.001

in September 2002 (mean 6 SE). The per capita removal
rate on Spondias mombin in May 2002 was 0.001 6
0.0002.
Fruit removal
There were signiﬁcant differences among the fruit
species in removal rates and the total proportion
removed (P , 0.001; Fig. 3). Of the small fruits (,3
g), all Ampelocera hottlei, Brosimum alicastrum, and
Compsoneura sprucei and virtually all Eugenia aeruginea
were removed (Fig. 3). Removal rates varied signiﬁcantly by fruit density for Brosimum alicastrum and
Compsoneura sprucei in July 2000 and September 2001
and Ampelocera hottlei in July 2000 (P , 0.039).
Removal rates were highest for the 8 fruits/m2 density
and lowest for the 32 fruits/m2 density. Fruit density did
not have a signiﬁcant effect on removal rates for
Ampelocera hottlei in September 2001 or Eugenia
aeruginea (P . 0.109). Despite variation in removal
rates between species and/or fruit density, the mean time
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FIG. 2. The per capita proportion of fruits removed for nine fruit density levels by Heteromys desmarestianus from July 2000 to
May 2002 in the Bladen Nature Reserve, Belize. Graphs for density-independent responses are not shown. Note different y-axis
scale numbers for Eugenia aeruginea, September 2001.

to removal for all four species was ,4 d (2.7 6 0.2 d;
mean 6 SE).
Removal rates for Spondias mombin in September
2001were the lowest of the six species (Fig. 3). Removal
rates varied by fruit density, with mean time to removal
ranging from 12.8 d for the 8 fruits/m2 density to 19.2 d

for the 32 fruits/m2 density (P ¼ 0.015). In January 2002
the mean time to removal for Spondias mombin was
6.2 d, and there was no signiﬁcant difference in removal
rates for different fruit densities (P ¼ 0.165). The total
proportion of Spondias mombin fruits removed in
September 2001 was 0.536 and in January 2002 it was
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FIG. 3. Removal rates (mean 6 SE) for fruits of six species of trees during ﬁve periods from July 2000 to September 2002 in the
Bladen Nature Reserve, Belize. Species codes are: amphot, Ampelocera hottlei; astmex, Astrocaryum mexicanum; broali, Brosimum
alicastrum; comspr, Compsoneura sprucei; eugaer, Eugenia aeruginea; spomom, Spondias mombin. The only species used in the
experiment in September 2002 was Astrocaryum mexicanum.

0.899. In May 2002 the total proportion of Spondias
mombin fruits removed was only 0.133, with a mean time
to removal of 27.2 d. Fruit density did not have a
signiﬁcant relationship with removal rates of Spondias
mombin in May 2002 (P ¼ 0.105).
Removal rates of Astrocaryum mexicanum fruits
varied by fruit density in all periods (P , 0.001; Fig.
3). Linear regression analysis indicated a strong positive
correlation between mean time to removal and fruit

density (r ¼ 0.862, P ¼ 0.003, df ¼ 1, 7). Mean time to
removal ranged from a low of 8.4 d in May 2002 to a
high of 14.8 d in January 2002. The mean proportion of
fruits removed ranged from 0.329 in September 2002 to
0.739 in May 2002.
None of the Pouteria sapota seeds (47.7 g) were moved
or completely consumed, but 0.25 6 0.04 was partially
consumed.
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TABLE 4. Percentage of seeds of six tree species eaten (eaten or brought into burrow) or cached (either on surface or beneath leaf
litter) by the spiny pocket mouse (Heteromys desmarestianus) in the Bladen Nature Reserve, July 2000–September 2002.
Functional response type
0
Species
Ampelocera hottlei
Astrocaryum mexicanum
Brosimum alicastrum
Eugenia aeruginea
Spondias mombin
Compsoneura sprucei
Total
N

Eaten

I
Cached

83.7

83.7
36

16.3

16.3
7

Eaten
68.9

II
Cached
31.1

86.3

13.7

69.4
215

30.6
95

III

Total

Eaten

Cached

Eaten

Cached

Eaten

Cached

N

74.3
84.3
67.4
74.2
48.6

25.7
15.7
32.6
25.8
51.4

81.8

18.2

100.0

0.0

90.9
93.8

9.1
6.3

75.3
74.4
70.1
74.2
75.7
88.1

24.7
25.6
29.9
25.8
24.3
11.9

85
348
97
31
103
67

75.1
208

24.9
69

91.1
92

8.9
9

75.4
551

24.6
180

731

Note: A functional response type of 0 indicates density-independent seed predation.

