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Abstract Resource distribution shapes many aspects of primate behavioral ecology.
Though the spatial patterning of fruits, leaves, and insects has been explored among
primate foods, comparatively less is known about exudate distributions. Tree exudates
are a renewable resource, provide long-term evidence of exploitation, and may be
selectively exploited to manipulate spatial distribution. We assessed the spatial pattern-
ing of trees gouged by common marmosets (Callithrix jacchus) to determine if they
exhibit a uniform, random, or clumped distribution. We also asked whether marmosets
selectively gouge trees in home range centers, which may afford them exclusive access
to exudates. We explored whether spatial or physical characteristics of trees predict how
intensely gouged trees were exploited. The mean nearest neighbor distance of gouged
trees was significantly closer than expected for a random distribution and Ripley’s K-
function showed that gouged trees were clumped across all spatial scales in our study
area. Clumping may enable marmosets to reduce day and home ranges and facilitate
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repeated gouging of trees. Gouged trees were not closer to marmosets’ home range
centers than peripheries, nor were centrally located trees more intensely gouged.
Increased gouging intensity was associated with larger tree circumferences, although
this effect was primarily driven by interspecific differences in circumference. Although
marmosets may benefit from exploiting clumped exudates, they do not concentrate
gouging in areas where they are more likely to gain exclusive access. Species-specific
tree characteristics such as exudate quality and/or bark properties may play a larger role
in determining gouging patterns than intergroup feeding competition.

Keywords Callitrichids . Exudativory . GIS . Intergroup competition . Renewable
resources . Resource distribution

Introduction

The distribution of resources in the environment is a key factor influencingmany aspects
of primate ecology, behavior, and life history. Resource distribution has been empirically
linked to home range size and shape (Izumiyama et al. 2003; Tsuji and Takatsuki
2004), temporal shifts in activity and ranging patterns (Fashing 2007; Kumar et al.
2007; Oates 1987; Tsuji and Takatsuki 2004), density of individuals (Chapman et al.
1995; Fashing 2007; Izumiyama et al. 2003; Rassmussen 1980; Vasudev et al. 2008),
dispersal patterns (Boinski et al. 2005), sex ratios (Clark 1978), and reproductive
potential (Ferrari and Lopes Ferrari 1989). Given these relationships, it is not surprising
that resource distribution is also a fundamental variable in many ecological and socio-
ecological models of primate behavior (Clutton-Brock and Harvey 1977; Sterck et al.
1997; Sussman and Garber 2007, 2011; van Schaik 1989; Wranghman 1980).

Primates often rely on resources that are spatially and temporally clumped (Chapman
1990; Oates 1987; Tuomisto et al. 2003). Research has focused on the distribution of
more traditional primate foods such as fruits, leaves, and insects. Insects are generally
regarded as randomly or uniformly dispersed in primate habitats (Rylands 1987), and
fruits are distributed in a clumped fashion (Go 2010; Leighton and Leighton 1982;
Strier 1989). Despite the overall abundance of leaves in many environments, the
leaves consumed by primates are often distributed in clumps (Go 2010; Oates 1994;
Snaith and Chapman 2005) because their nutritional and mechanical qualities can
vary considerably in time and space (Milton 1979; Teaford et al. 2006). Resources
located in clumps can be more easily monopolized permitting cooperative resource
defense by groups (Bacon et al. 1991; Emlen and Oring 1977; Grant 1993; Johnson et
al. 2002; Slobodchikoff 1984; Snaith and Chapman 2007; van Schaik 1983, 1989;
Wrangham 1980). Accordingly, clumped resources are predicted to generate inter-
group contest competition (Reeve and Hölldobler 2007; Sterck et al. 1997; Travis and
Slobodchikoff 1993; van Schaik 1989). Conversely, uniform or randomly distributed
resources are less feasible to monopolize and defend, which should lead to scramble
competition (Sterck et al. 1997; van Schaik 1989). The decision to defend resources
is also a function of resource renewal and depletion rates (Isbell et al. 1998; Pruetz
and Isbell 2000; Shopland 1987; Waser 1981; Waser and Waser 1985), with rapid
renewal rates (or short depletion times) decreasing the benefits of contesting resources
(Chancellor and Isbell 2009; Pruetz and Isbell 2000; Waser and Waser 1985).
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Tree gouging and exudativory by marmosets (Callithrix, Mico, and Cebuella spp.)
offers an interesting case study for examining the spatial distribution of food resour-
ces. Marmosets mechanically injure trees to elicit exudate flow (Fig. 1a) and repeat-
edly gouge the same marks across multiple trees to sustain this flow (Fig. 1b)
(Coimbra-Filho and Mittermeier 1977; Garber 1992; Nash 1986; Rylands 1984;
Stevenson and Rylands 1988; Vinyard et al. 2009). These gouge marks persist for
years, providing long-term documentation of resource exploitation. Relatively little is
known about the spatial distribution of these resources, despite evidence that exudates
can comprise >70 % of marmoset diet during specific seasons (Digby et al. 2011).
Exudates are also somewhat unusual among primate foods in that they are a relatively
renewable (or nondepleting) resource (Garber and Porter 2010) that are reliably
available and exploited year round (Digby et al. 2011; Stevenson and Rylands 1988).

