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Foraging opportunity and predation risk act as opposing influences on an animal’s habitat use. “Landscapes of fear” (LOF),
whereby one predicts the spatial distribution of predators or perceived predator presence using prey responses, are an impor-
tant tool for modeling this conflict. LOF models examining perceived predation risk are often generated using a single behavioral
metric, even though individuals can respond to predation pressure with multiple potential behaviors. Here, we expanded tradi-
tional LOF approaches by measuring three antipredator behaviors in wild red-tailed monkeys (Cercopithecus ascanius): aggre-
gation, alarm calling, and vigilance. We predicted that each behavior would reveal spatially explicit regions of high risk, as each
behavior may attend to different aspects of perceived predation risk. The use of different behaviors may depend upon factors
such as vegetation type, age/sex class of an individual, and which other antipredator behaviors are being exhibited by group
members. We collected data on two troops of monkeys in the Issa Valley, Tanzania for over 19 months and conducted 3189 group
follows. We found that vegetation type varied in its effect on antipredator behavior. Monkeys conducted more antipredator be-
havior in more open vegetation types compared to more closed, riparian forests. The LOF models generated for each behavior
mapped distinct and predominantly non-overlapping spatial regions of perceived predation risk, which was replicated across the
two groups. This suggested that monkeys responded differently across their home range to specific perceived risks. Such spa-
tially explicit behavior may indicate vegetation-specific predation risk or unique trade-offs in antipredator behavior throughout a
heterogenous habitat.
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INTRODUCTION

Predation pressure exerts a strong selective pressure on animal
morphology, physiology, and behavior (Lima 1998b; Bidner 2014;
Schmitz 2017), Lima 1998b, Lima 1998a. Although lethal ef-
fects of predation may drive the evolution of various traits, non-
lethal effects can also impact prey responses (Lima 1998a; Brown
et al. 1999; Peacor et al. 2007; Peckarsky et al. 2008), including
foraging costs associated with antipredator behaviors like vigilance
(Lima 1998a; Cowlishaw et al. 2004). Prey species change their
space use as they balance the trade-off between predation risk and

1s informed by the prey’s perception of predator presence (Lima
and Dill 1990; Laundré et al. 2001, 2010; Brown and Kotler 2004;
Campos and Fedigan 2014). This concept relies upon the hypo-
thesis that an animal’s home range encompasses a gradient of risky
areas, all of which can be mapped by measuring space use and
anti-predator behaviors (Laundré et al. 2001, 2010; Prugh et al.
2019).

Given the rarity of observing predation events, sufficient pre-
dation pressure data to build LOF models can be difficult to
gather in many systems (Lima 1998b; Bleicher 2017). As a result,
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foraging opportunities (Brown 1988; Stephens 2018). “Landscape
of fear” (LOF) models allow researchers to measure how space use
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antipredator behavior is often used as a proxy, revealing percep-
tion of the predator landscape (Lima and Dill 1990; Brown and
Kotler 2004). Prey species perceive predators using visual, audi-
tory, and olfactory cues that are sometimes difficult for an observer
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to directly identify (Moll et al. 2017). The information on preda-
tion that prey use to inform their space use can be partial, im-
perfect, or context-specific (Blumstein et al. 2004; Prugh et al.
2019). Yet, the overestimation of risk may be the most beneficial
strategy for prey species given the high-risk and high consequence
of predator attacks (Bouskila and Blumstein 1992; Abrams 1994).
Measurements of direct predation risk may therefore likely under-
estimate the risk that affects prey behavior.

There are numerous behaviors that reveal predation risk per-
ception. Vigilance behavior and alarm calling are two of the most
commonly studied (Brown 1999; Hirsch 2002; Willems and Hill
2009; Campos and Fedigan 2014; Coleman and Hill 2014). Alarm
calls can serve two, non-mutually exclusive functions—either to
alert group members of danger or deter an ambush predator by
exposing it (Zuberbiihler et al. 1997; Papworth et al. 2008; Isbell
and Bidner 2016). The spatial organization of individuals may also
respond to predation risk. Larger group sizes reduce predation risk
by increasing group defense while diluting the risk of each indi-
vidual (Hamilton 1971; Treves 2000). Further, group members
may associate in close proximity to dilute any one individual’s risk
and increase predation detection by Hirsch (2002) and Morrell et
al. (2011). Past work has modeled LOYFs using alarm calling beha-
vior (Willems and Hill 2009; Campos and Fedigan 2014; Coleman
and Hill 2014; Nowak et al. 2014; LaBarge et al. 2021), but other
common antipredator behaviors have yet to be considered in LOF
studies. We propose that vigilance, alarm calling, and aggregation
represent three important antipredator behaviors to model LOFs.
This will be the first study to integrate aggregation behavior into
an LOF model, despite its prevalence in antipredator behavior re-
search (Kohl et al. 2018).

