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One of the negative effects of linear infrastructures is the formation of barriers to
the movements for arboreal wildlife resulting in the reduction in connectivity
between populations and thus increasing the risk of extinction. One of the most
widely used ways to mitigate these barrier effects is canopy bridges. There is a
lack of knowledge about how behavioral differences between species may affect
the efficacy of canopy bridges. The purpose of this study was to evaluate the
hypothesis that Leontopithecus rosalia (an endangered endemic species) and
Callithrix spp. hybrids (introduced invasive species) perceive canopy bridges as
sites with risk of predation. We compared the behavior of these species during
attempts to cross four canopy bridges installed over oil and gas pipeline right-of-
way strips, and another 4 bridges installed inside the forest near the pipeline
bridges. The behavior was recorded from 30-second videos obtained from two
camera traps installed at each end of the bridges. Of the 1917 crossing events
identified, 356 events were randomly chosen for behavioral data collection. Of
these, 173 were social group crossing events and 183 individual crossing events.
There were few crossings (7.9%) with the two species present. The differences
between the species were more quantitative than qualitative and may be related
to interspecific differences in vulnerability to predation and anti-predatory
tactics. Both species exhibited significantly more behaviors related to
perception of risk of predation (vigilance, hesitation, rapid passage) in the
pipeline bridges than in the forest bridges. One vigilance measure showed
higher occurrence during the first months after installation of the cameras,
especially for Callithrix spp., but in general there was little waning of the risk-
assessment response. Alarm calls, scent marking and social and feeding
behaviors were rare or absent. Low-cost simple canopy bridges may be an
effective strategy to overcome the barrier effect of right-of-way strips over gas
and oil pipelines. However, the results on perceived risk of predation raise the
hypothesis that there may be a cost-benefit ratio between distance to be traveled
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and risk perception that would lead to a reduction in effectiveness of bridges in
greater distance. We discuss the implications for conservation of an endangered
species and management of an invasive species.

KEYWORDS

predation, alarm calls, linear structures, conservation, anthropic effects, primates,
fragmentation, pipelines

Introduction

Linear infrastructures such as roads, railways, canals, pipeline
right-of-way strips are among the main drivers of deforestation and
fragmentation of tropical forests (Laurence et al., 2001; Geneletti,
2006). For arboreal mammals, the negative effects of these
structures on population size and persistence are caused by direct
mortality and by the barrier effect (Jaeger et al., 2005; Fahrig and
Rytwinski, 2009; Dorsey et al., 2015; Santos et al., 2022; Barrientos
et al,, 2019). The first type is most often associated with collision
with vehicles on roads and railways (Malo et al., 2004; Taylor and
Goldingay, 2010; Ascensio et al., 2017), and the second is composed
of a series of factors that restrict or divert the natural movement of
animals over linear infrastructures or areas adjacent to them
(Goosem et al., 2010; Barrientos et al., 2019). The combination of
mortality and barrier effects can set off a series of negative
consequences that can ultimately reduce population viability in
fragmented landscapes. Constraints on animal movements could
reduce dispersal among populations and consequently lower genetic
diversity over time or could restrict animals to smaller home ranges
leading to lack of resources or increased competition and
consequently lower reproductive success or longevity (Russell
et al., 2003; Fahrig, 2007; Taylor and Goldingay, 2012; Niebuhr
et al, 2015). Different types of linear structures differ in the type,
magnitude and driving factors of these effects (Jacger et al., 2005;
Yokochi and Bencini, 2015; Lucas et al., 2019) and understanding
these differences is key to the design of appropriate effective
mitigation measures.

One of the measures to mitigate these impacts of linear
structures is the installation of canopy bridges (natural or
artificial). Canopy bridges are used by a variety of arboreal
mammals, with the potential to mitigate the barrier effect, even
over small forest gaps (Teixeira et al., 2013; Gregory et al.,, 2017;
Arias et al., 2023; Soanes et al., 2024). However, studies of primates
indicate that there are species differences in the propensity to use
canopy bridges: some use them readily, for others there is a time lag,
and some species do not use them at all (Buss et al., 2022; Flatt et al.,
2022; Gregory et al.,, 2022b). One variable that may affect usage is
the design of the bridge. Canopy bridges made of multiple ropes or
substrates show significantly more crossings of small mammals
than single rope bridges, and those made of natural materials being
more effective than artificial bridges (Mitchell et al., 2023; Gregory
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et al., 2022b; Soanes et al,, 2015). The higher efficacy of multi-rope
over single-rope canopy bridges has been attributed in part, and
hypothetically, to offering more opportunities to avoid predators
(Soanes et al., 2015; Gregory et al., 2022a; Mitchell et al., 2023).