The distribution of exudates may have important implications for marmoset
behavioral ecology. For instance, marmoset species that feed more heavily on exu-
dates tend to have smaller home ranges (Ferrari and Lopes Ferrari 1989; Rylands
1984; Rylands and de Faria 1993). Smaller home range size in marmoset species
relative to the more frugivorous tamarins (Saguinus, Leontopithecus spp.) has simi-
larly been attributed to an increased reliance on exudates (Ferrari and Lopes Ferrari
1989). Day path lengths are shorter in marmosets than tamarins (Digby et al. 2011;
Harrison and Tardiff 1994; Kinzey 1997) and in black-tufted marmosets (Callithrix
penicillata) travel increases during seasonal periods of high fruit consumption (Vilela
and de Faria 2004). Some groups of marmosets use a specific area of their home
range as a “home base” where they spend large amounts of time with short day ranges
reflecting one or two excursions from the home base to foraging areas (Hubrecht
1985; Maier et al. 1982). Spatial clumping of resources would provide sufficient food
in concentrated areas, enabling marmosets to reduce travel time between multiple
exudate resources. Such a clumped distribution would also facilitate repeated gouging
of trees to ensure continued exudate production.

The spatial distribution of exudate tree exploitation also has implications for
intergroup competition. Marmosets live in small social groups that engage in frequent
and aggressive encounters with neighbors (Decanini and Macedo 2008; Hubrecht
1985; Lazaro-Perea 2001; Rylands 1986; Stevenson and Rylands 1988). The role
resource defense plays in these encounters remains relatively unexplored, although
encounters are known to facilitate intergroup sexual behavior (Lazaro-Perea 2001). If
intergroup competition reduces available food for individual group members, then
marmosets should selectively exploit resources within central areas of their home
range where they are more likely to have exclusive access.

Beyond spatial location, many additional factors have the potential to influence
selective gouging of exudate trees. More than 80 tree species have been identified as
exudate sources for Callithrix spp. (Smith 2010) and we do not understand what
characteristics of tree species drive preference in gouging (if preferences exist).
Physical and mechanical factors influencing the ability to produce gouge holes, such
as the depth or mechanical properties of bark, may play a role (Rylands 1984;
Vinyard et al. 2009). Marmosets also use trees with larger trunks for both gouging
and locomotion (Jackson 2011; Lacher et al. 1984; Youlantos 2009), which may
indicate that the ability to grasp certain trunks is an important criterion (Hamrick
1998). In addition, nutritional qualities of the exudates themselves could impact
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Fig. 1 Gouge holes created by
common marmosets. a Close-up
of recent gouging holes made
in Astronium fraxinofolium
demonstrating gum flow from
the wound created by a
marmoset. b Enterolobium
contorticilicum (center) with
numerous gouging holes of
different ages demonstrating
the intensity of gouging by
marmosets as well as the long-
term record of resource exploita-
tion by these individuals. (Note
individual at base of tree
for scale). (b reprinted with
permission from Vinyard et al.
2009).
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preference in gouged trees (Nash 1986; Power 1996; Smith 2000, 2010) as could the
quantity of exudates produced (Garber and Porter 2010) or abundance of a particular
tree species in the habitat. Finally, increased tree cover may provide greater protection
from predators (Lacher et al. 1984) and group-specific behavioral traditions of
exploiting certain trees or areas (Fragazy and Perry 2003) may also impact the choice
of gouged trees.

We examined the spatial distribution of trees gouged by common marmosets
(Callithrix jacchus) at Tapacurá Field Station, in the Atlantic Coastal forest,
near Recife, Brazil. We address the following questions: 1) What is the
distribution of exudate resources exploited by marmosets throughout their
environment? We test the hypotheses that resources exhibit either a clumped,
uniform, or random distribution. The quantitative predictions for these spatial
distributions are listed in Table I. 2) Do marmosets selectively exploit gouging
trees near the center of their ranges to increase exclusive access to exudate resources?
Based on the prevalence of intergroup aggression in common marmosets, we predict
that marmoset gouging trees will be concentrated near home range centers (Table I).
3) Are patterns of gouge intensity related to spatial location? We predict that heavily
gouged trees will be spatially clumped (reflecting concentrated areas of intense
resource use) and/or focused in the center of home ranges (Table I). 4) Lastly, we
assess whether gouge intensity is related to other nonspatial characteristics of gouged
trees. Though data are not currently available to evaluate fully all potential factors
influencing tree gouging, we will assess the effects of tree species (which is likely to

Table I Potential spatial distributions of gouged trees and quantitative expectations

Distribution Expectations Supported

Uniform 1) Trees’ nearest neighbor distance (NND) should
be similar for all pairs.

N

2) The CV of NND should be at or near 0. N

Random 1) NND of trees should be normally distributed. N

2) Average NND should equal 0:5
ffiffiffiffiffi
M

p
.a N

3) NND of actual trees and between pairs of
random points should not differ significantly.

