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ARTICLE INFO o . ) o ) ) )
Memories linked to specific locations provide information for animals to plan future actions and

anticipate the occurrence of events. Here, we examined goal-directed travel towards locations where
biologically meaningful events had previously taken place to elucidate the relative importance of past
social and ecological information for route planning. We inferred goal-directed travelling by detecting
long sections of straight-line travel, followed by significant directional changes along travel trajectories of
five neighbouring groups of black howler monkeys, Alouatta pigra, at Palenque National Park, Mexico.
Post hoc, we determined at the approached locations: (1) the behaviour of the group; (2) the occurrence
of previous intergroup interactions; and (3) the ecological properties of the feeding tree (i.e. importance
in diet, level of phenological synchrony). The likelihood of goal-directed travel towards a location to
engage in loud calling increased after having experienced an encounter with a neighbouring group at
that same location in the past. Additionally, the likelihood of goal-directed travel towards a location to
forage on fruits increased when the approached tree was considered important in the diet with highly
synchronous phenological cycles. Our results indicate that route planning in wild animals involves an
integration of both social and ecological variables.
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“It's a poor sort of memory that only works backwards,' says the
White Queen to Alice’ (Carroll, 1872, chapter 5). Memories provide
information for animals to plan future actions and anticipate the
occurrence of events (Gardner & Moser, 2017). By interacting with
the environment, animals construct mental representations of the
space wherein they live, such as cognitive maps (Tolman, 1948;
Warren, 2019). In these maps, information related to personal,
unique experiences is coded at specific locations (Clayton, Bussey,
& Dickinson, 2003; Templer & Hampton, 2013). The contextual
information associated with these experiences enables a wide
range of animals to plan future actions (western scrub jays, Aphe-
locoma coerulescens, Clayton & Dickinson, 1998; brown rats, Rattus
norvegicus, Crystal, 2016; common squirrel monkeys, Saimiri
sciureus, Nagshbandi & Roberts, 2006; chimpanzees, Pan
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troglodytes, Martin-Ordas, Haun, Colmenares, & Call, 2010). Yet,
there is a lack of understanding of which kind of contextual infor-
mation is used among species to support planning skills in wild
populations (Grodzinski & Clayton, 2010; Janmaat, 2019).

Social interactions among conspecifics have been shown to
provide information that influence animals' movement decisions at
the moment of travelling (e.g. avoidance of encounters with groups
of conspecifics in baboons, Papio ursinus, Noser & Byrne, 2007;
migratory departure time in sockeye salmon, Oncorhynchus nerka,
Berdahl, Westley, & Quinn, 2017; migratory route's trajectory in
caribous, Rangifer tarandus, Torney et al., 2018). Similarly, social
events that took place in the past at given locations have been
proposed to influence animals’ movement decisions (Templer &
Hampton, 2013). Remembering the occurrence of intergroup en-
counters, fission events among subgroups or loud vocal commu-
nication at given locations have been suggested to benefit wild
populations' ability to adjust their trajectories by anticipating the

0003-3472/© 2020 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
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potential recurrence of such events at that same location (Asensio,
Brockelman, Malaivijitnond, & Reichard, 2011; Di Fiore & Suarez,
2007; Grodzinski & Clayton, 2010). However, to the best of our
knowledge, there is no empirical evidence of movement planning
skills associated with past social events in wild populations
(Janmaat, 2019).

In addition to the social complexity, the complexity of the
temporal and spatial patterns of food items is also likely to influ-
ence an animal's memory processing (Davies & Houston, 1981;
Morand-Ferron, Hermer, Jones, & Thompson, 2019; Riotte-Lambert
& Matthiopoulos, 2020). Free-living hummingbirds, the green-
backed firecrown, Sephanoides sephaniodes, memorized the loca-
tion and renewal rate of nectar in specific flowers and matched
revisiting events to these flowers accordingly (Gonzalez-Gomez,
Bozinovic, & Vasquez, 2011; also rufous hummingbirds, Selaspho-
rus rufus; Jelbert, Hurly, Marshall, & Healy, 2014). Similarly, other
species that rely on energetically valuable, yet ephemeral food
items have been shown to plan revisits to foraging sites according
to the renewal and expiration rates of these items in both the wild
and captive settings (western scrub jays, Clayton & Dickinson, 1998;
black-capped chickadees, Poecile atricapillus, Feeney, Roberts, &
Sherry, 2009; savannah elephants, Loxodonta africana, Polansky,
Kilian, & Wittemyer, 2015; black-horned capuchins, Sapajus nig-
ritus, Janson, 2016). However, the high spatiotemporal complexity
of fruits in rainforests can be especially challenging for animals’
foraging success (Janmaat et al., 2016; Levey, 1988; van Schaik,
Terborgh, & Wright, 1993). Tree species' phenological cycles vary
in the degree of synchrony, from all individual trees producing fruit
within the same temporal window annually to each individual
producing fruits at irregular time intervals independently from one
another (Adamescu et al, 2018; Rathcke & Lacey, 1985). While
correctly predicting the presence of fruits at highly synchronous
tree species requires memorizing phenological cycles at the species
level, asynchronous species require memorization at the individual
level (Janmaat, Chapman, Meijer, & Zuberbiihler, 2012; Riotte-
Lambert & Matthiopoulos, 2020). The amount of information that
animal species integrate is dictated by their cognitive capacity
(Tello-Ramos, Branch, Kozlovsky, Pitera, & Pravosudov, 2019;
Tolman, 1948). Hence, a strategy that remembers both the pheno-
logical patterns of a small subset of feeding locations that show
asynchronous patterns and a large number of feeding locations
with synchronous cycles at the species level is likely to favour
anticipating the availability of fruits while reducing the cognitive
load of the animal (Delgado & Jacobs, 2017; Janmaat et al., 2012).