Predation has long been considered a variable that can affect the
efficacy of wildlife crossing structures (Little et al., 2002). Studies of
patterns of temporal overlap among predators and prey on wildlife
crossing structures or quantification of predation attempts at the
structure (Little et al., 2002; Martinig et al., 2020; Soanes et al., 2015;
Ford and Clevenger, 2010) reject the hypothesis that wildlife
passages (in general) act as prey traps. However, predation could
still be a factor affecting usage of these structures through specific
attraction-avoidance relationships among predators and prey (Mata
et al,, 2020). Studies of predation of small mammals on canopy
bridges indicate that the risk is present even though few events are
observed (Soanes et al., 2015). The lack of detection of predator-
prey interactions may be related to the methodological issues. Most
studies with camera traps are not designed to study predation and
studies differ widely in aspects of the sampling design (number of
cameras, duration of video, inter-image interval) that could affect
detection of such interactions. Also, for longer canopy bridges (> 50
meters) the camera traps may only detect a portion of the crossing
event (Soanes et al., 2015).

One approach to understanding how predation may affect
differential use of canopy bridges is to observe behavior in
relation to usage and the perception of predation risk. Behavior of
animals near linear infrastructure can change as a result of
perceived predation-risk (Gavin and Komers, 2006). Pronghorn
antelopes increase vigilance near roads and their risk-avoidance
behavior varies with group size, gender, and presence of young.
Perception of risk can be approached within the framework of
landscapes of fear (Gaynor et al.,, 2019) if we consider that various
ecological changes brought by human activities on and around the
locations where canopy bridges are implemented. There are changes
in vegetation structure and these changes can shift the perception of
predation risk by changing either escape opportunities or the
probability of encountering specific predators (Loggins et al,
2019; Dammhahn and Almeling, 2012; McKinney, 2009). For
primates, perception of predation risk differs spatially according
to forest structure and the probability of encountering a predator
(Campos and Fedigan, 2014; Willems and Hill, 2009). Traversing a
canopy bridge is tantamount to crossing from an area of dense
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vegetation (edge effect of fragmentation) to another, through an
open canopy where raptors and ambush predators would be at an
advantage. Increased human activities, including hunting, around
these locations may also increase the perception of predation risk
(Darimont et al., 2023; Suraci et al., 2019).

Wildlife crossing structures are new environments for forest
animals and novelty in the environment can alter predator-prey
interactions and risk-perception (Crane et al., 2024; Greggor et al,,
2014). These ecological factors are likely to interact with variation in
cognitive abilities among species to result in species differences in
the usage of canopy bridges and other crossing structures.
Understanding the role of the perception of predation risk in the
use of canopy bridges can provide insights into the causes of
observed differences in use of these structures by arboreal
mammals and pave the way for better bridge design or site
selection for implementation.

In this study we compared the behavior of two primate species,
native endangered golden lion tamarins (Leontopithecus rosalia)
and introduced common marmosets (Callithrix spp.), during
crossings of bridges installed over the right-of-way strips over gas
and oil pipelines in a highly fragmented watershed of the Atlantic
Forest of Brazil. This study was part of a larger study of the effect of
these right-of-way strips on arboreal mammals and the efficacy of
canopy bridges as a mitigation measure (Ruiz-Miranda et al., 2023
unpublished report). These right-of-way strips have been shown to
limit home range and daily movements (but not dispersal) of the
endangered golden lion tamarin, albeit the effects are significantly
less than those of roads and highways (Lucas et al,, 2019; Ruiz-
Miranda et al., 2023). We are also interested in the use canopy
bridges by the introduced common marmosets, which considered a
threat to the conservation of golden lion tamarins (Ruiz-Miranda
et al., 2019).

We tested two hypotheses related to predation risk by
comparing the behavior of the two species in bridges installed
over the right-of-way strip with behavior over similar bridges
installed in the interior of the forest: (1) small arboreal primates
would perceive canopy bridges over cleared strips of land as places
of high risk of predation, (2) that vulnerability to predation would
affect the level of perceived risk and consequently in the behavior
during crossing of the structure. The first hypothesis predicts that
vigilance and other anti-predator behaviors (alarm calls, grouping
and traversal speed) would be significantly more frequent when
using canopy bridges over the right-of-way strips than when using
similar bridges located within the forest, because the former would
render individuals more vulnerable to predators by increasing long
distance visibility of the moving animal, especially to aerial
predators (Boinski et al., 2000).

The second hypothesis predicts more vulnerable species
(smaller body size and/or those that use crypsis as an anti-
predator strategy) would show behavior compatible with a higher
perception of risk. The adults of both species are vulnerable to
predation by a variety of medium to large sized raptors, carnivores
(such as tayras (Eyra barbara), jaguarundis (Herpailurus
yagouaoundi) and ocelots (Leopardus pardalis)) and snakes (Boa
constrictors) (Ferrari, 2009; Hankerson and Dietz, 2014); the young
are vulnerable to wider variety of raptors and other mammals
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(Stafford and Ferreira, 1995; Ferrari, 2009). Both species have
evolved specific vocalizations and similar responses to aerial and
terrestrial predators (Caesar and Zuberbuehler, 2012), but
differences in body size and pelage coloration render the
marmosets more vulnerable to predation (Stafford and Ferreira,
1995; Ferrari, 2009).