While multiple, independent behaviors reveal predation risk, the
occurrence of any one antipredator behavior may influence the use
of others. Alarm calling, especially by multiple callers, is known to
elicit more vigilance (Blumstein et al. 2004; Campos and Fedigan
2014). In numerous taxa, closer proximity to conspecifics correlated
with decreased vigilance behavior, itself a frequently used metric of
assessing predation risk (Allan and Hill 2018). Each behavior may
also respond to different aspects of risk. For example, antipredator
vigilance can be used both preemptively and reactively to predator
presence, whereas alarm calling is used typically only after pred-
ators are identified (Hirsch 2002; Boinski et al. 2003; Allan and
Hill 2018). These differences highlight the way that LOF models
are heavily dependent upon the antipredator behavior in question.
What we lack to date are comparative LOF models from a single
system to assess model variability resultant of any one behavior.

Predation and antipredator responses can also be
context-dependent, influenced by predator type, habitat charac-
teristics, age/sex class, group demography, and conspecific behav-
iors (Seyfarth et al. 1980; Isbell 1994; Treves 2000; Hirsch 2002;
Verdolin 2006; Laundré et al. 2010; Campos and Fedigan 2014;
Moll et al. 2017; Reyna-Hurtado et al. 2018). In Samango monkey
(Cercopithecus albogularis) groups, fewer individuals responded with
antipredator behavior to snake models compared to eagle and
leopard models, demonstrating that the likelihood to respond to
predation risk can depend upon the predator type (LaBarge et al.
2021). Another influence on responses to perceived predation risk is
the vegetation type of the prey species. Arboreal primates are more
vulnerable to predation in open forest or at forest edges, where they
are more exposed and visible, compared to closed canopy forests
(Jaffe and Isbell 2009). Meta-analysis has shown that studies meas-
uring the effect of predation risk on foraging effort were better
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predicted by habitat characteristics, such as open versus closed
habitats, than predator observations or odors (Verdolin 2006).
Furthermore, the age and sex of an individual may influence their
vulnerability to predation risk and subsequently their production
of antipredator behavior (i.e., yellow marmots: Lea and Blumstein
2011). Any influence that these contexts may have on the produc-
tion of antipredator behavior would then also shape a group’s LOE

Despite the fact that many LOF studies have used guenons as a
model primate prey species (Willems and Hill 2009; Emerson et al.
2011; Makin et al. 2012; Coleman and Hill 2014; Jaatinen et al.
2014; Nowak et al. 2014; LaBarge et al. 2021), these predominantly
focus on samango monkeys. Comparisons of red-tailed monkey
antipredator behavior demonstrate that red-tailed monkeys have
species-specific behavioral responses to predation risk (Struhsaker
19805 Treves 1999; Teelen 2007). Yet, data are lacking on the land-
scape of fear of red-tailed monkeys (C. ascanius). Red-tailed mon-
keys in the Issa Valley live sympatrically with multiple predator
types (carnivore, primate, and avian predators) and within a het-
erogeneous (mosaic-woodland) environment, providing an excellent
opportunity for us to characterize the distinct, context-dependent
patterns of antipredator behaviors and model LOFs. We inves-
tigated three antipredator behaviors: vigilance, aggregation, and
alarm calling, and in which vegetation types these behaviors were
most often produced.

Specifically, we hypothesized that each of the three antipredator
behaviors 1) is uniquely context-dependent, 2) reveals spatially ex-
plicit risk-regions, and 3) ultimately constructs unique LOF models
compared to one other. We tested four predictions under the first hy-
pothesis: 1) that each of two red-tailed monkey groups will exhibit
more antipredator behaviors in woodland (compared to riparian
forest) vegetation; 2) that more individuals will be vigilant during an
alarm call; 3) that there will be fewer vigilant individuals during closer
group aggregations; 4) that individuals of more vulnerable age/sex
classes will aggregate more closely. For the second hypothesis, we
constructed LOFs for each antipredator behavior to show risky and
safe regions. Lastly, we predicted that similar context-dependent con-
ditions, such as vegetation type, would impact the frequency of be-
havioral responses and thus produce variable LOFs with only partial
overlap across the home range of each group.

METHODS
Study site and system

We collected data on two troops of red-tailed monkeys from the Issa
valley, Tanzania that have been habituated since 2012 (McLester,
Brown, et al. 2019). The Issa valley lies approximately 100 km east
of Lake Tanganyika, inland between Gombe Stream and Mahale
Mountains National Parks (Figure 1). The elevation ranges from
1050 to 1800 m. Between August 2018 and July 2019, mean daily
temperatures ranged from 9.7 to 35.6 °C and the study area re-
ceived 1247 mm of rainfall. The Issa valley is a mosaic landscape,
dominated by miombo woodland, and including riparian forest,
thicket, and grassland. Riparian forest consisted of thin strips of
forest along rivers and can be further categorized by regions of
densely clustered trees that we termed closed forest and regions
of more widely distributed trees, sometimes along rivers, that we
termed open forest. There are also patches of dense thicket that
have a low canopy, considered the most closed vegetation type with
estimated cover of 85.5% (Hernandez-Aguilar 2009). Miombo
woodland, an open vegetation type, consists predominantly of
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Figure 1

Map of western Tanzania with the Issa Valley Research area indicated by the box in the center of the map. The 95% kernel density estimation of habitat

utilization from July 2018 to December 2019 of group K1 and group K2.

