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Abstract
With the majority of primates living close to forest edges, it is imperative to under-
stand how edges affect primate distribution and behaviour. Definitions of edge, 
however, vary across studies, with many defining edge a priori and few explicitly 
measuring the depth of edge influence (DEI). In this study, we aimed to functionally 
define edge for mantled howler monkey (Alouatta palliata) distribution and howling 
behaviour in a fragmented rainforest. We surveyed howler monkey locations (walk-
ing 11 line transects a total of 253 times in May-August 2015 and 2016) and howl-
ing behaviour (584 observation hours across May-August 2017 and 2018) through-
out the forest fragment and fit our data to several candidate models to estimate DEI. 
We found howler monkeys farther from anthropogenic edge and closer to river edge 
than expected by a random distribution of locations. We estimated DEIs for howl 
bout rate (bouts/hour), howl bout length, and howling rate per bout (howls/minute 
per bout) that were different to those used in previous work at this site, suggesting 
that a priori definitions of edge used in prior work were likely too small to detect 
edge effects and the methods used provide a more accurate picture of how edges 
impact these monkeys. Our results provide an example of how using different edge 
definitions can alter research findings, showing that mathematical methods of deter-
mining DEI are warranted. This mathematical approach to examining behavioural 
edge effects can be applied more broadly across primates to help us better under-
stand how primates respond to edges.
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Introduction

Forest edges are transitional landscape zones where abiotic conditions including 
sunlight, wind, temperature, and moisture differ from the forest interior (Chen 
et al., 1999; Laurance et al., 1998; Pohlman et al., 2007, 2009). These abiotic 
changes reduce resource availability for primates in forest edges compared with 
interior, with fewer tall trees and lower plant biomass nearer the edge (Arroyo-
Rodríguez & Mandujano, 2006; Estrada et al., 1999; Lehman et al., 2006c). Given 
that most primates inhabit fragments within 0.1-1 km of forest edge (Estrada et 
al., 2017; Haddad et al., 2015), it is critical to understand how primates situate 
themselves and behave in edge habitats.

While there is a rich body of literature regarding primates inhabiting frag-
ments compared with continuous forests, we know much less about how primates 
respond to edges. Most research on primate edge effects to date focuses on the 
presence, abundance, and density of primates in edges versus forest interior, with 
only a handful of studies examining how behaviour varies between edge and 
interior zones (de Vries, 2017). Whether research focuses on primate distribu-
tion or behaviour within edges, definitions of edge vary across studies and spe-
cies, with many researchers defining edges a priori based on the literature (Bolt 
et  al., 2018; Bolt, Russell, et al., 2020a; de Vries, 2017; Schreier et al., 2021). 
Few researchers have measured the depth of edge influence (DEI), the distance at 
which primate responses change between forest edge and interior habitats (Andri-
atsitohaina et al., 2020; McGoogan, 2011). However, edge habitats differ mark-
edly both in their abiotic makeup and in their effect on resident biota such that the 
DEI ranges from 10 m to several kilometers across studies (Briant et al., 2010; 
Laurance et al., 2002). For example, the DEI for road effects on the abundance 
and species composition of understory birds was approximately 70 m (Laurance, 
2004), but it ranged from 300 to 600 m for lemur distribution and density across 
species (Lehman et al., 2006a, 2006b). Furthermore, when the DEI extends to 
several kilometers from forest edge or when multiple edges interact within a frag-
ment, small fragments may experience edge effects throughout the entire frag-
ment (Laurance, 1991; Laurance et al., 2018). Given the range of edge effects 
across species and locations, a priori edge definitions may not be biologically 
meaningful for a particular study population and site, limiting our ability to pre-
dict whether primates will persist near edges as fragmentation continues globally.