N

Clumped 1) The distribution of NND should be positively skewed. Y

2) Average NND should be < 0:5
ffiffiffiffiffi
M

p
. Y

3) NND of gouge trees should be significantly
shorter than random points.

Y

4) Trees that are heavily gouged should be spatially proximate. N

Intergroup resource
competition

1) Gouged trees should be located closer to home
range centers than boundaries.

N

2) Fewer than 25 % of gouged trees should be
located in the peripheral 25 % of home range area.

N

3) Gouged trees in the center of the home range
should be more heavily gouged.b

N

aWhere M is the reciprocal of gouged tree density (Cottam and Curtis 1956)
b Although use by more than one group could increase gouge intensity in home range overlap areas
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significantly influence many of the afore mentioned variables) and trunk size on
patterns of exudate exploitation.

Methods

Field Site

The study area encompassed a ca. 25-ha section of forest tract in the western
portion of the Estação Ecológica do Tapacurá near Recife in Pernambuco, Brazil (08°
03 S, 35°12 W) (Fig. 2). The ecological field station is located within the Atlantic
coastal forest (Mata Atlântica) and is maintained by the Universidade Federal
Rural de Pernambuco. The field station is 100–200 m above sea level and is
composed predominantly of semideciduous, secondary growth, broadleaf peren-
nials (Hubrecht 1984, 1985; Scanlon et al. 1988, 1989). The wet season at
Tapacurá is from May to August and the dry season is from September to
April. Common marmosets have been studied intermittently at the field site for
three decades (Faulkes et al. 2003; Hubrecht 1984, 1985; Melo 2001; Scanlon et al.
1988, 1989; Vinyard et al. 2009). The primary study area included the home
ranges of five marmoset groups ranging in size from 6 to 14 individuals per
group (Faulkes et al. 2003; Monteiro da Cruz 1998; Scanlon et al. 1988). Permission
to conduct this research was provided by the Instituto Brasileiro do Meio Ambiente e
dos Recursos Naturais Renováveis (IBAMA) and the Universidade Federal Rural de
Pernambuco (UFRPE).

Fig. 2 Satellite image of Tapacurá field station showing distribution of gouged trees (white dots), home
range centroids (blue squares), and home range boundaries for different marmoset groups in the study area
(a = red, b = purple, c = green, d = orange, e = blue).
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Data Collection

We collected spatial data on gouged trees (N=145) between January and March 2003
using a grid of 50×50 m transects (Monteiro da Cruz 1998; Scanlon et al. 1988,
1989). All transects were systematically walked and trees with gouge marks identi-
fied. In areas where growth prohibited effective visualization of trees up to the
adjacent transect, we conducted additional walks between transects. We identified
the species of each gouged tree and collected the tree’s latitude and longitude using a
handheld GPS (Garmin GPS 12). We measured tree circumference 1 m off the ground
and ranked the number of gouges for each tree into one of three ordinal categories:
low (1–9 gouges), medium (10–25), and high (>25). The large number of gouge
marks on highly used trees (Fig. 1b) made it unfeasible to count individual gouge
marks on all trees.

We collected gouge hole dimensions on a randomly chosen subset of trees and
gouging holes per tree (within researcher standing height). We measured depth,
length, and width of gouge holes for 352 gouges for 50 individual trees from 14
species (although seven species had only one individual), resulting in a mean of seven
measured gouge holes per tree (range=1–20). We used these measurements to obtain
the volume of bark excavated for a gouge hole by calculating the volume of a half
ellipsoid 1

2
4
3 � p� 1� w� d
� �� �

. As repeated gouging events will likely increase
the size of gouge holes, this measurement is used as an indicator of the frequency of
gouging for a particular hole. We also considered the depth of gouges as a second
index of gouge intensity. We computed mean values for both volume and depth for
individual trees.

We analyzed spatial relationships among trees using ArcGIS® (Environmental
Systems Research Institute, Inc., Redlands, CA). We imported home range maps
previously collected for marmoset groups at Tapacurá (Monteiro da Cruz 1998) into
ArcGIS and georeferenced to GPS data marking forest transect intersections through-
out the study area. These home range data were obtained from follows conducted
over a 4-year period from 1993 to 1997. All groups were followed 12–24 d/mo and
the grid cell quadrats (50×50 m) entered by each were recorded. This method of
home range measurement was identical for all groups. We computed home range
area, geometric centroids of each home range, and home range overlap area in
ArcGIS. We used Hawth’s tools for ArcGIS (Beyer 2004) to calculate the distance
of each gouged tree to 1) the nearest home range centroid, 2) the nearest home range
boundary, and 3) the nearest neighboring gouged tree (NND). We also used Hawth’s
tool to generate 50 sets of random points (N=145) within the combined home ranges’
boundaries for comparison to gouged trees.