Brachystegia and Julbernardia (Fabaceae) with a previously estimated
canopy cover of 63% (Hernandez-Aguilar 2009; Piel et al. 2017).
Issa is characterized by its faunal diversity (Piel et al. 2019), in-
cluding bushbuck (Zragelaphus scriptus), roan antelope (Hippotragus
equinus), eland (Zaurotragus oryx), and numerous predators such as
leopard (Panthera pardus), lion (P leo), spotted hyena (Crocuta crocuta),
wild dog (Lycaon pictus), crowned-hawk eagles (Stephanoactus coronatus),
and various small carnivores (Piel et al. 2019).

The two groups of red-tailed monkeys, K1 and K2, were com-
prised of 35 and 15 individuals, respectively, at the beginning of
the study (August 2018). K1’s home range was 3.12 km? and K2
was 0.66 km? (Figure 1), of which only 4.27% was shared. There
is known predation on C. ascanius by leopards (McLester, Sweeney,
et al. 2019) and chimpanzees (Pan troglodytes schweinfurthiz) (AP & IS,
unpublished data) at Issa. At nearby Mahale Mountains National
park, C. ascanius accounts for the most frequent prey species for
crowned-hawk eagles (Scike 2022). However, to date, no observa-
tion of predation by hawks of monkeys has been made at Issa. We
ascribed individuals to the following age/sex classes: adult males,
subadults/juveniles, adult females, and mothers with infants, but
were unable to identify individuals.

Data collection

We collected data from July 2018 to December 2019. Each monkey
group was followed for ~1 week/month by experienced field as-
sistants and researchers personally trained by LF for collection of
these data and validated for interobserver reliability. Although ob-
servers changed across the study period, we found that data col-
lected in group scans had a consistent spread across the collection
period (Supplementary Iigure S1). We collected data from sunrise
(~7:00), around the point the group left their sleeping site, until
they arrived at the next sleeping site (~19:00).

Red tails produce “ka” and “chirp” alarm calls, the former pro-
duced by males and louder than the latter, produced by females,
subadults, and juveniles (Marler 1973). We recorded all occurrences
of alarm calls by any group member. We were able to distinguish
alarm call types by age/sex class-specific alarm call types (male
and female-subadult-juvenile types), however, predator-specific
alarm calls have yet to be identified in red-tailed monkeys. For age/
sex class identification, individuals that were unidentifiable, diffi-
cult to see sufficiently, or between age/sex classes were recorded
as unknown. They are not discussed for the age/sex class results.
However, they were kept in the models so that we may consider
these observations with the other response variables.

We used 10-min interval group scan sampling to record vigilance
behavior. During each observation period, we noted the number of
vigilant individuals. Vigilance was defined as an individual looking
at an area either above or below its line of sight and not at an-
other group member (Treves 2000; Allan and Hill 2018). This def-
mition allowed us to differentiate between two kinds of vigilance,
social monitoring and vigilance of the surroundings presumed to
be monitoring for predators (Hirsch 2002). In addition to the total
number of vigilant individuals, we also recorded the total number
of individuals visible to the observer. We conducted 3188 group
scans on the vigilance patterns.

To measure aggregation behavior, we used a nearest neighbor
protocol that was employed simultaneously to our group scans.
We selected a random individual for focal observations and clas-
sified the distance to its three nearest neighbors in one of four
distance bins (0-5 m, 5-10 m, 10-15 m, and greater than 15
m). If three neighbors were not all visible within 15 m, we re-
corded a value of greater than 15 m for those out of sight. To
reduce the likelihood of resampling the same individual in con-
secutive scans, we did not collect individuals of the same age/sex
class in consecutive scans. Dependent infants were not included
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as neighbors for mothers with infants. During group scans, we
also collected observations of the nearest neighbors to a “ran-
domized” focal.

For all observations, a GPS location was automatically recorded
by both Samsung tablets (Samsung, Galaxy Tab A) and hand-
held Global Positioning System (GPS) units (Garmin Rhino 700,
two-way GPS radios). We also identified and recorded the veg-
etation type in which the group was present, classifying individ-
uals as either in closed forest, open forest, woodland, or thicket.
Each observation was measured at the group level (i.e., amount of
vigilance in group). Because of this, when group members were
distributed across multiple vegetation types they were coded as ei-
ther mixed forest (group spread between both open and closed
forest) or edge (group spread between both forest and woodland).
We classified vegetation types as follows (from most to least open):
woodland, edge, open forest, mixed forest, closed forest, and
thicket.

To examine the occurrence of each antipredator behavior
within a broader behavioral context, we matched the alarm
calling behaviors to the group scan observations, recorded every
10 min. We paired alarm calls to the earliest group scan obser-
vation within 12 min following the alarm call. We were able
to pair 174 alarm calls to group scan observations. When con-
structing LOFs with alarm call data, we considered all alarm call
observations.