The strength and direction of edge effects on primate abundance and density 
tend to be predicted by diet type, but diverse definitions of edge obfuscate a clear 
association within and between trophic guilds. For example, the prevalence of 
three frugivorous primate species—the Guianan spider monkey (Ateles paniscus; 
Lenz et al., 2014), Coquerel’s sifaka (Propithecus coquereli; McGoogan, 2011), 
and rufous brown lemur (Eulemur rufus; Lehman, 2007)—all declined in forest 
edges compared to interior, likely due to the presence of fewer large fruiting trees 
in edges. However, each study used a different definition of edge habitat: 150 
m, 400 m, and 750 m, respectively. Among folivores, by contrast, the density of 
the Guianan red howler monkey (Alouatta macconnelli) was almost twice as high 
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within 150 m of forest edge compared with interior (Lenz et al., 2014), whereas 
the eastern woolly lemur (Avahi laniger) and grey bamboo lemur (Hapalemur 
griseus) were encountered at similar rates within 1,250 m of the forest boundary 
and the forest interior (Lehman et al., 2006a). Edge definitions also vary across 
studies examining primate behaviour, ranging from within 1 km of forest edge 
(McGoogan, 2011) to 150 m of forest boundary (de Vries, 2017).

Howler monkeys live in a wide range of habitats, from virgin forest to disturbed 
environments (Estrada, 2015; Garber & Kowalewski, 2015), making them a suitable 
taxon for studying edge responses. At La Suerte Biological Research Station (LSBRS) 
in Costa Rica, researchers studied mantled howler monkey (Alouatta palliata) encoun-
ter rate and long calling (howling) behaviour by using a priori definitions of forest 
edge. Using a 100-m edge definition, researchers encountered howler monkeys equally 
across anthropogenic forest edge and interior zones (Bolt et al., 2018), but at the high-
est rate in riparian edge (Bolt, Schreier, et al., 2020b). Researchers also found behav-
ioural edge effects in relation to various aspects of howling behaviour, but patterns dif-
fered depending on whether they employed a 100-m or 50-m definition of edge (Bolt 
et  al., 2019; Bolt, Russell, et al., 2020a). Different definitions of edge can therefore 
influence whether edge effects are detected and their resulting patterns, and highlights 
the importance of defining edge in biologically meaningful ways.

Several statistical models have been developed to establish DEI (Chen et al., 1992; 
Ewers & Didham, 2006; Hylander, 2005; Toms & Lesperance, 2003). Researchers 
have employed these methods to estimate DEI for primate abundance and body mass 
(Andriatsitohaina et al., 2020) but have not yet applied a similar approach to primate 
behavioural edge effects. While there are methods to assess the distance at which edge 
effects occur for abiotic, vegetation, and population variables, including distribution, 
i.e., setting up transects running from forest boundary into forest interior (Lenz et al., 
2014; McGoogan, 2011), researchers also have not applied them to behavioural data. 
We are limited by where we find animals engaging in particular behaviours and cannot 
rely on transects to reliably collect these data. Although population surveys employing 
established protocols can reveal whether primates prefer or avoid edges, analyzing how 
behaviour changes as a function of location can more accurately depict how primates 
use forest fragments without relying upon predefined edge definitions developed for 
other species or locales.

In this study, we use mantled howler monkeys as a case study to examine DEI for 
behavioural edge effects to better understand how using mathematical methods of 
determining DEI can impact research findings and test the utility of this approach. 
We calculated DEI for mantled howler monkey distribution and howling behaviour at 
LSBRS by fitting these responses as functions of distances to anthropogenic and ripar-
ian edges and choosing the response pattern that best fit our data.
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Methods

Study Site and Study Population

We collected the data used in this study at LSBRS, a fragmented rainforest in 
Northeastern Costa Rica (10°26’N, 83°46’W; Fig. 1). LSBRS encompasses 3  km2 
of both primary and secondary forests, with a deforested area containing student 
and researcher housing (“Camp”) and the La Suerte River running north through 
the field site (Bolt, Brandt, et al., 2021a; Brandt & Singleton, 2018; Garber et al., 
2010; Pruetz & Leasor, 2002; Fig. 1). Similar to most Costa Rican rainforests today, 
coconut plantations and cattle pastures surround LSBRS, with clear demarcations 
between the field site’s forested landscape and the surrounding properties (Molina, 
2015). Given the presence of both anthropogenic and riparian edges, LSBRS affords 
the opportunity to study how varying types of forest edge impact wildlife.