While animals probably value retaining information associated
with social and ecological contexts, little is known about the rela-
tive importance of each kind of information across species (Burkart,
Schubiger, & van Schaik, 2017; Spiegel & Crofoot, 2016). An ex-
amination of animals’ movement trajectories to reach specific,
revisited locations where different social and ecological events took
place has the potential to shed light on the importance of these
different events for the planning skills of individuals or groups
(Berger-Tal & Bar-David, 2015; Bracis, Bildstein, & Mueller, 2018;
Janson, 2019). Detecting directional changes in trajectories is a first
step towards examining whether, and for how long, an individual
has been heading in the direction of a target (Byrne, Noser, Bates, &
Jupp, 2009; Potts et al., 2018). If a directional change preceded by a
long straight line occurs at a location where biologically meaningful
events took place, the observed individual or group could have
been purposefully heading towards this location (Byrne et al., 2009;
Noser & Byrne, 2014). For instance, Asensio et al. (2011) examined
the relationship between directional changes in white-handed

gibbons, Hylobates lar, and biologically meaningful events that
happened at such locations. While gibbons approached preferred
feeding trees in a goal-directed manner when fruits were present,
they did not engage in goal-directed travel towards locations where
intergroup encounters or duets took place (Asensio et al., 2011).
Thus, examining which biologically meaningful event had taken
place at locations where directional changes happened in combi-
nation with the observed behaviour at the moment of changing
direction may shed light on the importance of different types of
information that aid in generating memories (Noser & Byrne, 2014).

The movement ecology of black howler monkeys, Alouatta pigra,
hereafter black howlers, provides an ideal model to explore the
influence of socioecological information in the process of move-
ment decision making (Milton, 1981; Van Belle, Estrada, & Garber,
2013a). Black howlers interact vocally with neighbouring groups
daily and regularly engage in intergroup encounters (Van Belle &
Estrada, 2020; Van Belle, Estrada, & Garber, 2013b). These en-
counters are characterized by loud calling bouts (Van Belle et al,,
2013b) and are associated with important costs such as poten-
tially losing access to key food resources (Van Belle, Garber, Estrada,
& Di Fiore, 2014). We predicted that black howlers would
remember locations where previous intergroup encounters had
taken place, which would allow them to plan future travel bouts
towards these locations. In addition to intergroup encounters, loud
calling also occurs in the absence of visual contact with neigh-
bouring groups. Van Belle and Estrada (2020) suggested that
spontaneous loud calling events inform conspecifics about the
spatial position of the caller. While the low frequency of black
howlers’ calls favours the propagation of sound through rainforests
(Naguib & Wiley, 2001; da Cunha, de Oliveira, Holzmann, &
Kitchen, 2015), specific locations in their home ranges might be
more conducive to long-distance calls than others (e.g. reduced
physical barriers or foliage; Ramsier, Cunningham, Patino, Glander,
& Dominy, 2019). Therefore, we predicted that black howlers would
purposefully return to locations where they had called before,
which may help improve communication with neighbouring
groups.

Black howlers' movement patterns have been shown to be
mediated by the availability of fruits in rainforests (Plante,
Colchero, & Calmé, 2014; Van Belle & Estrada, 2020), which
comprise a large percentage of their diets (ca. 41%, Van Belle &
Estrada, 2020). Anticipating the emergence of fruits at feeding
trees is likely to increase black howlers' access to food resources
and facilitate the nutrient balance of their diets (Hopkins, 2016;
Righini, Garber, & Rothman, 2017). Owing to the high spatiotem-
poral complexity of fruits in rainforests, we predicted that black
howlers would memorize a subset of feeding trees’ locations (i.e.
spatial elements) with synchronous phenological cycles (i.e. tem-
poral elements), to minimize the complexity of the cognitive pro-
cess associated with movement decision making and engage in
efficient foraging patterns.

Here, we explored goal-directed behaviour in black howlers in
relation to social and ecological events. We predicted that black
howlers would be more likely to approach locations in a goal-
directed manner at which intergroup encounters and loud calling
bouts had taken place previously. Second, we predicted that black
howlers would anticipate the availability of fruits and young leaves,
and plan foraging movements accordingly. More specifically, we
expected that the importance of individual feeding trees within
their diet and their level of phenological synchrony would influ-
ence black howlers’ goal-directed movement. By combining these
data, we will shed light on the relative value that a wild primate
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attaches to different social and ecological information to make
efficient movement decisions.

METHODS
Study Site and Groups

We conducted this study at Palenque National Park
(17°27°'52”—17°30’10"N, 92°01'48"—92°01'48"W), southeastern
Mexico, which covers a total of 1171 ha (Figueroa & Sanchez-
Cordero, 2008). The vegetation within the park is predominantly
primary tall, evergreen tropical rainforest (Diaz-Gallegos, 1996) and
its terrain is rugged and varied (de Guinea, Estrada, Nekaris, & Van
Belle, 2019). We selected five neighbouring groups of black howlers
comprising 4—11 individuals with home ranges of 7.1-15.3 ha (de
Guinea et al., 2019; Van Belle & Estrada, 2020).