Seed fate
Overall, .75% of the fruits removed by H. desmarestianus were eaten (Table 4). However, this pattern
varied by functional response type and species. The
proportion of seeds eaten was signiﬁcantly greater for
Type III functional responses than other types (likelihood ratio v2 ¼ 24.09, df ¼ 3, P ¼ 0.001; Table 4). A
signiﬁcantly greater proportion of Astrocaryum mexicanum seeds were cached when H. desmarestianus exhibited a Type I functional response than densityindependent or Type II responses (likelihood ratio v2 ¼
10.29, df ¼ 2, P ¼ 0.006; Table 4). The percentage of
fruits eaten for Compsoneura sprucei was 13–18% greater
than the other species (likelihood ratio v2 ¼ 39.05 df ¼
15, P ¼ 0.001; Table 4). The pooled percentage of seeds
cached for Ampelocera hottlei, Astrocaryum mexicanum,
Brosimum alicastrum, and Compsoneura sprucei was
13.6% in July 2000 and 28.9% in September 2001
(likelihood ratio v2 ¼ 12.04, df ¼ 1, P ¼ 0.001).
No cached seeds could be recovered from July 2000 to
May 2002 because of the July 2000 ﬂood and the
hurricane. Of 12 Astrocaryum mexicanum fruits on
spools that had been cached in January 2002, nine were
gone and presumed eaten in May 2002. Of the remaining
three, one had been taken into a burrow, one was still
present where it had been dropped but was rotten, and
the other had germinated. Only six spooled Spondias
mombin fruits were cached in January 2002. All were
gone and presumed eaten in May 2002. No seeds cached
in May 2002 could be recovered because of the August
ﬂood.
DISCUSSION
An interaction between food availability, disturbance,
and the numerical and functional responses of H.
desmarestianus determined the proportion of fruits in
the BNR that were removed, then either consumed or
cached (Fig. 4). The relationship between the abundance
of H. desmarestianus and the fruit production index was
consistent with our expectation that they would show a
strong numerical response to variation in food resources

(Klinger 2007). Contrary to our expectations though,
H. desmarestianus had Type I, II, and III responses to
seed density, as well as density-independent responses.
Moreover, the responses varied both among and within
species. The interaction between the numerical and
functional responses resulted in their relative importance
varying for different parts of the seed dispersal process.
The total proportion of seeds removed was determined
primarily by the numerical response of H. desmarestianus, while removal rates and the proportion of seeds
eaten or cached were related primarily to the form of the
functional response (Fig. 4).
Food availability and the numerical response
The density of H. desmarestianus was consistently
higher in grids and trapping periods in which fruits were
more abundant. In contrast, they showed a more
complex pattern with production of Astrocaryum
mexicanum fruits. Attalea cohune and Astrocaryum
mexicanum are the only trees in the BNR that produce
fruit consistently on a year-round basis. Our ﬁndings
and other studies clearly indicate H. desmarestianus does
not consume Attalea cohune nuts (Mendoza and Dirzo
2007), but they do prey regularly on nuts of Astrocaryum
mexicanum (Sanchez-Cordero and Martinez-Gallardo
1998, Brewer and Rejmánek 1999). The nuts of
Astrocaryum mexicanum have high dietary value (Martinez-Gallardo and Sanchez-Cordero 1993), and they
provide H. desmarestianus with a spatially and temporally predictable food resource. Nevertheless, while
availability of Astrocaryum mexicanum nuts is an
important factor in maintaining their populations at a
certain minimal level throughout the year, changes in
population size are determined by pulses of other food
resources (Klinger 2007). The population of H. desmarestianus recovered within a year of the July 2000 ﬂood
when food resources were plentiful. However, despite a
large increase in production of Astrocaryum mexicanum
nuts after the hurricane, abundance of H. desmarestianus declined rapidly because virtually all other fruit
production ceased. The decrease was likely related to
differences in the ability to exploit Astrocaryum mex-
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FIG. 4. Diagram summarizing the relationship between the ratio of overall food availability and density of Heteromys
desmarestianus, the functional responses of H. desmarestianus, and the proportion of seeds cached for six tree species with different
spatial distribution patterns in the Bladen Nature Reserve, Belize, 2000–2002. Species with patchy seed distribution are Ampelocera
hottlei, Brosimum alicastrum, Compsoneura sprucei, Eugenia aeruginea, and Spondias mombin. In contrast, Astrocaryum mexicanum
has a uniform seed distribution. A hurricane in October 2001 resulted in virtually no fruiting by trees other than the palm A. mexicanum
and severe declines in both overall food resources and the abundance of H. desmarestianus.