Three species of monkeys inhabit LSBRS: mantled howler monkeys, white-faced 
capuchin monkeys (Cebus imitator), and Central American spider monkeys (Ateles 
geoffroyi). Based on previous research at LSBRS, 11 howler monkey groups popu-
late the forest (Bolt, Cavanaugh, & Schreier, 2021b; Garber et al., 2010; Pruetz & 
Leasor, 2002). Several studies estimated home range size for mantled howler mon-
keys, averaging at 20.3 ha (di Fiore et al., 2011), which results in a home range 
diameter of roughly 509 m. The maximum distance we observed howler monkeys 
from the anthropogenic edge was 376 m and from riparian edge was 472 m. We 
therefore conclude that both edge types are likely within the home ranges of the 
howler monkey groups at LSBRS.

Fig. 1  Map of La Suerte Biological Research Station, Costa Rica, showing howler monkey locations col-
lected during systematic population surveys along predefined transects in May-August 2015 and 2016.
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Data Collection

In May-August 2015 and May-July 2016, we conducted a systematic population sur-
vey on howler monkeys as well as the two other monkey species present at LSBRS 
using a series of line transects spaced approximately 150-m apart (Peres, 1999; Pru-
etz & Leasor, 2002; Fig. 1). We have described our population survey in detail else-
where (Bolt et  al., 2018; Bolt, Schreier, et al., 2020b) and therefore include only 
information that is germane to the analyses described below. Each time we encoun-
tered a monkey, we recorded its location using a Garmin GPSMAP 62 s Handheld 
GPS Navigator, which is accurate to within 15 m 95% of the time and is generally 
accurate to within 5-10 m (Garmin, Schauffhausen, Switzerland).

In May-August 2017 and 2018, we collected data on howler monkey howling 
behaviour via all-occurrences sampling (Altmann, 1974). During all time spent with 
howler monkeys (N = 385 observation sessions for a total of 584 hours), whenever 
we heard howling from one or more members of the focal group, we recorded the 
start time and end time of the howling bout (N = 652), the number of howls in the 
bout (N = 438), and the location of the howling bout by recording a single GPS point 
standing on the ground directly below the howling male (described in detail inBolt 
et al., 2019; Bolt, Cavanaugh, & Schreier, 2021b; Bolt, Russell, et al., 2020a). We 
defined howls as male-specific, high amplitude Type 1/A loud calls (Altmann, 1959; 
Baldwin & Baldwin, 1976; Carpenter, 1934) separated from one another by at least 
2 s. If vocal utterances were continuous or separated by less than 2 s, we considered 
them to be part of the same howl vocalization (Bolt et al., 2019; Bolt, Russell, et al., 
2020a; Bolt, Cavanaugh, & Schreier, 2021b). A howling bout, in turn, consisted of 
howls occurring <60-s apart (Bolt et al., 2019; Bolt, Cavanaugh, & Schreier, 2021b; 
Bolt, Russell, et al., 2020a; Sekulic, 1982). Therefore, a howling bout could be very 
short, consisting of a single howl or could stretch over many minutes and include a 
large number of howls (Bolt et al., 2019; Bolt, Russell, et al., 2020a).

Statistical Analysis

Mantled Howler Monkey Distribution

To determine whether howler monkeys showed a preference for anthropogenic or 
riparian edges, we compared bootstrap distributions of mean howler monkey dis-
tance to each edge type with null distributions generated from randomly placed 
points. First, we calculated the shortest distance of each sighted howler monkey 
group (N = 92) to each edge type as well as the difference between these distances. 
For these three measures, we calculated the mean value observed in this study. We 
then bootstrapped these 92 distance pairs 999 times with replacement to generate a 
distribution of mean howler monkey distance to each edge type. Next, we generated 
a null distribution of mean distance to each edge type by randomly placing 92 points 
along population survey transects 1,000 times. From each random set of points, we 
calculated the mean distance to each edge type and the difference between distances 
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to each edge type. From both the bootstrapped and null distributions, we calculated 
95% confidence intervals using the 2.5% and 97.5% quantiles. We calculated two-
sided p values comparing our observed means to the respective null distribution by 
calculating the proportion of values in the null distribution more extreme than our 
observed mean and multiplying by 2. Using the bootstrap to quantify sampling vari-
ability in the mean distances results in values that are more comparable to the null 
distributions we used (i.e., both with 1,000 values). We conducted all spatial analy-
ses in R version 4.0.3 (R Core Team, 2020) using functions in the rgdal (Bivand 
et al., 2021), rgeos (Bivand & Rundel, 2020), and sp (Pebesma & Bivand, 2005) 
packages.