Data Collection

We collected behavioural data from September 2016 through
August 2017, 4 days a week for an average of 10.4 h per day per
group. When two or more group members moved into a neigh-
bouring tree, we started collecting GPS locations every 20 m behind
the estimated centre of the group. Since black howlers travel mostly
in a line formation in which individuals arrive sequentially to their
travelling goal, we estimated the centre of the group while travel-
ling as the mid location in between the front and last individual in
line (Van Belle et al., 2013a). We collected GPS locations until at
least two members of the group engaged in an activity other than
travelling for more than 10 min (see Van Belle et al., 2013a for
details).

We recorded the start and end times of all loud calling bouts of
the focal group together with its geographical locations. Following
Van Belle et al. (2013b), we determined whether loud calling took
place in the context of an intergroup encounter (i.e. whenever a
neighbouring group was within visual contact of the focal group
during the loud calling bout). In addition, we recorded a feeding
bout whenever one or more individuals fed on a plant for a mini-
mum of 5 min accumulated among feeding individuals. We marked
all feeding trees with a diameter at breast height larger than 10 cm
in which at least one feeding bout took place to keep track of future
revisits at that specific location. In addition, for each feeding bout,
we recorded the item fed on, the plant species and, at 3 min in-
tervals, the number of individuals feeding.

We estimated the phenological pattern of fruits and young
leaves across trees of the same species within the study area by
establishing a phenological trail (ca. 10 km) that crossed the entire
area used by the five study groups between May 2016 and October
2019. We monitored all selected trees (N = 968 trees; N = 60 spe-
cies) estimating the abundance of the main feeding items (i.e.
mature fruits, young fruits, mature leaves, young leaves and
flowers) every 3 weeks over a 4-day period. The estimations of
abundance indicated the observed quantity of each item in the
crown of the tree as follows: 0 = absent, 1 =1-25%, 2 = 26—50%,
3 =51-75% and 4 = 76—100% (Van Belle & Estrada, 2020).

Data Analyses

We identified directional changes preceding straight-line trav-
elling (hereafter ‘change points’ or ‘CPs’) by applying the change
point test (CPT; Byrne et al., 2009) to 396 daily paths. The CPT
evaluates for each given waypoint along a path the collinearity (i.e.
alignment) between a predetermined number (q) of vectors before
and after the location of this waypoint. If the sum of the length of
the vectors is significantly longer than the length of the vector

between the start and end locations of these vectors, a significant
CP is detected and the CPT starts again with the next waypoint
(Byrne et al., 2009; Noser & Byrne, 2014). Since the CPT is sensitive
to the selected number of vectors (q), we followed Byrne et al.
(2009) and applied the CPT on all daily paths using q values be-
tween 2 and 7. We selected g = 5 because it identified the greatest
number of CPs and set the alpha level at P < 0.05 (N = 1000, tol-
erance = 0.00002; Noser & Byrne, 2014). Post hoc, we determined
the behaviour (i.e. travelling, feeding, loud calling) of the respective
study group at the exact location and time where each CP was
detected (Asensio et al., 2011; Noser & Byrne, 2014).

We identified all CPs that occurred at locations where the group
stopped for more than 10 min to engage in an activity other than
travelling (i.e. loud calling, resting or foraging; Van Belle et al,,
2013a) and defined them as locations that were approached in a
goal-directed manner (Asensio et al., 2011; Ban et al., 2016; Byrne
et al,, 2009; Janmaat, Ban, & Boesch, 2013). If CPs occurred at lo-
cations where the group did not stop for more than 10 min (i.e. the
group continued travelling), CPs seemingly represented locations
where travel decisions were made and acted as an intermediate
travel goal (Byrne et al., 2009). Both types of CPs were included in
the statistical analyses to maximize the sample size and increase
the power of the analyses (Ban et al., 2016). For CPs that occurred at
goals, we identified whether the group engaged in loud calling or
feeding. For CPs that occurred along travel bouts, we identified
whether the behaviour at the end of its corresponding travel bout
was loud calling or feeding.

We determined whether loud calling bouts occurred within
intergroup overlap areas by estimating the home ranges of the
study groups using kernel density estimations (KDE; R package
adehabitatHR 0.4.15, Calenge, 2006). Thus, if black howlers engaged
in loud calling bouts at locations intersected by the 95% KDE of at
least two groups, we considered that these bouts occurred within
intergroup overlap areas (Van Belle et al., 2013b). Similarly, we
assessed whether a group had already experienced an intergroup
encounter at the CP location associated with loud calling behaviour
by mapping the locations where all previous intergroup encounters
had occurred onto the CP locations. If at least one previous inter-
group encounter fell within a 15 m radius from the location of these
CPs, we determined that the group had previously experienced an
intergroup encounter at that CP location (Appendix Fig. A1). We
selected a 15 m radius taking into account: (1) the estimated crown
radius for a tree in Palenque National Park, which was ca. 5m
(based on field estimations); therefore a 15 m radius would include
not only the tree where black howlers were observed engaging in
loud calls but also the first line of trees around the focal tree; (2) the
estimated GPS error of our tracking devices (mean +-
SD = 6.6 + 2.3 m) to minimize the potential inaccuracy of our GPS
device; (3) the average length of a travel bout, which was a
mean + SD = 65.3 + 57.5 m; previous research has suggested us-
ing a quarter of the daily travel bout of wild animals as a realistic
metric in spatial analysis (Bebko, 2018); and (4) the estimated
distance between the two most distant members of the same
group, which was ca. 15 m (Van Belle & Estrada, 2020). While the
group is more dispersed during travelling bouts than during
foraging or resting, when intergroup encounters happened all the
members of the group tended to stay within the same tree either
participating or observing the event (Van Belle et al., 2014).