Materials and methods

The golden lion tamarin (Leontopithecus rosalia) is an
endangered species endemic to the Atlantic Forest of the state of
Rio de Janeiro (Kierulff et al., 2012; Ruiz-Miranda et al., 2019). The
marmosets are populations of hybrids of two species of Callithrix (C.
jacchus and C. penicillata) introduced to the region and considered a
threat to the conservation of golden lion tamarins (Ruiz-Miranda
et al, 2019). Golden lion tamarins and marmosets are strikingly
different in pelage coloration and body size (Figure 1): tamarins are
red orange in color and the adults weight on average 650 grams,
whereas marmosets are gray-agouti colored and adults weight 350
grams. These differences likely affect their conspicuousness to visually
guided predators such as raptors (Ferrari, 2009).

The study was conducted in forest fragments (30-200 ha)
within the Environmental Protection Area of the Sio Jodo River
Basin/Golden Lion Tamarin (APABRS]J), in the state of Rio de
Janeiro, Brazil (22°30°034”S and 42 ° 18'29” W) (Figure 2). The
area has a high level of endemic flora and fauna and was decreed a
protected area as part of the conservation efforts for the endangered
golden lion tamarin (ICMBio, 2008). The climate in the region is

FIGURE 1

Common marmoset hybrid (top) and golden lion tamarin (bottom)
moments before interacting while foraging in a forest fragment
within the environmentally protected area of the Sdo Jodo river
Basin, Brazil. Photo illustrates the differences in pelage coloration
and body size between the species. Photo by Associacao Mico
Ledo Dourado.
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humid tropical with a dry winter (Koppen, 1948). The forest
vegetation is a mix of lowland and submontane late-stage
secondary growth with varying degrees of perturbations (IBGE,
2012). Forests occur mostly on hill slopes and hilltops, whereas
lowland areas have been deforested for activities such as agriculture,
livestock and urban settlements (ICMBio, 2008). The APABRS]J is
traversed by various types of linear infrastructure: high-voltage
lines, oil-and-gas pipelines, paved and unpaved roads, a railway,
and a federal highway, the BR-101 (Lucas et al., 2019).

The oil-gas pipelines in the region are laid 1.5 meters below the
surface within a 25-30 meter-wide right of way strip. The right of
way area is a deforested strip whose vegetation is a mix of native and
introduced grasses (Figure 3). These clearings cause an edge effect
which alters vegetation of the forest for up to 10 meters (Arias et al.,
2023). We selected four forest fragments within privately owned
farms traversed by the pipeline right of way (Figure 4). The selected
fragments had monitored groups of golden lion tamarins and
unmonitored groups of hybrid marmosets. Most of the golden
lion tamarins were individually marked with Nyanzol dye on the
body and tail, and at least one animal per group had a radio
telemetry collar. These body marks were visible from 20-30 meters.
The marmosets had no markings, except for natural variation in
pelage, ear tufts and facial characteristics; these natural markings
can be used for individual identification (Schiel et al., 2008). Because
the bridge in one location (Igarapé farm) was rarely used by both
species we excluded it from the data analysis.

At each location, we installed a bamboo bridge over the right of
way strip (Pipeline Bridge) and another bamboo bridge inside the
nearby forest (Forest Bridge) within 20 meters from the Pipeline
bridge (Figure 5). The bridges were between 4 and 5 meters above
ground level. In choosing the appropriate location for the
installation of the bridges, we considered the type of forest and
the presence of large trees in good condition near the forest edge to
anchor the bridges. The installation was carried out in two phases

FIGURE 2
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(Table 1) from 16 September 2019 to 9 April 2020 (Initial Phase)
and from 6 July 2020 to 12 November 2020 (Second Phase). In the
first phase, four Pipeline bridges were installed over the right of way
strip (Pipeline), and in the second phase, the Forest bridges were
added to the locations. This timing difference was related to
restrictions to enter private properties due to the covid-19
pandemic. As a result of these restrictions sampling effort (days
cameras were deployed) varied among locations and experimental
conditions (Table 1).

Bamboo was used as a natural substrate for the construction of
the bridges. The bamboos used belong to the genus Guadua, which
have a medium to large woody stem that can reach a height of 30 m
and 15 cm in diameter (Figueiras and Viana, 2017). Because the
right-of-way strips varied in width (22-27 meters), the bridges over
them were made of one (N= 1) or more bamboo stems (N=3). The
forest bridges were all made of one bamboo stem. To concatenate
the bamboo stems and to tie the ends to the supporting trees, all
bridges had 25 mm steel cables passed though the inner part of the
bamboo, resulting in a total bridge weight around 30 kg (Figure 5).
The ends of the stems were cut so as to fit into each other to form a
continuous stem. All bridges were tied to trees with 3.40 mm
galvanized wire at a height of 4 to 5 m.

In order to record the use of canopy bridges by primates and
collect behavioral data, we positioned the camera traps (Bushnell
HD Aggressor Low Glow model 119874) close to the connection
point (Figure 6). Twenty motion-sensor-activated camera traps
were used in two phases during the study. In the initial phase, 8
camera traps were installed and in the final phase, 12 traps were
used, of which 8 were used for the Pipeline bridges and 4 for the
Forest bridges. In the pipeline bridges the cameras were placed one
on each side facing the bridge, and the control bridges were placed
on the south side facing towards the bridge. The difference in the
number of cameras in the two types of bridges was due to
differences in vegetation and light at the edges between pipeline

LEGEND

3 Survey site
2] Border of conservation units

@ Unido Biological Reserve
O Pogo das Antas Biological Reserve
— Federal highway (8R-101)

APA - Environmental Protection Area of the Sdo Jo&o River Basin/Golden Lion Tamarin. The green line borders the area designated as the protected

area. The red square borders the area where the study was conducted.
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FIGURE 3

Photo of a right of way strip over the subterranean oil and gas pipeline traversing Haras de Flandria farm. The grassy vegetation over the strip was
about 40 cm high at this time. High-tension electric power lines can be seen traversing over the strip

and forest: we needed cameras at each end for the pipeline, whereas
one camera could record everything in the forest.