Howling Behaviour

We investigated how distance from anthropogenic and riparian edges influenced 
four measures of howling behaviour: (1) occurrence of howling, (2) howl bout rate 
(number of bouts/hour), (3) howl bout length, and (4) howling rate per bout (number 
of howls/minute within each bout). Based on previous research (Bolt et  al., 2019; 
Bolt, Russell, et al., 2020a), we expected more howling, increased howl bout rate 
and howling rate per bout, and longer howl durations as distance from forest edge 
increased. For each of these responses, we fit six possible models to describe the 
influence of both riparian and anthropogenic edges. The first three models included: 
(1) a null model where the behavioural response was assumed to be constant 
(Fig. 2a), (2) a linear effect of distance from edge (Fig. 2b), and (3) a power model 
which allows the response to asymptote on one side of the edge (Fig. 2c; Ewers & 
Didham, 2006). We also fit a (4) a three-parameter logistic model that allows the 
response to asymptote sigmoidally on either side of the edge (Fig. 2d; Chen et al., 
1992). In addition, we considered two breakpoint regression models (Toms & Les-
perance, 2003): (5) a segmented regression model where two lines join at a break-
point (Fig. 2e), and (6) a simple step-function breakpoint where the response stayed 
constant before and after the breakpoint but changed at the breakpoint (Fig. 2f).

We fit generalised linear (models 1, 2, and 5) or nonlinear (models 3 and 4) mod-
els as appropriate to the response function to examine the likelihood of howling 
occurring and the frequency at which howl bouts occurred as a function of distance. 
For each response variable, we chose a distribution that conformed to the type of 
data being modeled, and we assessed our choices using histograms of the data and 
plots of Pearson residuals subsequent to model fitting. For occurrence of howling, 
we coded whether a focal howler monkey initiated at least one howl bout during the 
time that we observed his focal group (1 = howl bout initiated, 0 = no howl bout 
observed). We assumed that occurrence of howling followed a Bernoulli distribu-
tion with a probability whose logit was related to distance. For howl bout rate, we 
counted the number of howl bouts initiated during the time we observed the animal. 
We assumed that the number of howl bouts followed a Poisson distribution whose 
log (mean) was related to distance. For both of these measures, we employed a con-
stant offset term to account for the differing length of time each focal animal was 
observed. Therefore, these models examine the effect of distance on the odds of 
howling and number of howl bouts per hour.
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Fig. 2  Six functions of distance from the forest edge we tested using mantled howler monkey howling 
data collected at La Suerte Biological Research Station, Costa Rica, in May-August 2017 and 2018: a 
null model, b linear model, c power model, d logistic model, e segmented model, f step model.
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We also used generalised linear (models 1, 2, and 5) or nonlinear models 
(models 3 and 4) to examine howling behaviour within each bout, including 
the length of the howl bout and the howling rate per howl bout. For howl bout 
length, we assumed that the log-transformed length followed a Gaussian distribu-
tion whose mean was related to distance. For howling rate per bout, we counted 
the number of howls during the bout and assumed that this followed a Poisson 
distribution whose log (mean) was related to distance. We also employed a con-
stant offset term to account for the differing length of each bout, meaning that the 
response we investigated as a function of distance was the howling rate in howls 
per minute.

We fit the simple step-function models (model 6) slightly differently by esti-
mating the best single breakpoint using the breakpoints function in the R package 
strucchange (Zeileis et al., 2002). In this case, we ordered the data by distance from 
each edge, and then calculated the breakpoint for the occurrence of howling, log-
transformed howl bout rate, log-transformed howl bout length, and log-transformed 
howling rate per bout. For log-transformed howl bout rate and log-transformed 
howling rate per bout, we fit a comparable null model with the transformed data and 
compared to the simple step-function model.