If CPs were associated with feeding bouts, we determined the
main item eaten by the group (i.e. fruits, young leaves or mature
leaves). We combined mature and young fruits in the same cate-
gory because black howlers rarely feed on young fruits (9—13% of
the cumulative foraging time, Van Belle & Estrada, 2020). In addi-
tion, we estimated phenological synchrony of fruits and young
leaves separately by calculating the Spearman rank correlation



44 M. de Guinea et al. / Animal Behaviour 173 (2021) 41-51

coefficients between pairs of individual trees of the species
included in the phenological trail. Finally, we calculated per spe-
cies the mean of these pairwise correlation coefficients for young
leaves and fruits separately (Bjernstad, Ims, & Lambin, 1999;
Fawcett, Marshall, & Higginson, 2015). Low mean correlation
values indicate that individual trees of the same species do not
synchronize the production of that specific item (i.e. young leaves,
fruits) during the study period and high mean correlation values
tree species that synchronize the production of either of these
items. We standardized the synchrony values using a z trans-
formation to facilitate the interpretation of the statistical models
(Schielzeth, 2010). Additionally, following the definitions of
Asensio et al. (2011) we classified feeding trees as important if the
accumulated feeding time at that location made up at least 1% of
the overall time spent feeding by that group during the study
period.

We controlled for the potential influence of the structure of the
route network and the landscape in detecting CPs by incorpo-
rating the following control variables in the models (see below).
First, we calculated whether each observed feeding and loud
calling bout fell within a 15m diameter of an intersection
(N = 113) between at least two habitual route segments to control
for an overestimation of CPs at nodes (Presotto et al., 2018). Sec-
ond, to control for the potential influence of the habitual route's
curvature, we determined whether CPs located along habitual
route segments occurred within 15 m of at least another CP. Black
howlers often navigate using habitual route segments (de Guinea
et al.,, 2019), which can impose significant directional changes as a
by-product of the shape of the route rather than movement de-
cisions. Third, we calculated the maximum rate of change in
elevation for each quadrat relative to its adjacent quadrats to
include a metric control for slope in our model (de Guinea et al,,
2019; Presotto et al., 2018). Finally, we also controlled for the in-
fluence of sensory cues (i.e. olfaction, vision), which could influ-
ence the movement decisions of black howlers when travelling to
feed at specific locations, by calculating the straight-line distance
between the start and end points of each travelling bout. The
larger the distance, the lower the potential influence of sensory
cues on the decisions of black howlers when approaching specific
locations in a goal-directed manner to feed.

Statistical Analyses

We conducted all statistical models in R 3.5.2 (R Core Team,
2018) using the functions Imer and glmer of the Ime4 package
1.1-21 (Bates, Maechler, Bolker, & Walker, 2014). We used pres-
ence/absence of CPs before and at locations where black howlers
travelled to engage in loud calling bouts (social model) and
feeding bouts (ecological models) as the response variables.
Because we were interested in the trajectory that led to the
location where loud calling and feeding bouts happened, if two or
more loud calling or feeding bouts occurred consecutively at the
same site with no travelling in between, we considered only the
first bout in the analyses. We fitted these GLMMSs using a binomial
error structure and a logit link function. In addition, we included
group ID and tree ID as random effect variables (random intercept)
to account for repeated measures, and random slopes for all
predictor variables to keep type I error rates at a nominal level of
5% (Barr, Levy, Scheepers, & Tily, 2013; Schielzeth & Forstmeier,
2009).

In the social model, the predictor variables were loud calling
context (i.e. occurrence or absence of intergroup encounters at the
moment of engaging in loud calls), home range overlap area,
occurrence of previous intergroup encounters at the CP's location
and the accumulated previous number of visits to that location to

Table 1

Structure of the GLMMs designed to test the influence of different social and ecological variables in the goal-directed travelling behaviour of black howler monkeys

CPioud catting ~ loud calling context * overlap area + previous intergroup encounters + accumulated visits to call location +loud calling duration® + intersection® + route's curvature® + slope® + (1+ loud

Social model

calling context + overlap area + previous intergroup encounters + accumulated visits to call location + loud calling duration -+ intersection + route's curvature + slope + loud calling context : overlap area

| | group ID")
Ecological model CPgeeding ~ item fed on + intersection + route's curvature + slope + distance from previous stop + (1 + item fed on + intersection + route's curvature + slope + distance from previous stop | group D)

Ecological model CPyoung leaves ~ Synchrony * tree's importance + intersection® + route's curvature® + slope® + distance from previous stop® + (1 + synchrony + tree's importance + intersection + route’s curvature + slope +

distance from previous stop + synchrony : tree's importance | | group ID") + (1 + synchrony + tree's importance -+ intersection + route's curvature + slope + distance from previous stop + synchrony :

tree's importance | | tree ID")
Ecological model CPgyits ~ Synchrony * tree's importance + intersection® + route's curvature® 4 slope® 4 distance from previous stop® + (1 + synchrony -+ tree's importance + intersection + route's curvature + slope +

2

distance from previous stop + synchrony : tree's importance | | group ID") + (1 + synchrony + tree's importance -+ intersection + route's curvature + slope + distance from previous stop + synchrony :

tree's importance | | tree ID")

3

The response variables of the models are presence/absence of change points (CPs) at and before locations where loud calling and feeding bouts took place (highlighted in bold).