icanum nuts by different age classes of H. desmarestianus. Survival of adult and subadult of H. desmarestianus
was high in the year after the hurricane but juvenile
survivorship was virtually zero, presumably because the
juveniles (39.5 6 1.2 g) could not handle the relatively
large Astrocaryum mexicanum nuts (17.4 6 0.5 g;
Klinger 2007).
Fruit production, fruit removal, and functional responses
Variation in the form of the functional response to the
smaller seeds was related primarily to food availability
(Fig. 4). When fruit availability was high relative to the
abundance of H. desmarestianus there was a consistent
Type III response. But as food availability decreased,
the functional response switched to either a Type I or
Type II. Predators increase their attack rate and switch
prey items with a Type III functional response (Holling
1959a), which would be expected of H. desmarestianus

when multiple preferred food resources were available.
But the Type II functional response would be expected
when food resources were low relative to the abundance
of H. desmarestianus. Intraspeciﬁc competition would
have been higher than under the conditions under which
the Type III responses were observed. With more
competition it is likely advantageous for H. desmarestianus individuals to not switch among fruit patches
until all fruits are either depleted, an individual is
satiated, or competition becomes so intense it is not
proﬁtable for them to exploit the patch (Sutherland
1983).
As with the smaller fruits, change in the form of the
functional response to Astrocaryum mexicanum fruit
density was related to food availability (Fig. 4). But the
functional response to Astrocaryum mexicanum was
also highly variable and included density independence
as well as Type I and Type II forms. The absence of a
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Type III functional response for Astrocaryum mexicanum may be related to differences in spatial distribution
between it and the smaller fruited species. In contrast
to the patchy distributions of other food sources in the
study area, Astrocaryum mexicanum nuts are more
uniformly distributed. Because they are frequently
encountered and have high dietary value, removal
rates by H. desmarestianus on low-density patches of
Astrocaryum mexicanum nuts would be expected to be
higher relative to smaller fruits.
Conditions for a Type I functional response include
extremely short handling times, the predator being able
to exploit multiple food resources simultaneously, and a
high proportion of time spent foraging (Jeschke et al.
2004). While these conditions may be restrictive for
some consumer species, they may be less so for some
rodent species (Batzli et al. 1981). Seed caching rodents
such as H. desmarestianus have cheek pouches that allow
it to exploit multiple food resources simultaneously, and
a large amount of many rodent species time is spent
foraging (Bertolino 2004). Nevertheless, at some point
handling time would have to become limiting. We did
not ﬁnd this point for the range of fruit densities we
tested, but it may be less important that the response we
observed conformed to a strict deﬁnition of a Type I
response (Jeschke et al. 2004) than it was clearly
different from Type II and Type III responses for the
same range of fruit densities.
Hammond and Brown (1998) hypothesized that
vertebrate seed predators would generally have a Type
III functional response to the seeds they preyed on, while
invertebrate seed predators would have a Type I
response. They reasoned that vertebrates are usually
larger than their prey so their foraging would be constrained by search time and not handling. Since invertebrates are smaller than the seeds they eat they would be
constrained by handling time. However, H. desmarestianus not only exhibited all three functional response types
in the BNR, but they varied regardless of seed size and
even switched within species. While seed size may
inﬂuence the shape of the functional response to a
certain degree, it does not appear to be the main
determining factor for vertebrate seed predators. A
preliminary hypothesis is that the functional response
for vertebrate seed predators will depend in large part on
the ratio between seed predator abundance and food
availability (Akçakaya et al. 1995). Even this may be
overly simplistic though, because many other factors
such as predator avoidance, seed palatability, and
habitat use inﬂuence seed removal (Schupp 1988,
Martinez-Gallardo and Sanchez-Cordero 1993, Fedriani
and Manzaneda 2005).
Seed fate and the functional response
Heteromys desmarestianus is potentially having a
regulatory inﬂuence on recruitment of many tree species
in the BNR, and the relationship between the functional
response and seed fate provides insight on the conditions
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under which the strength of that inﬂuence may be
greatest. Heteromys desmarestianus often had a Type III
functional response, especially for more patchily distributed species (Fig. 4). When considered relative to the