For all models that converged, we calculated Akaike’s information criterion 
(AIC) to compare the models. Then, for each response and edge type, we assumed 
the model with the lowest AIC best captured the response as a function of distance. 
In all but one case (howl bout length as a function of distance from anthropogenic 
edge), the model with the lowest AIC also met the usual rule of thumb criterion 
ΔAIC < 2. Although the one exception did not meet this criterion, we still chose to 
draw inference from the model with the lowest AIC for ease of comparison across 
response variables. For the model with the lowest AIC, we calculated pseudo-R2 
(Cohen et al., 2002) as a measure of goodness of fit and an estimate of the DEI. 
Because segmented regression models and simple step-function models include a 
natural breakpoint parameter, we used this estimate as the DEI in the cases where 
these models had the lowest AIC. When any of the other candidate models was 
best, we assumed that the DEI was the distance at which the response returned to a 
value representing two thirds of the interior forest environment (Chen et al., 1992). 
Although the authors note that the two thirds criterion was arbitrary (Chen et al., 
1992), we decided to apply it here, because we argue that howling behaviour is, at 
least in part, related to the availability of trees for food that would be influenced by 
similar changes in forest structure (Bolt et al., 2019; Bolt, Russell, et al., 2020a) to 
those explored by Chen et al. (1992). Due to the method that we employed to fit 
the step-function models, the models for howl bout rate and howling rate per bout 
necessitated a comparison to a separate null model rather than model 1. In these two 
cases, we fit a comparable null model for comparison.

We conducted all analyses in R version 4.0.3 (R Core Team, 2020). We fit gen-
eralised linear models with the stats package in base R (R Core Team, 2020), gen-
eralised nonlinear models with the gnm package (Turner & Firth, 2020), segmented 
regression models with the segmented package (Muggeo, 2008), and simple step-
functions with the breakpoints function in the package strucchange (Zeileis et al., 
2002).
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Ethical Note

All data collection was noninvasive. Our research met the legal requirements of 
Costa Rica and was conducted with the permission of the Molina family who own 
the LSBRS site. Our research protocol was approved by the Regis University Ani-
mal Care Committee (IACUC permit #17-006). This research adhered to the IPS 
Code of Best Practices for Field Primatology. The authors declare that they have no 
conflict of interest.

Data Availability The datasets analysed in this study are available from the corre-
sponding author upon request.

Results

Mantled Howler Monkey Distribution

We observed mantled howler monkey groups at a mean distance of 150 m (boot-
strapped 95% confidence interval [CI]: 128–170 m; Fig.  3a) from anthropogenic 
edge and 108 m (bootstrapped 95% CI: 89–129 m; Fig.  3b) from the La Suerte 

Fig. 3  Histograms comparing distribution of bootstrapped mean distances of mantled howler monkey 
sightings in systematic population surveys (light grey) conducted at La Suerte Biological Research Sta-
tion, Costa Rica, in May-August 2015 and 2016 to random points (dark grey): a mean distance to anthro-
pogenic edge, b mean distance to river, c mean difference in distances to anthropogenic edge and river. 
Solid vertical lines represent the mean value observed in this study while dashed lines represent the 95% 
confidence interval of the null distribution of random points.
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River. These mantled howler monkey groups were significantly farther from 
anthropogenic edge (bootstrapped P = 0.020) and significantly closer to the river 
(bootstrapped P < 0.001) than expected from randomly distributed points. Conse-
quently, howler monkeys were found 42 m farther (bootstrapped 95% CI: 9.5–73.3 
m; Fig. 2c) from anthropogenic edges than river edges—a preference significantly 
greater (bootstrapped P < 0.001) than would be expected from randomly distributed 
points. A post-hoc analysis comparing the distribution of distances of points on our 
transects to randomly placed points revealed that our transects were slightly biased 
towards riparian edge and away from anthropogenic edges. However, these biases 
(+6 m anthropogenic; −17 m riparian) were smaller than the preferences (+16 m 
anthropogenic; −26 m riparian) observed in this study.

Mantled Howler Monkey Howling Behaviour

During behavioural sampling, howler monkeys were located at similar mean dis-
tances (paired t-test: t = 1.65, df = 384, P = 0.101) from riparian (mean distance 
to river = 119 ± SD 95 m) and anthropogenic edges (mean distance to anthropo-
genic edge = 131 ± SD 82 m). In addition, despite the fact that we sampled howling 
behaviour opportunistically based on where we found howler groups, we observed 
no significant differences in distances from edges (anthropogenic edge, Welch t-test: 
t = −1.68, df = 121.31, P = 0.095; riparian edge, Welch t-test: t = 1.00, df = 132.32, 
P = 0.317) between the howler monkeys we observed for behavioural sampling and 
those detected in population surveys.