2 Control predictors.

b Random effect variables.
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engage in loud calls. We included an interaction between overlap
area and context because we predicted that howler monkeys would
approach overlap areas in a goal-directed manner because they
would anticipate the occurrence of intergroup encounters (see
Table 1 for details in the structure of the models). Subsequently, we
fitted three additional ecological models using presence/absence of
CPs before and at feeding locations in which we included tree ID as
arandom effect variable. First, we tested whether the probability of
approaching foraging trees in a goal-directed manner varied as a
function of the item being eaten (i.e. mature leaves, young leaves,
fruits) at the goal location (ecological model 1). Second, we tested
whether the probability of approaching locations in a goal-directed
manner to feed on young leaves changed as a function of the syn-
chrony level of the tree species and the importance of that specific
tree (ecological model 2). Third, we fitted a model with the same
structure for fruit consumption (ecological model 3; Table 1).

For all social and ecological models, we included predictors to
control for route network structure (i.e. proximity to route's in-
tersections, route's curvature) and landscape structure (i.e. slope).
For the social model, we also included a control predictor for in-
ternal motivation of the group to reach a goal (i.e. duration of the
loud calling bout). For the ecological models, we controlled for the
potential influence of sensory cues in the goal-directed behaviour
of black howlers when approaching specific locations to feed (i.e.
distance from starting location to CP).

We verified that the residuals of the models were normally and
homogeneously distributed by visually inspecting qqg-plots and
plotting them against fitted values. We inspected the variance
inflation factor of the models to rule out collinearity between var-
iables using the function vif from the car package (all vif values in
the models were below 1.3; Fox & Weisberg, 2011). Similarly, we
assessed the stability of the GLMMs by comparing the estimates
derived from a model based on all data with those obtained from
models based on subsets that excluded levels of the random effects
one at a time. No model assumptions were violated. In all cases, we
compared the full model to a corresponding null model (with only
random and control variables) using likelihood-ratio tests (anova
function set to ‘Chisq’). When an interaction term had no significant
effect, we ran a reduced model including only the main effects.
Finally, if the likelihood ratio test for full and null model compari-
son was significant, we inspected the significance of each predictor
variable using likelihood ratio tests comparing full models with
reduced models without that variable, using the drop1 function
(Barr et al., 2013).

RESULTS

We detected 318 CPs for the travel trajectories of five black
howler monkey groups (mean + SD per group = 64.4 + 22.5 CPs;
Table 2, Fig. 1). The mean distance between CPs was
299.47 + 165.54 m and that between CPs and the next stopping
point was 80.46 + 68.09 m. We recorded 454 loud calling bouts
(mean + SD per group = 90.8 + 26.9) indicating that black howler

Table 2

monkeys engaged in a mean + SD = 1.5 + 0.4 loud calling bouts per
day during the study period. Of these bouts, 115 occurred during
intergroup encounters and 328 were spontaneous or in response to
neighbouring calls. Similarly, we recorded 1035 feeding bouts
(mean + SD per group = 206.8 + 39.1; Table 2) in 523 individual
feeding trees of 38 species. Thus, black howler monkeys engaged in
a mean + SD = 3.5 + 0.6 feeding bouts per day.

A total of 133 trees were defined as important feeding trees
(mean + SD per group = 26.6 + 3.4 trees), in which 473 feeding
bouts were recorded (mean + SD per group = 94.6 + 16.4). Mean
fruit tree synchrony + SD was estimated as 0.29 + 0.18 and ranged
between 0.05 (Ficus insipida) and 0.71 (Spondias radlkoferii). Simi-
larly, mean young leaf synchrony + SD was estimated as 0.31 + 0.26
and ranged between 0.03 (Ficus pertusa) and 0.80 (Acacia glomer-
osa). All Ficus spp. trees showed fruit (mean + SD = 0.14 + 0.10) and
young leaf (mean + SD = 0.10 + 0.09) synchrony values below the
average mean synchrony values. The mean + SD synchrony values
were 0.18 + 0.16 for important fruit trees and 0.35 + 0.25 for un-
important fruit trees, while the mean synchrony values for young
leaf trees were 0.16 + 0.12 for important trees and 0.27 + 0.17 for
unimportant trees.

