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This study describes the characteristics of forest fragments occupied by a
Critically Endangered endemic Peruvian primate, the San Martin titi monkey,
Plecturocebus oenanthe (Pitheciidae; Platyrrhini). We selected 45 fragments; 20
had already been surveyed in 2015 by the Proyecto Mono Tocon (six of these had
been further split, resulting in 27 fragments); an additional 18 fragments were
randomly selected from satellite images. We surveyed these fragments for the
presence of P. oenanthe and determined characteristics of the fragments (size,
shape, tree density, canopy height) and of the landscape (distance to nearest
fragment and road). We also examined changes in the number of fragments and
in forest cover between 2015 and 2019. We encountered P. oenanthe in all
surveyed fragments except for the smallest one (0.2 ha). Our findings suggest
that P. oenanthe can persist in fragments with a wide range of characteristics,
particularly with regard to size and tree density. Unless fragmentation continues
and overall forest cover in the area diminishes further, the species may be able to
persist even in a fragmented landscape, provided that the matrix allows for
movements between fragments. However, persistence might not be long-term if
groups are not reproductive, populations become too small, and reduced gene
flow results in inbreeding.
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1 Introduction

Anthropogenic habitat loss and fragmentation represent major
threats to biodiversity and ecosystems (Fahrig, 2003; Maxwell et al.,
2016). Tropical rainforests — the home of the majority of non-
human primates - are amongst the most strongly affected
ecosystems (Estrada et al., 2017). Habitat loss, i.e., deforestation,
results in local, regional or even global extinction of primates and
other inhabitants of tropical forests, unless a species is capable of
switching to a completely different habitat. In contrast,
fragmentation can have variable effects and outcomes, from
negative, through neutral to even positive (Ewers and Didham,
2006; Benitez-Malvido and Arroyo-Rodriguez, 2008; Fahrig, 2017).
Some primate taxa may be more resilient to habitat fragmentation
than others, but this resilience may reach its limits when other
disturbances (e.g., the outbreak of diseases) affect their populations
(Bicca-Marques et al., 2020; Strier, 2021).

The specific outcome of habitat fragmentation depends on a
number of factors including the size and shape of fragments, the
distance between fragments, the structure and permeability of the
landscape (matrix) surrounding fragments, and the life history and
ecological traits of the primate species (Benchimol and Peres, 2014;
Galan-Acedo et al,, 2019). Larger fragments are likely to provide more
and higher quality habitat, which can sustain larger groups or
populations. However, while some studies found a relationship
between fragment size and presence or abundance of a primate
species, others did not (Cristobal-Azkarate et al, 2005; Arroyo-
Rodriguez and Dias, 2010; Marsh et al., 2013). The shape of
fragments is likely to influence habitat quality through edge effects:
the proportion of a fragment that is affected by edge effects increased
with the irregularity of the shape (which results in a larger ratio
between the perimeter and the area; Benitez-Malvido and Arroyo-
Rodriguez, 2008; see Murcia, 1995, for edge effects in fragments in
general). On the other hand, irregularly shaped fragments, particularly
when large, may increase the probability that a fragment will be
encountered by traveling groups or individuals (Benitez-Malvido and
Arroyo-Rodriguez, 2008). The distance between fragments, and the
structure and permeability of the landscape will also affect this
probability, and the probability that a single group can occupy more
than one fragment (Prugh et al, 2008; Pozo-Montuy et al, 2011;
Benchimol and Peres, 2014). Roads are another factor that influences
the permeability of the landscape; they can limit the movement of
primates, and crossing roads may be lethal (Asensio et al, 2017;
Hetman et al, 2019). Finally, tree density and canopy cover are
obvious characteristics of fragments that directly influence tree-living
organisms like primates, as they obtain most food from (plant-based
diet) or within (invertebrate and vertebrate prey) trees.