Probability of Howling

The probability of howler monkeys initiating a howl bout was unaffected by proxim-
ity to anthropogenic and riparian edges with howl bouts occurring in roughly half 
(54%) of our sampling sessions. Because the null model had the highest support 
(Table I), neither distance to anthropogenic edge nor distance to riparian edge signif-
icantly affected whether mantled howler monkeys howled (Figs. 4a and 5a). Accord-
ing to the null model, the probability of howling in an hour-long session was 0.477 
(95% CI: 0.425–0.529).

Howl Bout Rate

Howl bout rate (howl bouts per hour) declined at sampling locations farther from 
the river but was unaffected by the distance to anthropogenic edge. With respect to 
anthropogenic edge, howl bout rate was best described by the null model (Table I; 
Fig. 4b) where mean howl bout rate was 1.12 bouts/h (95% CI: 1.03–1.21 bouts/h). 
In contrast, a segmented function whose break point (DEI) occurred at 248 m (95% 
CI: 132-364 m) from the riparian edge was best supported by the data (Table  I). 
Howl bout rate initially declined from the riparian edge and then slightly increased 
after the break point (Fig. 5b).
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Fig. 4  Relationships between mantled howler monkey howling behaviours (solid black line) at La Suerte 
Biological Research Station, Costa Rica, May-August 2017 and 2018 and distance to anthropogenic edge 
with estimated depth of edge influence (DEI, estimate = solid vertical line, 95% CI = shaded grey zone). 
a Probability of howling, b howl bout rate, c howl bout length, d howling rate per bout.

Fig. 5  Relationships between mantled howler monkey howling behaviours (solid black line) at La Suerte 
Biological Research Station, Costa Rica, May-August 2017 and 2018 and distance to riparian edge with 
estimated depth of edge influence (DEI, estimate = solid vertical line, 95% CI = shaded grey zone). a 
Probability of howling, b howl bout rate, c howl bout length, d howling rate per bout.
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Howl Bout Length

While howl bout length increased weakly farther from anthropogenic edges, it 
decreased across riparian edges. With respect to anthropogenic edge, the models we 
employed were all plausible (ΔAIC < 2), but the linear model had the most support 
even though it fared only slightly better than the null model (Table  I). According 
to the linear model, howl bout length marginally increased (t-test: t = 1.75, df = 
650, P = 0.081) at sampling locations farther from the anthropogenic edge. This 
linear model estimates median howl bout length to be 19 s (95% CI: 14–25 s) at 
the anthropogenic edge (i.e., 0 m), with howler monkeys at distances farthest from 
the anthropogenic edge (417 m) howling for twice as long (95% CI for multiplica-
tive effect: 1–5 s; Fig. 4c). Using the 2/3 criterion, we estimated the DEI from this 
linear relationship to be 309 m (95% CI: 81–538 m). Although riparian edge models 
generally had higher AIC than null models, a step function had the lowest AIC of 
all models (Table I). The break point (DEI) of this step function occurred at 101 m 
(95% CI: 39-186 m) from the river, with median howl bout length declining signifi-
cantly (t-test: t = −2.86, df = 650, P = 0.0044) from 29 s (95% CI: 23.0–35.6 s) to 
18 s (95% CI: 14-23 s) across the break point (Fig. 5c).

Howling Rate per Bout

Data for howling rate per bout (howls/min) best support the segmented regression 
models (Table  I), demonstrating that mantled howler monkeys howl nearly four 
times as frequently near riparian edges as they do near anthropogenic edges. Mean 
howling rate increased significantly (z-test: z = 7.04, P < 0.0001) from 2.0 howls/
min (95% CI: 2.1–2.5 howls/min) at the anthropogenic edge to 3.7 howls/min (95% 
CI: 3.3–4.0 howls/min) at the breakpoint (DEI) of 146 m (95% CI: 131-161 m). It 
then decreased rapidly to 1.1 howls/min (95% CI: 0.9–1.5 howls/min) farthest away 
from the anthropogenic edge (Fig. 4d). From the riparian edge, mean howling rate 
decreased significantly (z-test: z = −5.293, P < 0.0001) from 7.7 howls/min (95% 
CI: 5.5–10.8 howls/min) to 2.2 howls/min (95% CI:1.9–2.6 howls/min) at the break-
point (DEI) of 48 m (95% CI: 42–53 m). After the breakpoint, howling rate per bout 
increased to 4.7 howls/min (95% CI: 3.7–5.9) farthest away from the riparian edge 
(Fig. 5d).