Hypothesis 1: Antipredator behavior is
context-dependent

To test Hypothesis 1 concerning the influence of vegetation type,
age/sex class (aggregation model only), and antipredator behav-
iors on each other, we generated generalized linear models (GLM)
in R (Version 4.0.5, R Core Team 2021). For the vigilance model,
we looked at counts of the number of vigilant individuals and used
a negative binomial distribution from the “glmmTMB” package
(Brooks et al. 2017). We quantified aggregation as the average dis-
tance to three nearest neighbors, then converted aggregation into
a proportion out of 15 meters to allow us to run a gamma distri-
bution using “glmmTMB” (Brooks et al. 2017). Lastly, using the
presence of alarm calls during each scan, we constructed a bino-
mial model using the “Ime4” package (Bates et al. 2015). We also
included vegetation type and the two other antipredator behav-
iors as fixed effects. We controlled for the number of individuals
visible as a fixed effect as counts of vigilance are limited by the
number of monkeys in view to the researcher. In the aggregation
model, we included the age/sex of the focal individual as a fixed
effect. We were able to replicate each model by using data from
two groups of monkeys. The analysis of two groups allowed us to
determine if some patterns were replicable. However, with only
two groups, we had insufficient variation and statistical power to
test the influence of any one factor that could contribute to group
differences.

Using the
ducted full null model comparisons and calculated model effect
significance using type II Wald chi-square tests. We ran posterior
predictive checks on all models using the “performance” package
to check the fit of the model to the data (Lidecke et al. 2021).
We completed Tukey’s Honestly Significant Difference (HSD) test
post-hoc analyses on the categorical variables, vegetation type
and age/sex class, using the “multcomp” package (Hothorn et al.
2008).

13

car” package (Fox and Weisberg 2019), we con-
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Hypothesis 2: Multiple antipredator behaviors
can construct spatially explicit regions of
increased perceived predation risk

To test Hypothesis 2, we used relative risk modeling methods to
determine if the behaviors collected would form distinct regions of
increased risk relative to overall space use. We first calculated a 95%
kernel density estimation and least-squares cross-validation (LSCV)
using the package “adehabitatHR” (Calenge 2006) to determine
the home range of each group. A prominent statistical obstacle of
using LSCV is that it often fails to converge when GPS points are
overlapped, too close together, or there are simply too many points.
Per package recommendations, we implemented a small amount
of noise to our data, using the results of the LSCV itself to de-
termine a minimal and sufficient amount of noise. To create LOF
models using three different behavioral metrics of perceived preda-
tion risk, we calculated the relative risk based on the occurrence of
each antipredator behavior. The spatial regions outputted indicated
spatial areas of significantly greater occurrence of antipredator be-
havior relative to overall time spent in the region and were delin-
cated at both the 0.05 and 0.01 alpha level. Relative risk models
have been applied to previous LOF studies and maps the ratio of
presence to absence of the behavior (Campos and Fedigan 2014;
Davies et al. 2018). We dichotomized each behavior into presence/
absence to calculate the probability of its occurrence.

We scored all group scans without an alarm call as absence
while all observations of alarm calls were coded as presence. To
code aggregation, we defined neighbors within 10 m as evidence
of antipredator aggregation (presence) and neighbors outside of
that range as controls of absence of aggregation behavior (see
Supplementary Materials for justification of 10 m cutoff). Using the
“sparr” package, we constructed asymptomatic tolerance contours
using bootstrapping to define the limits of the polygons (Davies et
al. 2018). Boundaries for these models were defined as 95% kernel
density estimations of home range, using the “adehabitatHR”
package in R (Calenge 2006).

Hypothesis 3: Different antipredator behaviors
construct different landscapes of fear

To test Hypothesis 3, we compared the contours produced in our
LOF models to see how much they overlapped. We calculated
the overlap of contours at the 0.05 alpha level using the packages
“spatstat.geom” (Baddeley et al. 2015). The exact area of regions
and the subsequent exact percentages of overlap are sensitive to the
estimation method, the bandwidth parameter, the smoothing reg-
imen, and other parameters used in the model. Due to this sen-
sitivity, our interpretation of overlap did not emphasize the exact
percentages but considered them to be rough estimates of the un-
derlying relationship between the antipredator behaviors or groups.
We cannot know at what point such differences are meaningful to
the monkeys themselves. Consequently, we discuss the more general
trend of which behaviors had the most and least overlap to identify
potentially important patterns in behavior.

RESULTS

Hypothesis 1: Antipredator behavior is
context-dependent

We predicted that antipredator behavior would be conducted most
in the open, woodland vegetation and the least in closed, riparian
forest vegetation (Prediction 1). We found that frequency of two
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anti-predator behaviors, vigilance and aggregation, were predicted
by vegetation type, with a general trend of greater antipredator
behavior in more pen vegetation types. However, the relationships
of specific vegetation types differed between groups.. Monkeys
of both groups were the most vigilant when in forest edges (be-
tween woodland and forests), and the least vigilant in closed forest
vegetation (x> = 14.34, df = 5, P = 0.014; Figure 2). In K1, the
number of vigilant individuals did not differ amongst other vege-
tation types. In K2, monkeys in closed forest were significantly less
vigilant than in all other vegetation types and they were more vigi-
lant at the forest edge compared to the open forest (x? = 37.94, df
=4, P < 0.001; Figure 2). Vegetation type predicted aggregation
behavior, though this relationship differed from that shown by vigi-
lance behavior (K1: %2 = 65.51, df = 5, P < 0.001; K2: x2 = 90.15,
df =4, P < 0.001). Monkeys were the least aggregated in mixed
forest and most aggregated in the woodland (Figure 2). Vegetation
type did not predict alarm calling behavior (K1: % = 10.21, df =
5, P=0.069; K2: 42 = 1.78, df = 4, P=0.78).