Data Analysis

Spatial Distribution We tested the distribution of NND for gouged trees for normality
using a Shapiro–Wilks test. [Kolmogorov–Smirnov tests for normality yielded similar

statistical results.] We compared mean values and skewness g1 ¼
1
N

P
xi�xð Þ3

1
N

P
xi�xð Þ2ð Þ32

 !
for

the NND of gouged trees to the distribution of mean NND values and skewness
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obtained from the randomly generated sets of points via t-tests. We also tested
whether the mean skewness of gouged tree NND differed from zero (i.e., a symmet-
rical distribution) via a one sample t-test. High positive skewness (i.e., many trees
have close nearest neighbors) indicate that trees are clumped. We calculated the

expected NND in a random distribution as EðxÞ ¼ 0:5
ffiffiffiffiffi
M

p
, whereM is the reciprocal

of gouging tree density (Cottam and Curtis 1956). Lower than expected values of
E(x) indicate clumping of trees.

We used Ripley’s K-function to evaluate the spatial scale of clumping (Ripley
1977). This test generates iterations of random points within the study area and
then tallies the number of points within varying radii (d) of each point. These
random values are then compared to the same tallies generated from the
observed data. Using ArcGIS we calculated a common transformation of the

K-function as LðdÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A
P

N
i¼1

P
N
j¼1;j 6¼ik i;jð Þ

pN N�1ð Þ

r
where N is the number of gouged trees, A

is the area of the study site, and k(i, j) is a weight applied by a boundary correction
method. To adjust for edge effects (i.e. the absence of samples outside of the study
range) we used the “simulate outer boundary values” algorithm within ArcGIS (ESRI
2011). We generated a 99 % confidence interval of the K-function for the expected
random distribution. Observed values above this interval indicate gouged trees are
significantly clumped at a given spatial scale.

We used paired t-tests to compare the distance of each gouged tree to its home
range’s geometric centroid and nearest boundary. Given that distances can vary
widely due to the differing shape of home ranges, we also assessed these differences
using a nonparametric Wilcoxon signed rank tests. Outcomes were consistent be-
tween tests and only paired t-tests are reported. For each gouged tree we also
calculated the ratio of the distances to the home range centroid and nearest home
range boundary (centrality ratio). We log10 transformed the centrality ratio to achieve
normality (Shapiro-Wilks test for normality: S–W=0.99, P=0.454). The log10 cen-
trality ratio reflects the relative spatial position of a tree within its home range with
positive values indicating a tree is closer to the boundary and negative values
reflecting proximity to the center.

We arbitrarily defined the central region of home ranges as 75 % of the area
surrounding the geometric centroid, with the remaining 25 % near the home range
boundary considered the periphery. We tallied the number of gouged trees in
center and peripheral areas and binomial tests were conducted for each home
range using expected probabilities based on the 75 %/25 % proportion of center
versus periphery. In addition, because overlap areas may display increased gouging
intensity due to use by more than one group, we conducted binomial tests to
assess whether more trees were present in overlap areas than would be expected
based on the percent area in home range overlap zones. Overlap areas were likely
underestimated for home ranges A, D, and E because not all neighboring group
ranges were known.

Gouge Intensity We assessed intensity of gouging on individual trees in two ways: 1)
by ordinal gouge intensity ranks based on the number of gouges per tree and 2) by
dimensions (depth and volume) of gouge holes. To assess specifically whether trees
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with higher gouge intensity ranks were located closer to the center of home ranges,
we conducted a χ2 test on the relationship between gouge intensity rank and location in
the central (75 %) vs. peripheral (25 %) areas of home ranges for trees in all home
ranges. We conducted Pearson’s correlation between NND and both gouge hole depth
and volume to assess whether more intensely gouged trees were spatially clumped.

To determine the predictors of gouge intensity rank, we performed an ordinal
logistic regression including tree circumference, the log10 centrality ratio, and loca-
tion in the overlap zone as predictor variables. We included gouge intensity of the
nearest neighbor tree as a predictor variable to assess whether the spatial distribution
of gouge intensity was clumped. We considered presence of a tree in the home range
periphery in an initial model, but removed this nonsignificant variable to reduce the
number of interrelated predictor variables. Using presence in the overlap rather than
home range periphery has the added benefit of assessing whether gouging is more or
less intense in areas without exclusive access by individual groups. Though we
acknowledge that the number of individuals within groups may also affect gouge
intensity, the long-term persistence of gouge holes and variable size of groups over
time make testing this relationship impractical for the present study.

We found that circumference was a significant predictor of gouge intensity in the
logistic model. To determine if this relationship was driven by tree size or preferences
for species with larger circumferences, we conducted the above ordinal regression
controlling for species identity. Sample sizes were low (≤5) for some tree species in
the model, but statistical results were similar when restricting the sample to species
with more than five individuals in the data set. Results including all species are
reported. We also conducted an ANOVA to assess the amount of variation in
circumference explained by species identity. For each tree species with more than
10 representatives, we compared circumference to gouge intensity ranks by
Jonckheere–Terpstra tests for ordered alternatives to assess intraspecific preference
for circumference by marmosets.

We performed multiple regressions to determine the factors driving gouge hole
depth and volume. We used the log10 centrality ratio, location in the overlap area, and
tree circumference as independent variables. We assessed the effect of species on
gouge hole depth and volume via one-way ANOVAs. For gouge dimension data,
seven species had only one representative in the data set. We conducted tests both
including and excluding these species. Statistical results were the same for the
regressions and only tests including all species are reported. Both results are reported
for the ANOVAs. We used a two-tailed α=0.05 for all tests.