Discussion

Howler monkeys were found farther from anthropogenic edge and closer to river 
edge than expected by a random distribution of locations. In previous work at this 
site using a 100-m definition of anthropogenic edge, by contrast, there was no dif-
ference in howler monkey presence between anthropogenic edge and interior zones 
(Bolt et al., 2018). Using a priori definitions of edge may therefore conceal edge 
response patterns. Given the monkeys’ mean distance to anthropogenic edge was 150 
m in the current study, using an expanded definition of edge in the previous study 
(Bolt et al., 2018) may have detected a preference for forest interior. The monkeys’ 
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preference for riparian edge detected in our current study is consistent with previous 
findings showing that howler monkey encounter rate was twice as high in 100-m 
river edge compared with forest interior (Bolt, Schreier, et al., 2020b), demonstrat-
ing that the 100-m edge definition may be more appropriate for riparian edge than 
anthropogenic edge.

Given the limited information that exists regarding primate behavioural edge 
effects, we aimed to apply the mathematical methods introduced by others for edge 
effects on populations and communities (Chen et al., 1992; Ewers & Didham, 2006; 
Toms & Lesperance, 2003) to determine DEI for mantled howler monkey howl-
ing behaviour. While howl bout rate (howl bouts per hour) was not influenced by 
distance to anthropogenic edge, howling rate (howls/min) almost doubled from the 
anthropogenic edge to the breakpoint, after which it declined sharply. This result 
contrasts with previous examination of howling rate at LSBRS, which reported no 
differences across anthropogenic edge and interior zones (Bolt et al., 2019). That 
study used a 100-m definition of anthropogenic edge, however, which appears to be 
too small to detect a howling rate edge effect. We also found that howl bout length 
increased linearly, slightly increasing with distance from the anthropogenic edge 
with no clear breakpoint, consistent with previous work reporting that howl bout 
length was higher in forest interior compared to 100-m anthropogenic edge (Bolt 
et al., 2019). In the current study using a mathematical approach to defining edges, 
we showed how much howl bout length increased with distance from the edge, as 
opposed to simply demonstrating that there was a difference. In addition to calculat-
ing DEI, therefore, this approach reveals more detailed patterns of edge effects than 
can be ascertained by comparing variables across predetermined edge and interior 
zones.

When examining the influence of distance from riparian edge on howling behav-
iour, howl bout rate and howling rate were highest close to the river edge, then 
decreased with increasing distance from the river to the DEI breakpoint, before ris-
ing again. We reveal a more nuanced relationship here where howling rate increases 
subtly on either side of this boundary compared with previous research on howling 
rate (Bolt, Schreier, et al., 2020b). Our results regarding median howl bout length 
are consistent with those showing that howl bout length was longer in 50-m riparian 
edge compared with forest interior and 50-m anthropogenic edge (Bolt, Schreier, et 
al., 2020b), but we show that the DEI is twice as large as the a priori definition used 
previously. We also show variability in DEIs across different measures of howling 
behaviour, highlighting another potential pitfall of using a set definition for edge to 
examine edge effects across a range of widely various biotic factors. Given that edge 
effects varied at LSBRS based on the approach employed to define edge, it is likely 
that such differences will exist at other sites that have used a priori definitions of 
edge as well.