Influence of Social Events on Goal-directed Movements

The comparison between the full and null social models
revealed that there were statistically significant differences in the
probability of approaching in a goal-directed manner locations
where loud calling bouts had taken place in the past (social model,
likelihood ratio test: %%s =14.12, P=0.015). We found that black
howlers were more likely to approach a loud calling location in a
goal-directed manner when intergroup encounters had taken place
at that location (estimate + SE = 1.609 + 0.574; confidence interval,
Cliower = 0.484; Clypper = 2.735; P=0.005; Fig. 2a) and with the
accumulated number of times that they were observed loud calling
at that specific location (estimate + SE =0.433 +0.574; CI.
ower = 0.484; Clypper = 2.735; P=0.005). We did not find a statis-
tically significant influence of loud calling context or home range
overlap area in the model (see Appendix Table A1).

Influence of Feeding Events on Goal-directed Movements

We found that food item type influenced the goal-directed
behaviour of black howler monkeys towards feeding sites
(ecological model 1, likelihood ratio test: (%, = 7.3, P = 0.026). Black
howler monkeys were more likely to approach a specific feeding
site in a goal-directed manner to feed on fruits rather than on young
leaves or mature leaves (Fig. 2b).

Neither the tree's phenological synchrony nor the feeding tree's
importance influenced black howlers' goal-directed movements at
feeding sites of young leaves (ecological model 2; Table 3). How-
ever, we found that goal-directed movement was influenced by
both phenological synchrony and the feeding tree's importance at
feeding sites of fruits (ecological model 3; Table 4). Black howlers

Sample sizes of the detected number of change points (CPs) associated with feeding bouts (CPecological) and loud calling bouts (CPscial), and accumulated number of recorded

feeding and loud calling bouts per study group

Group No. of CPs No. of feeding bouts No. of loud calling bouts CPecological CPsocial

At Before At Before
Balam 70 161 83 8 14 6 3
Motiepa 60 233 56 15 15 3 5
Naha 100 252 79 13 30 3 9
Pakal 42 216 121 10 11 5 4
Unites 50 172 115 12 13 4 5
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(@) 42%

CPecological: 81 (630/0)
CPyociar: 20 (15%)

(b)

O Change point
O Goal

CPecological: 117 (62%)
CPyociar: 26 (14%)

Figure 1. Significant directional changes (change points, CP) in the ranging patterns of black howlers that happened (a) at goal locations where feeding (CPecological) and loud calling
(CPsocial) bouts occurred and (b) while travelling before reaching a location where a feeding or loud calling bout occurred. The numbers observed and the percentage of the total

number of CPs are shown.

were more likely to approach feeding trees in a goal-directed
manner to feed on fruits when the trees were important but only
when their phenology was synchronous (Table 4, Fig. 2c and d).

DISCUSSION

Our findings indicate that biologically meaningful events were
associated with significant directional changes in black howlers at
Palenque National Park. Specifically, we found that these changes
were associated with social variables as well as ecological variables
that were associated with temporal knowledge. After encountering
neighbouring groups at specific locations, black howlers were more
likely to return to these locations in a goal-directed manner to
engage in loud calling bouts. This likelihood also increased with the
number of times the focal group had engaged in loud calling bouts
at that location before. Similarly, black howlers approached, in a
goal-directed manner, feeding locations where fruits were present
rather than young or mature leaves. Goal-directed behaviour to-
wards fruiting trees was limited to important individual trees with
phenological synchrony. Overall, our results are consistent with the
hypothesis that previous experience of social and ecological events
shaped black howlers’ travelling trajectories reflecting potential
incorporation of long-term memory in planning routes towards
relevant locations.

To our knowledge, the ability to incorporate social information
into route planning has not been reported before. By approaching
locations where intergroup encounters had taken place in a goal-
directed manner to engage in loud calls, black howlers appear to
have knowledge of past social events and to integrate this infor-
mation into their movement decisions. Since intergroup encoun-
ters in black howlers at Palenque National Park primarily happened
at the borders of home ranges (Van Belle et al., 2013b, 2014), one
could argue that an increase in turning directions at intergroup
encounter locations might be a consequence of reaching the border
of their home range instead of goal-directed behaviour (Nickaeen
et al,, 2017). However, the predictor variable overlap did not have
a significant effect on the probability of goal-directed travel, mak-
ing this alternative explanation highly unlikely. However, black

howlers probably remembered intergroup encounters that
happened close to and further away from their home range's bor-
ders, which would be an adaptive behaviour against competitors.
The outcome of intergroup encounters among conspecifics has
been shown to determine prior access to valuable food sources
(banded mongoose, Mungos mungo, Thompson, Marshall,
Vitikainen, & Cant, 2017; spotted hyaenas, Crocuta crocuta,
Boydston, Morelli, & Holekamp, 2001; bonobos, Pan paniscus,
Lucchesi et al., 2020) but also to mates (humpback whales, Mega-
ptera novaeangliae, Clapham, Mattila, & Vasquez, 1992; red deer,
Cervus elaphus, Carranza, Alvarez, & Redondo, 1990). Anticipating
the potential occurrence of encounters at specific locations has
strong defensibility advantages in territorial animals, which might
aid in minimizing the incursion of neighbouring groups
(Christensen & Radford, 2018; Glowacki, Wilson, & Wrangham,
2017). Thus, memorizing strategic locations possibly contributes
to the long-term stability of home ranges' demarcation as a
cognitive adaptation of intergroup competition.