Study Limitations Our data set has several restrictions worth highlighting. First, the
measurement of home ranges and survey of gouged trees were conducted 6 years
apart. It is therefore possible that home range boundaries may have shifted from the
time of measurement to when gouged trees were sampled. Though this temporal gap
may raise concerns, some studies have argued that common marmoset home ranges
are relatively stable over time (Hubrecht 1985; Mendes Pontes and Da Cruz 1995;
Scanlon et al. 1989). In addition, if gouge marks persist over extended periods (i.e.
years) on trees, then many of the surveyed gouge marks may have been contempora-
neous with home range measurements. Indeed, tree wounds caused from bark stripping
by red deer (Cervus elaphus) and moose (Alces alces) in Scottish and Lithuanian
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forest stands, respectively, have been found to persist for >14 years (Vasiliauskas
1998; Welch et al. 1997). Similarly, in a bark stripping experiment of tropical medicinal
trees, 5 of 12 species had healing rates (i.e., bark replacement) of <30 cm2/year (Delvaux
et al. 2010). For comparison, mean gouge hole area in our data set was 194.1 cm2.
Though we do not have quantitative data on how long marmoset gouge holes last, the
long-term persistence of similar tree wounds implies that our gouge hole survey data
do have some temporal association with the earlier home range measurements.

Second, because these home range measures were georeferenced from a previous
study (Monteiro da Cruz 1998), we have only geometric, rather than use frequency data
on marmoset home ranges. Our tests are accordingly limited to the geometric effects of
tree location within home ranges (e.g., center vs. periphery) rather than tests regarding
dispersion of trees in relation to areas of frequent use. Geometric effects can have
important biological significance given that home range peripheries represent areas where
groups are more likely to encounter neighboring competitors and may be subject to
intergroup feeding competition. As an illustrative example, white-faced capuchins were
more likely to win intergroup encounters when they occurred near the long-term center of
their range (i.e., the mean x- and y-coordinate locations) but not necessarily in areas of
recent high use frequency (Crofoot et al. 2008). We acknowledge, however, that some
peripheral areas in our study border habitat edges that may result in edge effects.

Lastly, although we recorded the location of gouged trees, we have no spatial
information on the underlying distribution of ungouged trees from these exploited
species. Accordingly we cannot draw comparisons between the characteristics of trees
that were gouged vs. not gouged or determine whether the spatial distribution of gouged
trees simply reflects the underlying distribution for that tree species. Instead we focus on
1) the resulting spatial distribution of trees that marmosets did choose to exploit and 2)
compare between the characteristics of heavily vs. nonheavily exploited trees.

Results

Spatial Distribution of Gouged Trees

Home range area and the density of gouge trees within each range varied among groups
(home range area: A: 6.90 ha, B: 3.20, C: 3.79, D: 5.21, E: 5.80; gouged tree density: A:
4.20 trees/ha, B: 6.56, C: 6.33, D: 7.68, E: 9.31; Fig. 2). The NND distribution of
gouged trees (from trees across all home ranges) deviated significantly from normal-
ity (Shapiro–Wilks test: S–W=0.86, P<0.001) and was positively skewed (Table II
and Fig. 3), indicating clumping of gouged trees. Skewness of gouged trees (Table II)
was significantly greater than 0 (one-sample t-test: t=32.42, df=144, P<0.001). This
was higher than the mean skewness from randomly generated sets of points (Table II),
but the difference was not significant (one-sample t-test: t=1.15, df=49, P=0.257),
likely because some random sets contained trees with high NND values (Fig. 3). The
coefficient of variation (CV) of gouged tree NND was also >0, indicating a nonran-
dom distribution, and was also higher than the NND for random points (Table II).
Lastly, mean NND of gouged trees (Table II) was lower than the expected value of
20.72 m based on the study area’s size and number of gouged trees. Gouged tree
NND was also lower than the entire range of mean NND generated from random sets
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(range=17.8–21.3 m; one-sample t-test: t=–11.76, P<0.001), indicating that gouge
trees are spatially clumped. Ripley’s K further verified this pattern, with observed K
values being significantly greater than expected across all spatial scales of the study
area including scales as small as 10 m (Fig. 4). Each gouged tree had a mean of 1.7
(±1.8) gouged trees within 10 m.

Centralization Within Home Ranges

Gouged trees were not significantly closer to home range centers than boundaries
(Table III). Contrary to our prediction, two home ranges (A, E) had gouged trees that
were significantly closer to the boundary (Table III). Binomial comparisons of the
number of trees in central vs. peripheral areas of individual home ranges yielded
conflicting patterns (Table III). The number of trees in home range overlap zones
were not larger than would be expected from the size of overlap areas (binomial test:
A: P=0.131, N=29 total gouged trees; B: P=0.890, N=21; C: P=0.160, N=23; D: P
=0.135, N=40; E: P=0.100, N=54) although overlap area was likely underestimated
for groups A, D, and E (see Methods).