The San Martin titi monkey, Plecturocebus oenanthe (Pitheciidae;
Platyrrhini; Primates; previously Callicebus oenanthe; see Byrne et al.,
2016 for taxonomic change) is endemic to the San Martin region in
Peru (Vermeer and Shanee, 2020). It is categorized as Critically
Endangered (IUCN category: CR), due to an estimated population
reduction of >80% since around 2000 caused by habitat loss
(Vermeer and Shanee, 2020). Throughout this region, agricultural
activities have led to heavy deforestation and fragmentation. The
species” original geographic range covered 14,686 km?, but by 2013,
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55.6% of the original range was lost, and of the remaining 6,500 km*
only about 1,900 km? (13% of the original range) were considered as
“good” quality habitat (Shanee et al., 2013). These authors
recommended studying the presence of P. oenanthe in marginal
habitat, which would include highly fragmented areas. Therefore, in
this study we originally aimed at examining fragment occupation by
P. oenanthe and characterizing fragments in which the species is
present with regard to size, tree density and other variables in
comparison to fragments in which the species is not detected.
Unexpectedly, titi monkeys occupied all except one of the surveyed
forest fragments. Therefore, this paper quantitatively describes the
characteristics of occupied fragments and discusses the implications
for the conservation of San Martin titi monkeys, in order to identify
the range of characteristics under which this species exists in the area,
and to identify the minimum values (e.g., fragment size) and
maximum values (e.g., distance to nearest fragment) that can be
tolerated. As most groups were not habituated to humans, we could
not collect data on group size and composition.

2 Methods

2.1 Background information on titi
monkeys in general and on the
study species

The San Martin titi monkey is one of the currently recognized 25
species of the genus Plecturocebus. Titi monkeys of this genus occupy a
wide range of habitats, from evergreen rainforests (both terra firme and
flooded), to semi-deciduous dry forests (Bicca-Marques and Heymann,
2013). In contrast to this obvious ecological variability, titi monkeys are
uniform in their social system: all species are pair living, with groups
consisting of the adult breeding pair and usually one to three offspring;
occasionally, a third adult may be present (Bicca-Marques and
Heymann, 2013). Offspring generally disperse when reaching
maturity (Bossuyt, 2002). Titi monkeys show very high levels of
paternal care (Wright, 1984). Most groups of P. oenanthe contain
between 2 and 4 individuals, but groups of up to 8 individuals have
been seen; mean group size varies between 2.9 and 3.6 (Shanee et al,
2024). P. oenanthe feeds primarily on fruits, but also includes leaves
and other non-reproductive plant parts, flowers, invertebrates, and
vertebrates in its diet (DeLuycker, 2007, 2012, 2024). Shanee et al.
(2024) provide additional information on the biology of P. oenanthe.

2.2 Study areas

The two study areas are located close to the city of Moyobamba.
Area 1 covers 1790.7 ha and Area 2 covers 2545.2 ha (Figure 1). The
climate in the Moyobamba area corresponds to the category Af in the
Koppen-Geiger classification. Mean annual temperature area is 20.7°C
and annual precipitation is 2021 mm (Climate-data.org, 2024). The
natural vegetation in the Moyobamba area corresponds to humid
premontane tropical forest in the Holdridge classification system
(Romero Herrada, 2018). Agricultural activities in the area include
coffee agroforestry; non-shaded coffee; pineapple, yuca and banana
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Geographic location of the study areas.
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plantations; rice fields and grazing pastures. The main difference
between the two areas is the presence of a conservation area in the
southeast of Area 1 and an asphalted main two-lane road that borders
Area 2 to its north.

2.3 Fragment selection

A forest fragment was defined as an isolated area of forest that
contained trees with a diameter at breast height (dbh) =10 cm and
taller than 8 m, surrounded by a matrix. The matrix can include
agricultural areas, pastures, shrubland and vegetation with trees that
did not meet the forest fragment criteria, water bodies, and swamps.
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Fragments were considered separate fragments if they were divided
by a road or wide track with none or minimal connectivity between
the branches above the road.