high rates of removal and low rates of caching that were
associated with the Type III functional response, this
suggests that seed predation by H. desmarestianus could
exert a strong inﬂuence on recruitment across a wide
range of fruit densities for these species. The regulatory
effect of H. desmarestianus on recruitment is likely much
weaker though for the other response types because
overall removal rates are lower and caching rates higher
(Fig. 4). However, it is important to note that H. desmarestianus may still have a strong inﬂuence on
recruitment across a narrow range of low fruit densities
for the Type II response. It is often thought that patches
with low seed density increases the per capita probability
of recruitment (Schupp et al. 2002), but removal rates
are greatest for low-density seed patches with a Type II
response. Therefore, per capita recruitment from patches of low seed density may be signiﬁcantly lower than
high-density patches when a seed predator has a Type II
functional response.
As noted above the form of the functional response
varied within as well as among tree species because of
shifts in resource availability. The foraging strategy of
H. desmarestianus appeared to favor maximizing consumption at the higher end of the food availability
gradient, with caching more frequent in intermediate
and lower regions of the gradient (Fig. 4). A probable
outcome of shifts in functional response and caching
rates is that a consistent inﬂuence by H. desmarestianus
on recruitment may persist only for relatively brief
periods of time. This could result in a dynamic system
with windows of increased opportunity for recruitment
and periods when recruitment would be extremely low.
Disturbance-prone systems, in which populations of
seed predators as well as their food resources can be
substantially altered on a frequent basis (Klinger 2006),
would be especially likely to show such patterns.
Fruit size has been shown to be a critical factor
inﬂuencing removal rates of fruits (Forget et al. 1998,
Mendoza and Dirzo 2007), but it may be less important
a factor for caching. Removal rates and the total
proportion of fruits removed by H. desmarestianus in
the BNR were generally proportional to fruit size, but
caching rates were not. There were species-speciﬁc and
seasonal differences in caching (Fig. 4), but caching
varied inconsistently among small and intermediatesized fruits. Of the two largest species, Attalea cohune
was not handled at all and Pouteria sapota was eaten
but not dispersed. Brewer and Rejmánek (1999)
reported that H. desmarestianus is capable of dispersing
large seeds such as Pouteria sapota, albeit a low
proportion of them. This suggests that there is a
threshold value for seed handling determined by the
ratio between the masses of the seed predator and seed.
Below this threshold value the form of the functional
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response may be a more general predictor of seed
caching than simply seed mass. Above the threshold
seed handling (including eating or caching) will be
minimal because of the constraints seed size puts on the
seed predator. The relationship between seeds and seed
predators is sometimes considered a conditional mutualism (Longland et al. 2001, Theimer 2005), but in the
case of H. desmarestianus it is likely that they will play
strictly a role as a seed predator as the ratio between
their body mass and that of seeds approaches 2:1.
CONCLUSIONS
There are numerous idiosyncratic inﬂuences on seed
fate, but our ﬁndings suggest that the interaction
between seed predator population dynamics and foraging behavior has strong potential for providing a
mechanistic explanation of general patterns of seed fate.
We make this statement cautiously because our study
was limited to a two-year period in a single tropical
forest. Nevertheless, numerical and functional responses
of seed predator populations to variation in food
resources are likely a common aspect of any ecosystem.
We hypothesize that over short periods of time in
localized areas, when seed predator density and seed
availability are relatively constant, rates of seed removal
and dispersal for any given seed predator–seed species
combination will likely be largely deterministic. But over
greater periods of time and geographic area seed
predator density and seed availability, and hence rates
of seed removal and dispersal, can be expected to vary in
a more stochastic manner. This variation may be
inﬂuenced by predictable seasonal and interannual
ﬂuctuations in the environment (e.g., climate) or, as we
observed in the BNR, nonequilibrium dynamics resulting from disturbance.
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APPENDIX A
Best-ﬁt models of density for Heteromys demarestianus in six trapping grids in the Bladen Nature Reserve, Belize (Ecological
Archives E090-106-A1).

APPENDIX B
Nonlinear regression statistics for the functional response of Heteromys demarestianus to varying densities of fruit for ﬁve species
of trees in the Bladen Nature Reserve, Belize (Ecological Archives E090-106-A2).