Camera traps were set up to record videos with a duration of 30
seconds, with an interval of 2 seconds between videos. The cameras
were inspected approximately every 20 days when we changed
memory cards, checked battery life, and adjusted, if necessary, the

42°20W

42°20'W

FIGURE 4

42°19W

positioning of the camera regarding the bridge. Three camera-traps
were replaced during the study. Each memory card was identified by
a code consisting of the name of the farm and the camera number
that indicated the origin of the videos.

The camera traps recorded 5,237 videos with use of the bridges
by tamarins and marmosets. Of these, 1,975 videos were from the

42°19W

LEGEND

Treatment (Pipeline)
Control (Forest)

® Farm
Pipeline
The Golden Lion Tamarin
Association (AMLD)

Location of the sites selected for the installation of canopy bridges distributed in four farms in the APA S&o Jo&o River Basin/Golden Lion Tamarin:
(A) Dois Irmaos Farm, (B) Iguape Farm, (C) Haras de Flandria Farm, (D) Igarapé Farm.
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A

FIGURE 5
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Artificial canopy bridges installed at Fazenda Haras de Flandria. (A) Bridge over the right-of-way strip. Grasses were about 5-10 cm high. (B) Bridge

within the forest at the same location.

First phase, and 3,262 were of the Second phase. These videos were
compiled into crossing attempts and events. A crossing event was
defined as at least one animal from the target species moving
completely across the bridge to the opposite side from which it
started. If none of the animals crossed completely it was deemed a
crossing attempt. Because videos were 30 secs long (with a 2 sec
interval before the next), a crossing event could encompass one or
more videos of one or both cameras on the same bridge. To compile
the videos that make up the crossing event, we considered the time
stamps of each video, the size of the group, body size and the
presence of a radio collar (in the case of L. rosalia) or other
identified marks on the body of the individuals. In the first phase
of the study, a total of 285 crossing attempts + events (groups and
individuals) were compiled, of which 206 were marmosets and 79
tamarins. For the second phase, we compiled 1,632 crossing
attempts+ events (1,382 of marmosets and 250 of tamarins).

These videos were reviewed to identify those from which we
could record behavior during a crossing event, either in groups or
individually. Videos were assigned a number and chosen at random,
observing the criterion that the behavior of the individuals could be
observed for the duration they appeared on the cameras on the
bridge. We selected for behavioral data analysis a subset of videos
from each location. For the first phase, we selected 41 crossing
events from tamarins and 39 from marmosets. For the second
phase, we selected 125 events for tamarins (42 forest, 83 pipeline)
and 151 for marmosets (67 forest, 84 pipeline) from these three
locations (Table 2).

Data were collected from each of the group members from the
moment they entered the bridges as recorded by the camera traps.
From each crossing event we recorded the time of day and the total
duration of the event, number of individuals crossing, their age
categories (based on body size), group identify (in the case of L.

TABLE 1 Date of installation of the pipeline and forest bridges, and geographical coordinates of the bridges.

Bridge Installation Date
Pipeline
Dois Irmaos Farm 16/09/2019
Iguape Farm 18/03/2020
Igarapé Farm 02/04/2020
Haras deFlandria Farm 09/04/2020
Forest
Dois Irmaos Farm
Iguape Farm All on
06/07/2020

Igarapé Farm

Haras de Flandria Farm

Frontiers in Conservation Science

Days Deployed Geographical coordinates

06

485 22°30°457S/42°20°11"W
301 22°30°207S/42°19’35"W
264 22°30°177S/42°18’44”W
279 22°30°1875/42°18’55"W
129 22°30°457S/42°20°11"W
129 22°30°217S/42°19’35"W
129 22°30°1975/42°18’44”W
129 22°30°18”5/42°18’54"W
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FIGURE 6

Photo showing the location of the positioning of the camera traps in relation to the bridge and forest.

rosalia) and presence of dependent offspring. We classified the
crossing events as being either Group or Individual events, and
Mixed when both species were crossing simultaneously or Single
species when only one species was present in the crossing event.

For each individual in the videos, we recorded the following
behavioral variables:

* Initial Vigilance: Presence or absence of vigilance behavior
at the time of the start of the crossing. Vigilance was defined
as animal stationary scanning the surroundings by
following a visual arch above the horizon to the sides and
front (between 120-180 degrees approximately) (Oliveira
et al., 2003; Smith et al., 2004).

* Vigilance Events: Number of times each individual
exhibited vigilance behavior during the crossing of the
bridge. We chose this metric over duration and percent of

TABLE 2 Total bridge crossing events recorded by the cameras
according to bridge location, species, study phase, and social grouping.