Second, we predicted that the group would have more vigilant
members during alarm calls (Prediction 2). However, we found that
vigilance was not predicted by alarm calling in either group (K1:
¥? =0.18,df = 1, P = 0.67; K2: ¥ = 0.22, df = 1, P = 064).
When considering alarm calling as the dependent variable, it was
not predicted by vigilance in K1 (x? = 0.14, df = 1, P = 0.71). In
K2, alarm calling was not predicted by any anti-predator behaviors
(vigilance: % = 0.26, df = 1, P = 0.61; aggregation: K1: %% = 0.06,
df =1, P = 0.81). However, closer aggregations correlated with a
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higher probability of alarm call production in K1 (y* = 6.42, df =
1, P=0.011; Figure 4).

We predicted that there would be fewer vigilant individuals
during closer group aggregations (Prediction 3). For K1, we found
the opposite pattern as closer aggregations correlated with more
vigilance behavior (vigilance as dependent variable: x> = 18.28, df
=1, P<0.001; aggregation as dependent variable: x> = 9.60, df =
1, P < 0.001; Figure 3). In K2, only the aggregation model, which
controlled for age/sex class, showed a significant negative corre-
lation between vigilance and aggregation (vigilance as dependent
variable: %% = 0.10, df = 1, P = 0.75; aggregation as dependent
variable: ¥2 = 4.13, df = 1, P = 0.04).

We predicted that individuals of age/sex classes previously iden-
tified in other guenon species to face greater predation risk will ag-
gregate more closely and alarm call more often (Prediction 4). The
age/sex class of the focal and presence of infants predicted ag-
gregation behavior (K1: ¢ = 98.09, df = 5, P < 0.001; K2: ? =
115.17, df =5, P < 0.001; Figure 2). In both K1 and K2, mothers
with infants had the furthest average distance to neighbors and sub-
adults the closest aggregations. In K2, juveniles and sub-adults ex-
hibited the closest aggregations, whereas adult males were closer to
neighbors compared to mothers with infants, but not other adult
females. In both groups, adult females without infants were more
closely aggregated than those with infants. Considering raw counts
of alarm calls, we found that males produced 34 (K1) and 26 (K2)
alarm calls. Females, subadults, or juveniles produced 34 (K1) and
52 (K2) alarm calls.
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Heatmap demonstrating the pairwise comparisons, pulled from a Tukey’s HSD. The box on the left shows results between habitat types as predictors of
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the x-axis to the y-axis values. Text indicates P-values for the comparisons: “*#** (0.001; “*** 0.01; “** 0.05; “n.s” > 0.05.
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Figure 3

Closer aggregations of conspecifics (meters) is predicted by observations of
more vigilant individuals in (a) K1 but not in (b) K2. Visualization contains
+ standard error as gray bands around the estimate line, rendered from
GLM. This model differs qualitatively from the model with vigilance as a
response variable given the additional control of age/sex class, however
both models show the same direction of the relationship between vigilance
and aggregation behavior for K1. K2 shows the opposite trend, with greater
vigilance in more spaced aggregations.
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Figure 4

Closer aggregations of conspecifics (meters) predict greater probability of
alarm calling in K1 only. Visualization contains * standard error as gray
bands around the estimate line, rendered from GLM.
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Relative risk models of the occurrences of antipredator behavior relative to the monkey’s home range. Contours reflect significantly increased predation
risk at the P = 0.05 alpha level (dashed line) and the £ = 0.01 alpha level (solid line). The models were mapped using a log-scale and confined to a polygon
representing a 95% kernel density estimation of the group’s home range.
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Table 1.
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Percentage of overlap between LOF models of different antipredator behaviors for each group.

Group compared K1 K2

Anti-predator behaviors Vigilance Aggregation Alarm calling Vigilance Aggregation Alarm calling
Vigilance — 4.03% 0.19% — 2.11% 5.53%
Aggregation 4.03% — 1.99% 2.11% — 1.99%
Alarm calling 0.19% 1.99% — 5.53% 1.99% —

Contours were significant at the 0.05 P-value.

Hypothesis 2: Multiple antipredator behaviors
can construct spatially explicit regions of
increased perceived predation risk

Using the home range estimation as boundaries, we created relative
risk models of each behavior for each group (Iigure 5). In these
models, the contours, or regions of significantly increased risk at
the P = 0.05 alpha level, reflect the distinct regions of increased
perceived predation risk. For each antipredator behavior, we were
able to model spatial regions of significantly increased risk. Despite
having a smaller group size and home-range, K2 exhibited a larger
total area of relative risk for each anti-predator behavior compared
to K1. K2 contour areas were 1.07 times larger for alarm calling,
1.27 times larger for aggregation, and 1.08 times larger for vigi-
lance. Tor both groups, vigilance contours had the most area with
3.01 (K1) and 2.62 (K2) times the area of the aggregation contours.