We found that black howlers typically approached locations
where loud calls had taken place previously in a goal-directed
manner. In fact, approximately 84.4% of all recorded loud calling
bouts occurred at locations where at least one other loud calling
bout had been recorded. Since animals typically recognize con-
specifics through specific signals in their vocalizations (Yorzinski,
2017), it is possible that black howlers approached specific loca-
tions to purposefully advertise their position to neighbouring
groups. In contrast to bats, which modify the frequency or duration
of their calls to maximize the propagation of sound to inform
conspecifics about their identity (Chaverri, Ancillotto, & Russo,
2018), black-and-gold howler monkeys, Alouatta caraya, did not
adjust the duration, frequency or amplitude of their vocalizations
across an open-to-close vegetation gradient (Holzmann & Areta,
2020). Thus, engaging in loud calling at locations that are recog-
nizable by neighbouring groups might reinforce information
regarding the identity of the group at a given location in time.
Acoustic analyses are still needed to verify the reason underlying
black howlers’ tendency to approach specific sites in a goal-directed
manner to engage in loud calls.
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Figure 2. Probability of approaching feeding sites in a goal-directed manner as a function of: (a) the occurrence of previous intergroup encounters (IGE) at that location (i.e. each
data point represents a loud calling bout); (b) the item eaten at that feeding site (i.e. each data point represents a feeding bout); (c) the importance of that feeding tree (FT) and
phenological synchrony of young leaves of that tree species; (d) the importance of that feeding tree and phenological synchrony of fruits of that tree species. In (a) and (b) the box
plots show the median and 25th and 75th percentiles; the whiskers indicate the values within 1.5 times the interquartile range and the circles are individual data points. In (¢) and
(d) lines represent the fitted model and circle size indicates the relative number of feeding bouts in the respective bin (i.e. sample size). The shaded area represents the 95%

confidence interval.

Our findings on route planning involving ecological events
extend the growing body of evidence reported for other animal
taxa (Chiroptera, Harten, Katz, Goldshtein, Handel, & Yovel, 2020;
Toledo et al., 2020; Corvidae, Raby, Alexis, Dickinson, & Clayton,
2007; Trochilinae, Gonzalez-Gémez et al., 2011; Primates, Asensio
et al,, 2011; Joly & Zimmermann, 2011; Proboscidea, Polansky
et al., 2015; English et al., 2014; Rodentia, Tolman, 1948; Epstein,

Table 3

Results of the ecological model testing whether black howler monkeys approached
specific feeding sites in a goal-directed manner to feed on young leaves depending
on the characteristics of the feeding tree (importance and level of synchrony)

Predictor variable Estimate SE Cliower Clupper P
(Intercept) -2.096 0217 -2.522 -1.671 < 0.001
Synchrony -0.330 0.202 -0.725 0.064 0.077
Importance of tree -0.695 0.734 -2.133 0.743 0.223
Synchrony * Importance of tree -0.649 0.697 -2.015 0.717 0.329
Intersection® -0.029 0.365 -0.743 0.686 0.937
Slope*® -0.203 0.185 -0.565 0.159 0.245
Route's curvature® -0.130 0204 -0.529 0.269 0.557
Straight-line distance® -0.087 0.163 -0.407 0.232 0.595

Ecological model 2, full versus null model comparison: likelihood ratio test:
%23 = 5.03, P=0.171. CI: confidence interval.
¢ Control predictors.

Patai, Julian, & Spiers, 2017). Black howlers approached feeding
sites in a goal-directed manner more often when fruits were pre-
sent rather than young or mature leaves. Owing to the ephemeral
and energy-rich nature of fruits (Lambert & Rothman, 2015),
anticipating ripening periods and planning routes accordingly is
expected to be highly valuable for animals in rainforests (Janmaat

Table 4

Results of the ecological model testing whether black howler monkeys approached
specific feeding sites in a goal-directed manner to feed on fruits depending on the
characteristics of the feeding tree (importance and level of synchrony)

Predictor variable Estimate SE Cliower Clupper P
(Intercept) -1.851 0356 -2.547 -1.153 < 0.001
Synchrony 0.212 0.221 -0.221 0.644 0.337
Importance of tree 0.869 0.374 0.136 1.602 0.020
Synchrony * Importance of tree 0.879 0.345 0.203 1.555 0.011
Intersection® -0.174 0299 -0.76 0411 0.56
Slope® 0.238 0.175 -0.105 0.581 0.173
Route's curvature® 0.051 0.149 -0.242 0344 0.734
Straight-line distance® 0.343 0.166 0.017 0.668 0.039

Ecological model 3, full versus null model comparison: likelihood ratio test:
%?3=19.19, P=0.027. CI: confidence interval. Statistically significant results are
shown in bold.

¢ Control predictors.
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et al.,, 2016; Milton, 1981). Howler monkeys, with a relatively small
brain size in relation to body size (DeCasien, Williams, & Higham,
2017), appeared to have developed a cognitive strategy to cope
with or simplify the spatiotemporal complexity of food resources
(Hopkins, 2016). First, they seemed to minimize the number of
spatial elements to include in the cognitive process, by remem-
bering only a subset of important feeding trees. Second, by focusing
on memorizing the phenological patterns of synchronous tree
species across important individual trees, the cognitive process was
simplified. While previous studies have highlighted independently
the strategy of animals to memorize a specific subset of spatial
locations (Ban, Boesch, & Janmaat, 2014; Ban et al., 2016; Delgado &
Jacobs, 2017) and phenological patterns (Janmaat et al., 2012;
Menzel, 1991), this is the first time both variables have been shown
to influence route planning and active approach.