Phase/ Pipeline Forest
Condition Group Individual Group Individual
Initial Phase

L. rosalia 31 10 N/A N/A
Callithrix spp. 20 19 N/A N/A

Second Phase

L. rosalia 50 33 18 24
Callithrix spp. 30 54 24 43
Total per bridge 131 116 42 67

N/A, not available.

Frontiers in Conservation Science 07

time vigilant, because the vigilance bouts were of very short
duration (events) and longer bouts were truncated often by
the end of the 30 second video.

Crossing speed: This pertains to a locomotion style that
could be correlated with actual speed. Scored as Fast (when
the animals went from one end to the other of the bridge,
stopping no more than twice for less than two seconds each)
or Slow/Moderate (when the animals walked or ran with
less intensity and stopped to observe more than 3 times for
more than 2 seconds each). Stops at or near the edges
during the beginning and end of the crossing were
not considered.

Hesitation: An event was scored as showing Hesitation
(Presence or Absent) when the leading animal in the
video went back and forth between moving forward to
cross and returning to the starting side of the bridge. One
round of the back and forth was enough to score hesitation.
Alarm: For each crossing event we scored if alarm
vocalizations were Present or Absent. We considered the
following to be alarm vocalizations; for tamarins (whine,
aerial and terrestrial predator calls, clucks and combinations
of clucks-whines, Ruiz-Miranda and Kleiman, 2002) and for
marmosets (see, seep, tsak, ek, cough, Stevenson and
Rylands, 1988).

Crossing Order: Position of each individual in the group
during the start of the crossing (the first 2 meters of the
bridge). Scored as 1 (leading animal), 2 (second), and 3 to
ith for the remaining of the animals.

We also recorded the presence of behavior that could reflect
a lack of stress or fear such as social grooming, resting,
olfactory marking, or feeding (eating or foraging)
(Stevenson and Rylands, 1988; Kleiman et al., 1988).
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We sought to infer the strength, and how different explanatory
variables affect the perceived risk variables measured in this study. We
used a binomial distribution in GLMM (Generalized Linear Mixed
Model) to model the response variables crossing speed, initial
vigilance, and hesitation, as a function of selected biological and
experimental explanatory measures such as species, bridge location
(forest versus pipeline), phase (initial versus final) and group size
(single versus group). For each response variable, we created different
models ranging from reduced models (response variable ~ no
explanatory variables) to global models that included a combination
of all explanatory variables (variable ~ species + bridge location +
phase + group size). We used a Poisson distribution in GLMM as well
to model the response variable vigilance events as a function of the
same measures above in the same fashion. For all models, the crossing
event was assigned as the random effect variable. We built GLMM
models using the glmmTMB package with functions in R Software
version 4.1 (R Core Team, 2020; Brooks et al., 2017). We used Akaike
Information Criterion (AIC) to select the best models among all the
models we tested (Zuur et al., 2009). The models with the lowest AIC
values have the best support.

In addition, we calculated pseudo R? values to have a clue on how
well adjusted and explicative our models were, since GLMM models
do not have R* metrics like OLS techniques have. We computed an
index to calculate pseudo R? (Efron, 1978) by using the package
performance in R (Liidecke et al., 2021) that is a package dedicated to
assessing the performance and quality of regression models.

Chi square tests were calculated to test for significant
associations between species, bridge location and behaviors
reflecting low level of risk perception that occurred infrequently
such as foraging, grooming and scent marking. A test of
proportions using the Monte Carlo method was used to test
differences in the proportion of crossings by primates that were
either by marmoset or tamarins (Lumivero, 2024).

10.3389/fcosc.2024.1473312

Results

Time lags from pipeline bridge installation to first crossing were
between 1 and 30 days for tamarins and 2 and 21 days for marmosets.
We compiled 455 pipeline bridge crossings for marmosets (176
during Phase 1 and 279 on Phase 2) and 257 for tamarins (119 for
Phase 1 and 138 (Phase 2). Two locations showed similar proportions
of the total number of crossing events for tamarins and marmosets
(50% and 47 vs.53%), and one location showed a significantly higher
proportion of marmoset crossings (75%; % = 46.9, df=2, p<0.0001).

Behavioral analyses of the selected events (356) showed that
study phase had little influence on the variables that represent risk
perception during Pipeline bridge crossings (Table 3). Initial
vigilance was higher during the initial phase of the study for both
species (Marmosets Initial= 65.8%, Final 45.8%; Tamarins
Initial=72.4%, Final=57.8%), all other variables were not
significant for either species.

Bridge location had a significant effect on vigilance and crossing
speed for both species (Table 3). Tamarins and the marmosets
showed significantly more vigilance events (Figure 7), initial
vigilance (Figure 8A) and fast speed behavior when crossing
pipeline bridges than forest bridges. There were significant
differences between species in vigilance events and crossing speed,
but not in initial vigilance (Table 3). Tamarins showed significantly
more vigilance events, whereas marmosets showed a higher
proportion of fast speed crossings.