The howler monkeys’ nonrandom distribution and varying howling behaviour 
across space may be explained by several factors, including the distribution of 
food resources and acoustic properties of their howls (Bolt et al., 2019; Bolt, Rus-
sell, et al., 2020a). Mantled howler monkeys are folivore-frugivores (Aristizabal et 
al., 2017; di Fiore et al., 2011; Garber et al., 2015; Righini et al., 2017) that pre-
fer young leaves when available and selectively eat in large trees (Bolt, Russell, & 
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Schreier, 2021c; Chapman, 1988; Fedigan & Jack, 2001; LaRose, 1996). Tree spe-
cies richness, mean tree diameter at breast height, and canopy cover were all higher 
in riparian edge than anthropogenic edge zones at LSBRS (Bolt et al., 2020b, b). 
Furthermore, trees in open riparian zones typically yield more leaves, with higher 
protein content, than do shade trees common elsewhere in forests (Chen et al., 1992; 
Matsuda et al., 2019; Otani et al., 2020), and howler monkeys in riparian edge at 
LSBRS ate more leaves than expected by chance (Bolt and Schreier, unpublished 
data). Howler monkeys at LSBRS may therefore situate themselves closer to the 
river edge and farther from anthropogenic edge than expected based on random dis-
tribution in order to remain in close proximity to preferred resources. With respect 
to howling behaviour, the ecological resource defense hypothesis postulates that 
males long call to defend access to preferred resources (Wich & Nunn, 2002) and 
is supported by data from a range of primate species, including red howler monkeys 
(Alouatta seniculus; Sekulic, 1982). The monkeys may therefore have howled at the 
highest rates and longest durations closest to the river to defend the high-quality 
resources there (Bolt, Russell, et al., 2020a).

It is possible that our observed pattern of howling behaviour can be attributed 
to the acoustics of how their howls travel through various forest zones (Bolt et al., 
2019; Bolt, Russell, et al., 2020a). Howls carry farther through dense forest vegeta-
tion compared to open areas (de Vore, 1979; Waser & Brown, 1986). The howler 
monkeys at LSBRS may call for longest and at the highest rates close to the river, 
where canopy cover is highest (Bolt et al., 2020a, b) to ensure they are heard by 
conspecifics elsewhere in the forest. Employing a mathematical approach to deter-
mining DEI, in concert with fine-grained behavioural ecology studies that may help 
to explain DEI results, has the potential to provide a more nuanced understanding of 
edge effects than traditional methods of defining edge allow.

While researchers have employed mathematical approaches to determining DEI 
for vegetation responses in North America (Chen et al., 1992) and invertebrates in 
New Zealand (Ewers & Didham, 2006), only recently have they applied them to 
primates. One study examined primate abundance and body size using this approach 
(Andriatsitohaina et al., 2020), but such methods had not yet been used to examine 
primate behavioural edge effects. We provide a step in that direction, suggesting the 
utility of such an approach. While in this study we examined howling behaviour, the 
same approach can be applied to a range of behaviours, including activity and spa-
tial cohesion patterns, to gain a richer understanding of how behavioural edge effects 
impact primate species. Combining behavioural definitions of forest edge with data 
on animal distribution in forest fragments is a powerful tool to understand the multi-
faceted consequences of forest fragmentation on animal populations. The null distri-
butions we used to examine howler monkey distribution with respect to both natural 
and anthropogenic edges did not consider home range of individual groups. Future 
studies, especially those in larger forest fragments, should employ more realistic null 
distributions informed by systematic data on home range whenever possible.

We show the value of a model-based methods of examining edge effects both 
in terms of estimating DEI and revealing a more accurate and complete picture 
of how edges impact primate behaviour compared to a priori definitions of edge 
zones. However, there were limitations of the dataset with respect to performing 
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these analyses. For example, there was substantial spread in our data, with many 
of the patterns we observed thus not being especially marked. Consequently, the 
amount of deviance explained by our models was low even though our high sample 
sizes allowed us to detect DEIs in several instances. This fact does not surprise us, 
because we did not expect distance from either edge to be the sole predictor of howl-
ing behaviour. In addition to high variability, our dataset was limited by where we 
collected data on howling behaviour which varied across different distances from 
edges. Given this inherent limitation with behavioural data, however, this mathemat-
ical approach likely provides as accurate a picture of edge effects as possible.

Despite these challenges, the mathematical approach that we used in this study 
effectively estimated DEI for howling behaviour, providing a more accurate picture 
of edges’ impacts on howling than previous work at LSBRS that used a priori defi-
nitions of edge. These methods can thus be applied more widely across primates 
as predefined cutoffs for edge may not be appropriate for a given species, site, or 
response variable. This tactic may be especially useful for behavioural data given 
the inherent challenges of assessing behavioural responses to edges, and we there-
fore suggest it be applied to a range of primate species and sites in this capacity. 
Given ongoing forest fragmentation around the globe and the fact that most primates 
live near forest edges, this approach can assist in better understanding how primates 
respond to edges and help us ensure they persist in these delicate habitats.
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