Gouge Intensity

Tree circumference was the only significant predictor of gouge intensity rank in the
logistic regression (Table IV, Fig. 5), suggesting that larger trees tended to be more
intensely gouged. The odds ratio for this variable was low, which may result from the
broadly defined gouge rank categories. However, when tree species was

Table II Nearest neighbor distance (NND) statistics for gouged trees and randomly generated points
within marmoset home ranges

Sample Range (m) x (m) CV (%) Skewness

Gouged treesa 36.80 9.75 95.9 1.15

Random pointsb 56.46 19.93 55.4 0.87

a Gouged trees: N=145
b Random points: average of 50 samples of N=145 points

Fig. 3 Distribution of nearest
neighbor distances (NNDs) for
gouged trees and a representative
set of random points across all
marmoset home ranges.
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controlled for in the model, the effect of circumference was no longer signif-
icant (ordinal logistic regression: Wald χ2=0.08, P=0.783). Moreover, species
identity explains a large proportion of the variance in circumference among gouging
trees (partial η2=53.5 %; ANOVA: F=11.58, df=13, P<0.001) (Table V).

The ordinal logistic regression found that increasing gouge intensity of
nearest neighbor trees did not significantly increase the likelihood that gouged
trees would have a high gouge intensity rank (i.e., gouge intensity was not
clumped) (Table IV). The centrality ratio was also not a significant predictor of
gouge intensity rank (Table IV). A χ2 test corroborated the finding that gouge
intensity rank was not related to home range center/peripheral areas when overlap
trees (N=22) were either included in the data set (χ2=0.08, df=2, P=0.960) or
excluded (χ2=0.12, df=2, P=0.941).

When using gouge hole dimensions as indicators of intensity, multiple regression
found that circumference had a significant effect on gouge hole depth and volume
(Table IV). Neither the centrality ratio nor location in the overlap zone were
significant predictors of gouge hole depth or volume. Likewise, gouged tree
NND was not correlated with gouge hole dimensions (Pearson’s correlation:
depth: r=0.05, P=0.761, N=48; volume: r=0.04, P=0.771, N=48), indicating that

Fig. 4 Ripley’s K-function
[L(d)] of gouged trees over dif-
ferent spatial scales. Solid line =
observed values, dotted lines =
99 % confidence interval.
Observed values greater than
confidence limits indicate
significant clumping.

Table III Distribution of gouged trees relative to common marmoset home range centers

Home
range

Paired t-test Center/periphery binomial test

x Distance
to centroid (m)

x Distance
to boundary (m)

t-statistic df P-value No. of
trees in
center

No. of
trees in
periphery

P-value

A 102.10 46.57 –4.67 28 <0.001a 18 11 0.047a

B 55.26 42.89 –1.17 20 0.258 18 3 0.117

C 51.72 46.87 –0.43 22 0.670 20 3 0.088

D 56.99 67.30 1.38 39 0.176 36 4 0.011

E 90.26 44.78 –6.28 53 <0.001a 31 23 0.002a

a Significant in the direction contrary to predictions

Significant values (α=0.05) in bold
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trees with closer neighbors were not gouged more intensely. Similar to results for
gouge intensity rank, species identity explained a large proportion of the variance in
gouge hole volume (all species: partial η2=70.7 %; ANOVA: F=6.31, df=13, P<
0.001; species with more than one individual: partial η2=30.8 %; ANOVA: F=2.53,
df=6, P=0.04) (Table V). For gouge hole depth, species only differed significantly
when all tree data were included (all species: partial η2=65.2 %; ANOVA: F=4.90,
df=13, P<0.001; species with more than one individual: partial η2=24.8 %;
ANOVA: F=1.87, df=6, P=0.115). For species with >10 individuals, the
Jonckheere–Terpstra tests did not find a significant increase in circumference with
increased gouge intensity rank suggesting that intraspecific differences in
circumference do not influence gouge intensity.

Table IV Regression models for variables explaining gouge intensity rank, gouge hole depth, and gouge
hole volume

Predictor variable Gouge intensity ranka Gouge hole depthb Gouge hole volumeb

Wald
χ2

P-value Odds ratio Standardized
β

t P-value Standardized
β

t P-value

Centrality ratio <0.01 0.956 –0.021 0.04 0.27 0.785 0.11 0.81 0.422

Overlap 0.30 0.584 –0.279 0.01 0.11 0.916 0.03 0.24 0.809

Circumference 11.05 0.001 0.013 0.52 3.87 <0.001 0.58 4.42 <0.001

NN Gouge Intensity

Low-Medium 0.04 0.837 –0.075 — — — — — —

Medium-High 1.76 0.184 –0.615 — — — — — —

a Ordinal logistic regression model
bMultiple linear regression model

Significant values (α=0.05) in bold

For gouge intensity rank model: R2 =0.13, depth: R2 =0.51; volume: R2 =0.56

NN = nearest neighbor

Fig. 5 Mean (±95 % confidence
interval) circumference of
gouged trees by gouge
intensity rank.
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Discussion