Hypothesis 3: Different antipredator behaviors
construct different landscapes of fear

Which behaviors shared the greatest overlap in their LOF models
differed for each group. For K1, the greatest overlap of 5.59%
was between aggregation and alarm calling (Table 1). For K2, the
greatest overlap of 5.53 % was between alarm calling and vigi-
lance. Relative risk models, like many spatial models, are sensitive
to the parameters utilized. Though we present the exact numbers
in our results, only the general trends of importance are used for
interpretation. Nevertheless, these models reveal that each behavior
maps distinct (spatial) regions of perceived predation risk. Relative
to the sum of each group’s contours, there was the greatest percent
overlap in K1 and K2’s alarm-calling regions, with 4.50% overlap.
Less than 0.04% of the area of K1 and K2’s vigilance contours
overlapped. Therefore, for each behavior, each group appears to be
creating over 95% of their contours in unique regions from one
another.

DISCUSSION

We investigated three different antipredator behaviors in groups of
wild red-tailed monkeys to determine how antipredator behaviors
differ in their use and spatial distribution. We found support for our
hypothesis that antipredator behaviors are context-specific, as each
behavior demonstrated different relationships to vegetation types
and the other antipredator behaviors. We found that vegetation
type was associated with antipredator behaviors in both K1 and K2,
with individuals more vigilant and closely aggregated in open veg-
etation types compared to closed types. Additionally, aggregations

were closer during instances of high vigilance or alarm calling.
Furthermore, age/sex class predicted aggregations while alarm
calling occurred nearly as often in single adult males as between all
other callers. For each antipredator behavior, the LOF models had
non-overlapping, contours, or spatial regions of significant occur-
rences of antipredator behavior relative to overall use. The regions
themselves were dependent upon the antipredator behavior metric
used and the group affiliated with the behavior. The antipredator
behaviors with the greatest overlap for K1 had the least overlap for
K2 and vice versa. The smaller K2 group had larger areas of rela-
tive risk and more variation in size between antipredator behaviors
compared to K1. No antipredator behavior metric (alarm calling,
aggregation, or vigilance) overlapped with all, or even more than
6%, of the contours of the other metrics or group, thus there is no
evidence that any single antipredator behavior reflects a complete
landscape of the prey’s perceived predation risk.

The aim of this study was to develop a more complete repre-
sentation of the red-tailed monkey’s LOF as well as highlight the
context dependency of anti-predator behaviors with both linear
and spatial modeling techniques. Most non-experimental LOF
studies in primates measure alarm calls as a metric for perceived
predation risk (Willems and Hill 2009; Campos and Fedigan
2014; Coleman and Hill 2014; Nowak et al. 2014; LaBarge
et al. 2021). Yet, alarm calls are just one of multiple strategies
that individuals employ when they perceive risk. The usage of
any one anti-predator behavior is influenced by the context, ul-
timately influencing which behavior is exhibited. One context
that we considered was vegetation type. We found that vegeta-
tion type had different relationships to each antipredator beha-
vior, which could drive diverse behavioral reaction to perceived
predation risk and consequently produce different LOFs for each
antipredator behavior. Consistent with past work on the red-tailed
monkeys of Kakamenga (Kenya) (Cords 1990), we found monkey
groups to be more vigilant in open vegetation types. Specifically,
in both groups, the edge between woodland and forest appeared
to have the highest rates of vigilance in the group. Open habitat
vegetation increases predator (and prey) visibility and thus may
increase prey vulnerability; however, it may also influence the ef-
fectiveness of vigilance behavior (Isbell 1994) as monkeys can see
further with less foliage (Jaffe and Isbell 2009). The edge vege-
tation may be especially effective for vigilance. It is more open
than the forest vegetation types and can allow individuals to scan
woodlands (where they are more vulnerable) before entering
them. As for the other antipredator behavior, we found that both
groups were more closely aggregated in the woodland and edge
vegetations compared to mixed and open forests. Differences in
canopy across vegetation types may also explain higher vigilance
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and closer aggregations in open vegetation types. Samango mon-
keys were found to demonstrate greater perceived predation risk
when lower in the canopy (Nowak et al. 2014). The Issa woodland
has canopy heights ranging 5-20 m, with most averaging 10-12
m. In comparison, riparian forest ranges from heights of 7-40 m
(Hernandez-Aguilar 2009), which could further impact whether
prey are more vulnerable to terrestrial predators when in the
canopy. If a vegetation type increases the vulnerability of prey,
predators may preferentially hunt in those locations. The vulner-
ability allotted by different predator types has been a significant
predictor of predation activity and density in other prey taxa (e.g,
Northern bobwhites in United States: Atuo and O’Connell 2017,
livestock in S. Africa: Minnie et al. 2015). Future work could de-
termine whether the open vegetation types that predict increased
antipredator behavior also predict increased predator distribution.