Bridge location did not have a significant effect on hesitation
scores and alarm calls (Table 3). The score for hesitation showed
opposite effects of bridge location for tamarins and marmosets
resulting in a non-significant overall GLMM model (Figure 8B;
Table 3). Marmosets showed hesitance to cross in a higher
percentage of crossings over the pipeline bridges relative to the
forest bridges, whereas tamarins showed a higher hesitance score in

TABLE 3 Subset of the best models tested through the GLMM models for each response variable of risk perception in primates during fauna crossings

in canopy-to-canopy bridges in the APA of the Sdo Jo&o River Basin, RJ.

Modelo AlIC

(1) Crossing speed ~ bridge location + species + phase + group size 874.0

log-likelihood = deviance pseudo R?  P-VALUES

-431.0 862.0 0.24 <0.0001 ***
<0001 ***
0.13

0.03 *

(2) Vigilance Events ~ bridge location + species + phase + group size 2297.8

-1142.9 2285.8 0.16 <0.0001 ***
<0.0001 ***
0.03 *

0.07.

(3) Initial Vigilance ~ bridge location + species + phase 922.6

(4) Hesitation ~ bridge location + species + phase + group size 3153

(5) Alarm vocalizations ~ bridge location + species + phase + 70.6

group size

-456.3 912.6 <0.0001 ***
0.11

0.05*

-151.7 303.3 0.22 0.51
0.01 *
0.98

0.02 *

-29.3 58.6 0.09.
0.21
0.10

0.05%.

*= P< 0.05; **=P<0.0001.
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FIGURE 7

Mean (+) (and standard deviation) number of vigilance events per crossing event for marmosets (Callithrix spp.) and tamarins (Leontopithecus rosalia)

over pipeline and forest bridges.

the forest bridges. Alarm calls occurred in less than 6% of the
crossing events (Figure 8C) with no significant bridge location
effect (Table 3).

A total of 173 group crossing events and 183 individual crossing
events were compiled from the videos (Table 2). Tamarins crossed
more often in groups (59.6%) than marmosets (38.9%; 3> = 15.2, p<
0.0001). There was a significant effect of group size for both species
on the proportion of events with fast speed (marmoset Group=
61.4%; Individual = 66.6%; Tamarins Group=33.6%, Individual=
40.3%) and hesitation (Marmosets Group= 9.4%; Individual = 8.6%;
Tamarins Group=2.2%, Individual= 11.9%). Group size did not
have a significant effect on vigilance events, initial vigilance, and
emission of alarm calls. In group crossings, the crossing order (first
and subsequent animals to cross) had not significant effect in
vigilance (Table 3).

Behaviors that would reflect a low level of apprehension were
exhibited in a few events, especially by tamarins: grooming
(tamarins 4.7%, marmosets 1.2%), and both feeding (0.56%) and
scent marking (3.9%) only tamarins. For marmosets, there were no
differences in grooming occurrence between pipeline and forest
bridges (x> = 3.8, p=0.7). For tamarins scent marking occurred
significantly more in forest (17.9%) than pipeline bridges (5.1%; %
= 13.4, p<0.001). Feeding (Forest= 3%, Pipeline 0.6%, %* = 2.9,
p=0.09) and grooming (forest=7.5%, pipeline= 4.1%, x> = 1.4,
p=0.2) also occurred more often in forest and pipeline bridges but
the differences were not significant. If these three behaviors are
pooled, then the proportion of events in which behaviors reflecting
low level of apprehension were exhibited was higher in forest
(26.8%) than in pipeline bridges (9.2%; 3> = 15.9, p<0.0001).
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Discussion

Both species crossed the pipeline bridges with high frequencies
throughout the study, even though their behavior reflects that they
perceive the pipeline bridges as a place of heightened risk of
predation. The perception of predation risk was sustained
throughout the study, with only a slight waning of vigilance.
Behavioral differences between the species during crossings
support the hypothesis of different perceptions of risk between
tamarins and marmosets. The similar frequency of use of the
bridges by both species is not unexpected because these species
associate frequently, and the marmosets often follow the tamarins
to food sources (Ruiz-Miranda et al., 2006; Lucas et al., 2024).