The importance of a limiting factor in the number of elements to
be memorized in human and nonhuman animal species has already
been highlighted in the literature (Tello-Ramos et al., 2019). For
instance, humans are able to maintain friendship bonds with a
maximum of 150 individuals (the so called ‘Dunbar's number’;
Dunbar, 2010) and to read urban transport maps with a maximum
of 250 connections (Gallotti, Porter, & Barthelemy, 2016). Since
animals inhabiting rainforests largely depend on keystone food
resources to survive (Bleher, Potgieter, Potgeiter, Johnson, &
Bohning-Gaese, 2003; Peres, 2000; Terborgh, 1986), filtering envi-
ronmental information to focus their cognitive effort on memo-
rizing the location and phenological patterns of these valuable food
resources would be highly advantageous. Therefore, animals are
continuously acquiring information through interactions with the
environment but are also actively selecting which locations are
more beneficial to memorize. The overall number of spatial and
temporal elements to be included in the cognitive process is likely
to be dictated by the memory capacity of the species and the in-
dividual itself.

In addition to benefitting from fruit's high levels of easily
digestible sugar, numerous animals also need the protein-rich
content of young leaves to balance their diets (Raubenheimer,
Simpson, & Mayntz, 2009). However, we found no evidence that
black howlers either planned routes to feed on young leaves or
selected a subset of trees with reduced spatiotemporal complexity
to remember (as we found for fruits). Even though the CPT is a
useful tool to detect goal-directed movement, the distribution of
food resources can create a bias in the results (Byrne et al., 2009).
The availability of leaves is often described as approximately one
order of magnitude higher than that of fruits (Camaratta, Chaves, &
Bicca-Marques, 2017; Janmaat et al., 2016). If trees used for foraging
on leaves are more common in the environment than fruit-bearing
trees, primates might be able to align resources and create a path
between them that lacks a change point. Even though we did not
find that travel bouts aimed to feed on young leaves were signifi-
cantly shorter than those to feed on fruits (Appendix Fig. A2), black
howlers could be travelling long distances to feed on young leaves
in a straight manner simply because of the high availability of
leaves in comparison to fruits. However, the synchronous produc-
tion of young leaves during periods of maximum light radiation in
tropical rainforests would be likely to contribute to reducing the
uncertainty of finding young leaves in relation to fruits across the
forest (Fagan et al., 2013; Lambert & Rothman, 2015; Riotte-
Lambert & Matthiopoulos, 2020). Therefore, to ascertain lack of
spatial memory associated with young leaf consumption, further
research is needed to evaluate the influence of the distribution of
food resources in the detection of goal-directed movement.

Conclusion

The ability to remember events at specific locations in highly
heterogeneous landscapes such as rainforests can be a crucial
determinant for animals to engage in efficient movement decisions.
Black howlers at our field site appeared to direct their approach to
locations where they had experienced meaningful social or
ecological events to engage in loud calls or feed on fruit, respec-
tively. The most parsimonious explanation of our findings is that
black howlers, which have a relatively small brain, have developed
a strategy to selectively store contextual information. We
encourage future research to apply the present framework to other
primate and nonprimate populations and to validate their findings
by incorporating controls based on heuristic rules or spatially
explicit random movement simulations (as in Teichroeb, 2015;
Bracis & Mueller, 2017; Collet & Weimerskirch, 2020). Here, we
ruled out alternative explanations in the interpretation of our re-
sults via observational control and a posteriori statistical modelling
(Janmaat, 2019). The inclusion of a priori controls will provide the
opportunity of explicitly testing specific cognitive hypotheses
involved in the process of movement decision making and, there-
fore, provide additional support for our findings.
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Appendix

Table A1

Results of the social GLMM testing whether black howler monkeys approached specific locations to engage in loud calling bouts in a goal-directed manner
Predictor variable Estimate SE Cliower Clypper P
(Intercept) -3.592 0.699 -4.963 -2.222 < 0.001
Context -0.435 0.610 -1.631 0.760 0475
Overlapping area 0.755 0.590 -0.401 1.910 0.201
No. of times loud calling occurred at that location before 0.433 0.230 -0.018 0.883 0.062
Occurrence of previous intergroup encounter 1.609 0.574 0.484 2.735 0.005
Context * Overlap area 0.116 1.144 -2.126 2.359 0.919
Duration of howling bout * 0.173 0.252 -0.320 0.666 0.491
Intersection * -2.197 2.889 -7.860 3.466 0.447
Slope # -0.136 0.279 -0.683 0411 0.626
Route's curvature * 0.197 0.935 -1.635 2.029 0.833

CI: confidence interval.
2 Control predictors.
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Figure A1l. We determined that black howlers had experienced an intergroup encounter (IGE) at a given loud calling location if at least one intergroup encounter occurred within a
15 m radius from this loud calling location. The shaded area represents the home range of the observed group.
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Figure A2. Distance travelled by black howlers to feed on fruits, mature leaves and young leaves (a) in the absence of directional changes and (b) after engaging in significant
directional changes. The box plots show the median and 25th and 75th percentiles; the whiskers indicate the values within 1.5 times the interquartile range and the circles are
individual data points. CP: change point.
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