We also examined the associations among antipredator behaviors
themselves.. During instances of alarm calling or high vigilance,
K1 monkeys were more closely aggregated. Close aggregations
may allow for the social transmission of information on predation
risk, driving more vigilance or alarm calling (Treves 1998; LaBarge
et al. 2021). Positive relationships between aggregation and vigi-
lance may also be due to a contagion effect, where individuals that
are more closely aggregated and visible to neighbors may copy the
vigilance of nearby individuals (Pays et al. 2007). Yet, we did find
more closer aggregations correspond to lower rates of vigilance
in K2. One potential explanation for this is that more individuals
nearby promote more reliable predator detection and greater risk
dilution akin to the influence of larger group sizes (Hamilton 1971;
Treves 2000). Another potential explanation is that the K2 group
could be more closely related than those individuals in KI. In
Japanese macaques (M. fuscata), individuals that were more closely
aggregated were less vigilant only when those neighbors were kin
(Iki and Kutsukake 2021). It is possible that K2 exhibits a closer
kinship structure than K1, which would influence our aggregation
results. This would also drive K2 individuals to benefit more from
close aggregations if they are more likely to contain kin. To resolve
this uncertainty, we can next assess genetic relatedness amongst the
members of each group.

Individuals of different age/sex classes may experience dif-
ferent trade-offs in their behavioral responses to perceived pre-
dation risk, such as greater benefits in protecting group members
or increased vulnerability to actualized predation. We were only
able to examine age/sex class in the aggregation model. We found
that adult male red-tailed monkeys aggregated more closely than
mothers with infants, though not other adult females. The “infant
safety hypothesis” proposes that mothers may avoid grouping near
males to decrease vulnerability to threats like infanticide, which has
been observed in red-tailed monkeys (Struhsaker 1977; Otali and
Gilchrist 2006). Another potential explanation is that mothers with
dependent offspring may move slower due to the energetic and
physical demands of raising and carrying their dependent young,
which affects their presence and positioning within the social group
(Wrangham 2000).

Juveniles and subadults aggregated more closely than adult
males, which may be explained by increased vulnerability to pre-
dation of this group. Juveniles or subadults are generally most vul-
nerable to predation and therefore invest more into vigilance than
adults (Oversluijs Vasquez and Heymann 2001; Lledo-Ferrer et
al. 2009; Lea and Blumstein 2011). We were able to compare raw
counts of alarm calls by adult males versus females, subadults, or
juveniles. Though each group tended to have a single adult male,
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adult male calls were nearly as prevalent as calls produced by any
of the other many females, subadults or juveniles. This suggests
that any single male may produce more calls than any single fe-
male, subadult, or juvenile would. However, we would still need to
confirm this by identifying individuals and then determining the
number of calls produced by each individual.

In numerous cercopithecine species, males produce more alarm
calls than females, vary less in their distance to conspecifics, and
are more vigilant than females (Smuts et al. 1987; Baldellou and
Peter Henzi 1992; Treves 1998; van Schaik et al. 2022). Males may
be more incentivized to alarm call to protect future mates and/or
sired offspring. As there are typically few adult males in any one
group, these individuals have high reproductive skew and sire many
of the offspring in their social group (Altmann 1962; Kutsukake
and Nunn 2006). Identifying individual callers and constructing the
genealogy of each group could confirm whether the relatedness of
an individual to its group members predicts the propensity to alarm
call. One takeaway of age/sex class investigation into aggregation
and the categorization of counts of alarm calls is that aggregation
may reflect the behavioral response of females without infants,
subadults, or juveniles, while alarm calling could potentially bias
a male’s antipredator responses. Since demography differed across
the groups, we are cautious of relying upon the frequency and con-
centration of a single antipredator behavior to indicate an entire
group’s perceived predation risk.

If the use of any one antipredator behavior influences the like-
lihood of other behaviors, then any LOF model that uses a single
behavioral response (spatially) under-estimates perceived preda-
tion risk. We did not find vigilance and alarm calls to be associ-
ated, even after we controlled for vegetation type. Considering this
in combination with the lack of overlap in each LOF model, we
suggest that each antipredator behavior is responding to different
aspects of predation risk, for example, predator type, predator at-
tack mode (ambush, etc.), or escape routes. These aspects may be
relative to the prevalence of other antipredator behaviors. The
use of one behavior in a given context could decrease the need of
other antipredator behaviors, for example, alarm calls can prompt
group movement away from a perceived threat which may nullify
the need for further antipredator responses (Seylarth et al. 1980;
Zuberbiihler et al. 1997). Subsequent analysis into pre- and post-
calling movement patterns could test this hypothesis. Lastly, animals
may be vigilant preemptively, before a predator is visually detected,
which would suggest the behavior may be used before others
(Boinski et al. 2003).