The differences in behavior in the two types of bridges indicate
that both species perceive crossing the open strip over the pipeline a
task with risk of predation. As predicted by the hypothesis of
increased long-distance visibility (Boinski et al., 2000), all
measures of vigilance and crossing speed were significantly higher
in the pipeline bridges. For the pipeline bridges, the first (or only)
individual showed vigilance at the beginning and during the
crossing and movement at fast speed. Within the forest, the
middle stratum is the one with the least perceived predation risk
(Campos and Fedigan, 2014; de Oliveira et al., 2003). This is where
the forest bridges were located. The pipeline bridges were at the
level of the middle strata but with open canopies, exposing the
monkeys to aerial predators. These species are vulnerable to attack
by birds of prey (Lledo-Ferrer et al., 2009). There was no record of
predators attacking the primates during the crossings, but an
attempt at predation was observed on the Iguape farm when an
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unidentified hawk attacked a squirrel (Guerlinguetus_ingrami)
crossing the bridge over the pipeline. In addition, the raptor
(Buteogallus urubitinga) was recorded preying on a coral snake
(Micrurus corallinus) in the pipeline strip near the study area (Lucas
et al,, 2020). Later in the study these bridges were substituted by
more elaborate ones, and birds of prey were recorded perching on
them. No such observations were made at or near the bamboo
bridges within the forest (Ruiz-Miranda et al., 2023). For these
primate species, pre-emptive vigilance (done prior to the detection
of the predator; Beauchamp, 2017) is the first line of protection
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against predators (Blanchard et al., 2018; Ferrari, 2009). Capuchins
and tamarins increase vigilance in locations within their habitat
with increased risk of predation (Campos and Fedigan, 2014; de
Oliveira et al., 2003), and tamarins show combination of vigilance
and alertness vocalizations (whines) when approaching risky
locations such as capture platforms (Lucas et al., 2024). The lack
of waning of behavior indicating risk perception over time (initial
versus final phase of the study) may just reflect that the level of
vigilance seen is the baseline level of predation risk assessment
related to moving over open-canopy areas.
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There were behavioral differences between lion tamarins and
marmosets during bridge crossing events which may reflect how this
risk perception is exhibited by species with different vulnerabilities
and strategies to avoid predation (Ferrari, 2009). Tamarins tended to
cross the bridges as groups and crossed more often using slowe speed
behavior. Marmosets tended to cross individually, with fewer
vigilance events, more hesitation and using faster locomotion.
These differences may be a consequence of differences in risk
perception and predator strategies in species with different body
size and coat color. Marmosets are smaller and more cryptic in color
than the reddish and conspicuous lion tamarins; the former
emphasizing camouflage and inconspicuousness, the latter
surveillance, detection and alarm (Ferrari, 2009; Stevenson and
Rylands, 1988).

Pipeline bridges being a predation-risk site, we expected to
observe more group crossings, as the risk of individual predation
would be diluted in proportion to group size (Bernstein, 1987;
Isbell, 1994; Boinski et al., 2000). Instead, it seems that both
tamarins and marmosets use an individual strategy in which an
attempt is made to scan the area, then cross silently without
stopping, but with other members of the group watching from
the edges of the forest, and in this way avoid attacks by an aerial
predator that is flying or landing near the bridges. In the case of
bridges made of bamboo, the best option could be to pass quickly, as
there are not many opportunities for evasive behavior, and heading
to the ground offers no protection. Yet, crossing in groups appeared
to diminish the perception of risk: it slightly reduced the number of
crossings using fast speed for both species and hesitation
for tamarins.

Two of the behaviors showed occurrence below what could be
expected for these situations: alarm calls and olfactory marking.
Marmosets and golden lion tamarins in the act of crossing the
bridge were rarely observed emitting alarm vocalizations.
Observation of the videos indicate that most of the vocalizations
came from other individuals who were in the forest near the bridge.
There are three possible explanations for the low detection rate of
alarm vocalizations. (1) Bridge crossing is not the kind of situation
that elicits alarm vocalizations. Callitrichids emit specific alarm
vocalizations to aerial predators and terrestrial predators, but only
at the time of sighting of the predator or a cue of the predator
(Caesar and Zuberbuehler, 2012; Ruiz-Miranda and Kleiman,
2002). The response to the aerial predator signal is to seek cover,
including dropping from the branches toward the ground. For
terrestrial predators, the answer is to recruit conspecifics that will
mob. These contexts of presence of specific predators rarely
occurred in bridges. On one occasion, a group of marmosets were
observed reacting agitatedly, emitting multiple vocalizations, some
individuals falling to the ground, after an alarm vocalization was
emitted by a conspecific in the forest, but the camera did not detect
the predator. Leontopithecus emitted mostly the “whine”
vocalization, which has a generalized warning function (Ruiz-
Miranda and Kleiman, 2002). (2) One hypothesis for the low
emission rate is that these vocalizations (of the whine type) would
make an animal crossing an open field stand out and easier to detect
by a nearby aerial predator. (3) Finally, the low rate of alarm
vocalization records may be a consequence of the limitation of this
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data collection method (Meek et al.,, 2016). The distance between
the camera and the primates may be too long to pick up some
sounds, as the primates advance to the opposite side of the pipeline
it becomes difficult to recognize whether the alarms are from the
individuals themselves crossing or from other individuals within
the forest.

We expected to see olfactory marking in the bridges. Olfactory
marking is part of primate social behavior and is used for different
purposes, such as marking the location of food resources or to
defend their territories (Lazaro-Perea et al, 1999; Miller et al,
2003). The marmosets did not show marking in the crossings
analyzed. Marmosets mark food sources, such as tree
scarifications for exudate extraction, with secretions from their
circumgenital scent glands (Epple et al., 1993; Heymann, 2006).
The lack of marking on the bridges may just reflect an inappropriate
context for displaying this behavior. The golden lion tamarins scent
marked with both the sternal and circumgenital glands on both the
pipeline and forest bridges. Golden lion tamarins tend to mark
substrates within the territory rather than at the edges or in areas of
intergroup encounters, which has raised the hypothesis that the
function of scent markings is to leave cues for the location of food
resources and routine pathways to resources (Miller et al., 2003). In
this sense, it is possible that the lion tamarins mark the bridges
during the crossing to indicate the path to food resources for the
members of the group, being the only appropriate substrate to cross
the pipeline strip due to the absence of lianas or trees. The low
incidence of marking may be a consequence of the bridges being
located within the home range of a single group, thus there is no
motivation for territorial marking (Miller et al., 2003). Another
hypothesis could be because once the bridge is considered as a site
of predation risk, the olfactory marking could lead other members
of the group to inspect the smell and consequently putting
themselves at risk, or it could be a sign or clue of the presence of
prey left for predators. This hypothesis has been postulated to
explain why golden lion tamarins avoid marking in places close to
sleeping hollows (Franklin et al., 2007a, 2007b).