Our data indicate that the trees marmosets choose to gouge are spatially clumped
within their home ranges (Table I). Clumped resource distributions are generally
associated with the ability to monopolize resources and for group-living animals, the
potential for cooperative defense (Emlen and Oring 1977; Reeves and Hölldobler
2007; Slobodchikoff 1984; van Schaik 1989; Wrangham 1980). Despite the fact that
intergroup encounters are often aggressive in marmosets, we found minimal evidence
that marmosets choose to exploit trees located near the centers of ranges, where they
are most likely to have exclusive access. Likewise, intergroup overlap zones, which
should reflect areas of nonexclusive access, did not contain fewer gouged trees, nor
were trees in these areas less intensely exploited (Table I). Trees with larger circum-
ferences were gouged more intensely, although this preference was largely driven by
species-specific differences in circumference.

Intergroup Competition for a Renewable Resource

It is possible the lack of association between home ranges and the spatial distribution
of exploited gouged trees is driven by the unique nature of competition over exudates.
For resource defense to be advantageous, foods must be both defendable and worth
the costs of defense (Brown 1964). When resources are quickly renewable (or
conversely, difficult to deplete), the benefit of gaining exclusive access decreases,

Table V Distribution of gouge intensity variables and circumference by tree species

Species Family N No. of trees in gouge
intensity ranks

Average
circum-
ference
(cm)

Average
GH depth
(mm)

Average
GH volume
(cm3)

Low Medium High

Acacia paniculata Fabaceae 13 12 1 0 20.25 3.20 1.83

Allophylus edulis Sapindaceae 3 1 1 1 25.60 1.77 5.44

Anacardium occidentale Anacardiaceae 1 0 0 1 146.00 5.02 5.38

Anadenanthera peregrina Fabaceae 16 8 2 6 97.42 2.84 0.95

Astronium fraxinifolium Anacardiaceae 48 13 10 25 72.82 9.13 11.27

Coccoloba sp. Polygonaceae 15 4 5 6 38.23 2.13 1.51

Didymopanax morotoni Araliaceae 5 3 1 1 60.39 4.32 2.07

Enterolobium
contorticilicum

Fabaceae 15 0 1 14 114.78 11.11 8.84

Heteropterys sp. Malpighiaceae 1 1 0 0 22.50 1.88 0.40

Inga fagifolia Fabaceae 1 1 0 0 14.00 3.14 1.82

Pithecolobium saman Fabaceae 2 2 0 0 32.25 3.22 0.99

Spondias mombin Anacardiaceae 5 1 2 2 138.26 4.43 3.99

Stryphnodendron
pulcherrimum

Fabaceae 14 5 2 7 41.14 2.35 0.94

Talisia esculenta Sapindaceae 6 5 1 0 25.33 1.90 0.61

GH = gouge hole
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while the costs of defense remain constant, resulting in a net decrease in the selective
advantage of active defense (Waser 1981; Waser and Waser 1985). Exudates are a
renewable resource (Garber and Porter 2010), and hence defense of these trees may
not be worth the costs as visitation by competing groups may not greatly reduce the
amount of exudates available in subsequent visits. Access to these resources, how-
ever, may also lead to smaller home range size, which could lower the costs of
defense. If the renewable nature of exudates does reduce the benefits of their defense,
then the territorial aggression seen in common marmosets may reflect disputes over
more depletable resources that are more economical to contest such as fruits. Indeed,
in a separate study intergroup encounters occurred in home range overlap areas that
had high densities of fruit trees, but not exudate trees (Lazaro-Perea 2001). Yet as a
caveat to this interpretation, Lazaro-Perea noted that aggressive encounters still
occurred during the nonfruiting season and the study did not specifically examine
food defense as a drive for intergroup aggression. It has been similarly noted that
intergroup encounters tend to occur in favored fruit trees (Rylands 1986), although
encounters are also known to serve a sexual function in repelling same sex compet-
itors and gaining extragroup copulations (Decanini and Macedo 2008; Hubrecht
1985; Lazaro-Perea 2001).

It is also possible that frequently used areas of the home range, rather than the
geometric center and peripheral areas, are more relevant measures for resource
defense and exploitation. The study population at Tapacurá showed preferential use
of certain habitat types within the home range (Hubrecht 1985), and areas of greater
use had higher densities of tree species that marmosets exploit, although not
necessarily gouged trees (Scanlon et al. 1989). It is possible that marmosets defend
access to exudate trees in frequented areas regardless of proximity to neighboring
competitors. Our study is limited in that we do not have continuous ranging data by
marmoset groups to calculate use frequency within home ranges and that we do not
know the underlying distribution of individual trees (gouged and ungouged) of
exploited species.