Other factors that we did not measure directly may explain
the variation that we found in our results. Antipredator strategies
may also be used relative to predator types, which would explain
the lack of relationship between antipredator behaviors and lack
of overlap in the LOF models. Experimental work has demon-
strated that vervet monkeys (e.g.,, Chlorocebus pygerythrus) increased
vigilance after raptor and snake (playback) alarm calls but fled
into the trees following (playback) leopard alarm calls (Seyfarth et
al. 1980). Samango monkeys are known to elicit different degrees
of antipredator response to different predator models (LaBarge ct
al. 2021). At Issa, red-tailed monkeys are most vulnerable to attack
by leopards, chimpanzees, and potentially crowned hawk eagles
(McLester et al., 2019, AP & FS unpublished data). In an ob-
served leopard predation event on K1 in the Issa Valley, the leopard
attacked from the woodland (McLester, Sweeney, et al. 2019).
Leopards in woodland savanna hunt most in intermediate vegeta-
tion coverage despite prey being most abundant in dense vegetation
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(Balme et al. 2007). Leopards that predate livestock were observed
to concentrate kills at specific vegetation types and the borders
of the prey’s habitat (Minnie et al. 2015). Most observed hunting
events by chimpanzees at Issa occurred in woodlands (AP, FS un-
published data). If certain predators are more common in certain
vegetation types and monkeys demonstrate predator-specific behav-
ioral responses to risk, we would expect predator type to partially
explain the trend that we see between behavior and vegetation as
well as differences in the LOF models of each behavior. To fur-
ther test the relationship of predator and vegetation types, we could
construct predator occupancy models and relate them to monkey
movement and behavior. Using the LOF as a guide, we could also
more effectively target areas of high perceived risk for camera trap
sampling.

Different cues of potential predation risk may be more likely
to elicit different antipredator behaviors in response. In theory,
alarm calling may only reflect urgency given the high risk it incurs
on callers (Charnov and Krebs 1975). However, if alarm calling
is applied in only high-urgency contexts, we would expect higher
frequencies of all antipredator behaviors (Lima 1998a). We do
not find this to be the case as alarm calling was not associated
with increased vigilance. Rather, alarm calling may be applied in
context-dependent scenarios, such as in the presence of more direct
cues of predators, for example, direct observation or predator vo-
calization. Olfactory and less direct auditory cues of predation may
elicit vigilance and aggregation of prey before they directly observe
the predator. Data from Samango monkeys suggest that aggrega-
tion may be a preemptive rather than a reactive strategy in regions
of high predation risk (LaBarge et al. 2020). Monkeys may also use
cues from their environment to determine their risk. We found that
open vegetation types correlated with increased vigilance and closer
aggregations. It has previously been suggested that open vegetation
may serve as a cue for increased vulnerability to predation (Jaffe
and Isbell 2009). Monkeys may use specific behavioral responses for
specific cues of potential risk, allowing them to forgo more costly
responses when possible.

Lastly, we found that some patterns of antipredator behavior
were only seen in one group. Though our intention of this study
was not to compare the groups, our failure to replicate findings
may provide insight into other factors that influence the use and
distribution of antipredator behaviors. We also found that the LOF
models varied between groups in their overlap and size. The dif-
ferences between the two groups could be due multiple, unmeas-
ured factors such as differences in predator densities/distribution,
monkey kinship relationships, group size, vegetation proportions,
or home range between the two groups. Our small sample size of
two groups prevented us from any comparisons to test what influ-
ences these differences. However, we will suggest differences in the
group that may identify potential factors for future group compar-
ison studies. The relationship between proximity to conspecifics
and alarm calling that we observed in K1 could indicate that alarm
calling in C. ascanius is influenced by the behavior of conspecifics.
Its absence in K2 may be indicative of a potential interaction with
group size that influences the relationships between antipredator
behaviors. A smaller group size would (theoretically) face higher
risk and may drive generally closer aggregations irrespective of
the alarm calls. Our findings also demonstrate that the smaller
group had larger areas of high perceived predation risk than the
larger group. This corroborates theory that proposes that large
group sizes decrease predation risk (Hamilton 1971; Treves 2000).
Though it may not reflect increased predator presence, small group
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size may drive the prey to use anti-predator behaviors more com-
monly throughout their habitat. Future investigation into predator
presence across the Issa Valley could corroborate whether groups
perceive greater vulnerability to predators or predator presence.
However, to test group size as an eflect itself, we would need to
study another population, with more than two habituated, single
species monkey groups ideally living under similar environmental
and predation conditions. Yet, the variation we see serves as an im-
portant caveat to behavioral ecologists on overgeneralizing any one
pattern of antipredator behavior observed in a single group to the
entire population or species.

CONCLUSION

In summary, we found that groups of mosaic habitat dwelling
red-tailed monkey antipredator behavior varied with vegetation,
the other behaviors conducted, and the age/sex class. The LOF
models of each behavior demonstrated distinct contours from
one another. These differences suggest that each behavioral re-
sponse may inform a different aspect of perceived predation risk.
Antipredator behavior in red-tailed monkeys may respond to not
just the physical environment—as we have shown here—but also
the social environment, with individuals responding to each other’s
behavior. Monkey groups of different sizes and predominantly dif-
ferent home ranges appear to also differ in patterns of antipredator
behaviors and their LOFs. Future LOF studies will benefit from
using multiple antipredator response metrics and especially across
multiple groups (with known individuals) to help identify causative
influences on these key behaviors.
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