Finally, another set of results supporting the hypothesis that
these species perceive these bridges as a predation-risk area is the
absence of behaviors during crossing that would suggest low fear or
acclimation such as play, feeding and social behaviors. Neither
species fed or engaged in social behaviors during crossings or
attempts to cross, even when young animals were present in the
groups (often motivated to play). Tamarins avoid playing in forest
strata or locations that could be considered risky and adults increase
their vigilance, even posting sentinels, when young are at play in any
substrate (de Oliveira et al., 2003). Olfactory marking could also be
considered as a behavior suggesting low fear for the reasons
outlined above.

The results of this study have relevance for the conservation of
the golden lion tamarin and similar species in landscapes
fragmented by linear structures. Primates can move over the
ground, but clearings affect their movements, probably more so
for smaller species (Estrada et al., 2017). Previous studies with
golden lion tamarins have shown that fragmentation is one driver of
genetic population structure and that wildlife bridges over a
highway are key to population dynamics and viability (Ascensao
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et al.,, 2019; Moraes et al., 2018; Ruiz-Miranda et al., 2019; Dietz
et al, 2024). Simple bridges spanning short distances can be used
often by callitrichids. Similar results of using bridges over small
spans (<25 meters) have been reported for other primate species
and small arboreal mammals, albeit with species differences (Chan
et al., 2020; Gregory et al.,, 2013; Teixeira et al., 2013). Low-cost
canopy bridges seem to be a viable strategy for crossing open and
exposed areas such as those arising from right-of-way strips, small
roads or railways, and even aqueducts or canals (usually < 30 meters
wide). They allow both special dispersal movements and routine
habitat use movements, and consequently result in expansion of the
home range or territory of social groups. However, these canopy
bridges were perceived by both species as a place of risk. he decision
to cross a bridge in open canopy is probably influenced by factors
that change the cost-benefit ratio of traversing a high-risk area (e.g.
presence of vulnerable young; body condition; resource availability;
predation pressure) and these may ultimately affect the frequency of
use of the bridge. A resulting hypothesis is that as the distance to be
crossed increases, the perception of predation risk increases, which
would decrease their use, or at least exacerbate species differences in
use, ultimately affecting the achievement of the desired
conservation outcomes.

A second point relevant to conservation is that bridges allowed
movements of both a native species threatened with extinction and
an invasive population of hybrids of two common species. The
invasive species is considered a threat to the conservation of golden
lion tamarins (de Morais et al., 2008; Ruiz-Miranda et al., 2000,
2019). A long-standing hypothesis is that invasive species are more
aggressive and bolder (risk-prone) than related native species
(Chapple et al., 2012; Carere and Gherardi, 2013; Damas-Moreira
et al,, 2019; Putman et al., 2020), and these differences would be
more apparent in novel or human-altered environments (Chapple
et al, 2012; Hufbauer et al., 2012). Marmosets are considered a
highly adaptable invasive species that has successfully occupied
both urban and new natural habitats all over Brazil (Malukiewicz
et al., 2020). Yet, similar to invasive squirrels and anole lizards
(Putman et al., 2020; Twining et al., 2020), they did not behave like
risk-takers or any bolder than lion tamarins. Perhaps the invasive
success of marmosets relies on the plasticity of their risk-assessment
behavior phenotype (see Griffin et al., 2016; Damas-Moreira et al,
2019). It should also be considered that lion tamarins also possess
several of these behavioral traits that facilitate dealing with new and
anthropogenic environments as evidenced by the success of the
reintroduction of captive-born individuals and the urban
population of introduced golden headed lion tamarins near the
city of Rio de Janeiro (Stoinski and Beck, 2004; Kierulff et al., 2012)

There was no evidence of aggressiveness or direct interference
of the invasive species in the use of bridges toward the endangered
native species. These two species associate frequently, and agonistic
interactions are rare, increasing only during the winter when fruits
are scarcer (Ruiz-Miranda et al., 2006). Golden lion tamarins are
larger and successfully displace the marmosets from food sources
(Ruiz-Miranda et al.,, 2006; Lucas et al., 2024). The dilemma for
conservation is that the bridges facilitate dispersal and population
dynamics of the invasive species, thereby mitigating the current
negative effects of habitat fragmentation in this region (de Morais
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et al.,, 2008; de Morais, 2010; Malukiewicz et al., 2015). More data
are needed on the ability of the invasive marmoset species,
compared to the endangered golden lion tamarins, to transpose
linear structures in order to assess the benefit that bridges represent,
and thus evaluate the cost-benefit of this strategy to mitigate the
barrier effect of linear structures in golden lion tamarins.
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