Selectivity in Tree Gouging

Our data support the hypothesis that gouged trees are spatially clumped at scales
pertinent to marmoset ecology (Table I). Exploiting clumped resources may offer
advantages such as decreased day path length and smaller home range size. By
having a number of steady and reliable exudate resources close to one another,
marmosets may be able to reduce the energetic costs of traveling widely to exploit
alternate resources such as fruits that are more temporally and spatially dispersed.
Smaller home ranges and clumping of resources may also enable marmosets to easily
revisit gouged trees to harvest exudates. Smaller home ranges are likewise more
defensible and could allow groups to better maintain exclusive access to food
resources (exudates or otherwise) and mates. The fact that gouged trees in our study
were clumped at small spatial scales (i.e. 10 m) through scales comparable to home
range size indicates that marmosets at Tapacurá are likely gaining benefits from the
clumped spatial distribution of exudate resources. Unfortunately, our study is unable
to assess short-term (e.g. daily, monthly, seasonal) patterns of exudate exploitation
and hence cannot determine whether multiple trees within a clump are actually
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exploited during a single visit. Behavioral studies linking the distribution of food
resources exploited by marmosets on these short time scales with ranging data are
needed to test this hypothesis.

The clumped distribution of gouged trees may also reflect the underlying distri-
bution of tree species throughout the site with exploitation by marmosets reflecting a
random, proportionate sample of available trees. Support for this argument appears
equivocal, although there are limited data available on the distribution of existing
versus unexploited gouged trees in marmoset habitats. In our sample, three gouged
tree species had nearest neighbors of the same species more often than expected,
although four species did not (the remaining tree species did not have enough trees to
analyze). When all species were considered together, gouged trees did have nearest
neighbors of the same species more frequently than expected, even though this
characterized only 30 % of trees in our sample. Likewise, two of the four most
frequently exploited species in our sample (Astronium fraxinifolium and Coccoloba
sp.) were significantly clumped at all spatial scales using Ripley’s K, whereas the
remaining two displayed significant clumping only at radius scales >150 m
(Anadenanthera peregrina) and >60 m (Enterolobium contorticilicum). This con-
trasts with the majority of tropical tree species that are strongly clumped at small
spatial scales (<50 m), but are often only weakly aggregated at scales above ca.
150 m (Condit et al. 2000; Seidler and Plotkin 2006). Indeed, some of the gouged
species in this study have been reported as spatially clumped (Acacia paniculata: de
Oliveira et al. 2007; Astronium fraxinifolium: Leite 2001; Anadenanthera peregrina:
Malhado and Petrere 2004), although these studies often did not assess spatial
aggregation at multiple or larger scales. However, even at small scales, as the number
of gouged species sampled increases, the spatial distribution of these independently
clumped species will become more uniform. As an example, gouged trees for one
marmoset habitat were clumped for the three most exploited tree species, although
their collective distribution was not clumped (Lacher et al. 1984). Neither Lacher’s
nor our study evaluated the spatial distribution of exploited relative to unexploited
trees throughout the habitat. Yet, the mean NND between gouged trees in our study
(9.75 m) was far greater than the mean NND that has been reported between
conspecifics (gouged and ungouged) of three species marmosets used in Lacher’s
(1984) study (0.82–2.42 m), as well as those reported for a large number of tree
species in a dry tropical forest (range: 0.7–1.6 m, N=61) (Hubbell 1979). Similarly,
for the three species in Lacher’s study (which were not present in our sample), 40 %
of individual trees were not gouged. Given the relatively small home ranges of
common marmosets, the fact that such a large percentage of trees from habitually
gouged species were not exploited suggests that marmosets exhibit some preference
(spatial or otherwise) for individual trees.

Though gouged trees in our study were spatially clumped, intensely gouged trees
were not necessarily spatially proximate to one another. This confirms observations
that highly gouged trees are frequently found alongside trees of the same species
without gouges (Stevenson and Rylands 1988). Marmosets at Tapacurá more intense-
ly gouged trees with larger circumferences, consistent with former studies on gouge
patterns and locomotion preferences (Jackson 2011; Lacher et al. 1984; Youlantos
2009). We found that this relationship was driven by interspecific differences in
circumference rather than intraspecific variation. This finding suggests that intense
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gouging reflects a preference for larger tree species, rather than older (i.e.) larger,
trees of a given species. However, it is currently unknown whether preference is
determined by trunk size or other species-specific characteristics. It is possible that
the larger trunk size of heavily gouged trees is related to marmoset locomotor
preferences or that marmosets prefer trees with more surface area available for
gouging. There may also be a tendency for large trunked species to possess other
properties desirable for gouging such as nutritional quality and quantity of the
exudate produced, mechanical properties of the bark that facilitate gouging, an
improved capacity to continue producing exudate despite intense gouging, or other
qualities such as increased cover from predators.

Our findings suggest that the distribution of gouged trees exploited by marmosets
is spatially clumped within home ranges, although the intensity of exploitation is not.
Although this distribution may have important implications for the ranging behavior
of marmosets, we found no clear relationship between gouged tree distribution and
the center or peripheral areas of home ranges. This may indicate that the frequent
intergroup aggression seen in marmosets is not driven by competition over exudates,
although we did not assess marmoset behaviors directly. Marmosets gouged larger
trees more intensely, but this pattern was driven by interspecific differences in trunk
size rather than preference for larger trees. We suggest that future research focus on
the structural, mechanical, and nutritional variables driving gouging tree preference in
marmosets.
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