We surveyed a total of 45 forest fragments. This included 20
fragments surveyed in 2015 by Proyecto Mono Tocon, 10 per area.
Land use changes resulted in further fragmentation of six fragments
(five split into two, and one into three fragments), resulting in 27
fragments. We selected an additional 18 fragments through
stratified random sampling using area as the selection criterion:
<3, 3-6, 6-9, >9 ha (Buja and Menza, 2013) from satellite images
(Google Earth; Spot 6 imagery generously provided by the Peruvian
Space Agency, CONIDA). Google Earth images used were from as
close to the time of the study as possible. The CONIDA images used
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were from 2019, or if this image had cloud cover, from 2018. Area 1
contained fragments 1 to 21 (1-10 first evaluated in 2015 and 11-21
first evaluated in 2019), and Area 2 fragments 22 to 38 (22-31 first
evaluated in 2015 and 32-38 first evaluated in 2019; fragment
numbers represent our enumeration and do not have a specific
meaning) (Figure 2). The surveyed fragments represent 13% of all
fragments (349) in Areas 1 and 2 (Supplementary Figure 1).

10.3389/fcosc.2024.1401517

2.4 Characterization of forest fragments

2.4.1 Fragment size and shape

To calculate perimeter and area, we walked around the
fragments and tracked the perimeter with a Garmin GPS
(GPSmap 62s). From the GPS data, we calculated the area and
the perimeter of the polygon with QGIS 3.10 (QGIS.org, 2020).
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FIGURE 2

Geographic location of surveyed fragments in Area 1 (A) and Area 2 (B). Fragments with the same numeral, but labelled a, b or c represent fragments

that belonged to single fragments in 2015 and were subsequently split into
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If we could not walk around an entire fragment, we completed the
polygon from satellite images (see 2.3).

We calculated the shape index (SI) of forest fragments with the
SAGA Vector Polygon tool (Conrad et al, 2015) in QGIS 3.10
(QGIS.org, 2020) according to the following formula

SI=P/2+ ¢Asm

where P is the perimeter and A is the area (Patton, 1975). An SI of 1
indicates a perfect circle; the higher SI, the more complex the shape.

2.4.2 Tree density and canopy height

We determined sampling points with ArcMap 10.6 (ESRI 2018).
We drew a buffer of 20 m from the fragment border to avoid sampling
at the often very low and dense vegetation along the border (Figure 3).
We then drew a single transect or several transects, according to
fragment size and shape, that maximized the number of sampling
points separated by 20 m intervals. Sometimes difficult terrain or very
dense vegetation made it impossible to follow drawn transects; in such
cases, alternative transects were improvised in the field. In very small
fragments, we could not completely exclude the 20 m buffer from the
fragment border from sampling.

At each sample point, we employed the point-centered quadrat
method (Krebs, 1999). We measured the distance to the nearest tree
(including woody palms) with a dbh =10 cm; in the case of multiple
stems, we measured the distance from the sampling point to the
center between the stems. We added the radius of trees, calculated
from their circumference, to the measured distance.

We visually estimated canopy height to the nearest meter. CLRV
and ZLCC independently estimated height; if there was a
disagreement, we repeated the height estimation together to reach
a consensus.

We could not employ the point-centered quadrat method in
four fragments because the fragment was too small (two fragments),

FIGURE 3

10.3389/fcosc.2024.1401517

the owner had set out shooting traps to hunt terrestrial rodents, or
the fragment was very swampy. In these cases, we used existing
trails for data collection.

2.5 Surveys for fragment occupation

We determined fragment occupation by visiting fragments at
06:30 h a.m., searching for titi monkeys and listening for their
vocalizations. If we did not see or hear monkeys by 09:30 h a.m., we
played a recording of their loud call; depending on the fragment
size, we made the playback inside the fragment or from the edge.
Playbacks readily attract titi monkeys to the speaker and provoke
them to call back (Aldrich et al., 2008). If we did not detect monkeys
after a maximum of three visits, we considered titi monkeys as being
absent from the respective forest fragment.

2.6 Determination of
landscape characteristics

From satellite images (see 2.3), we calculated the distance to the
nearest forest fragment (edge to edge), distance to nearest paved
and unpaved road, the total number of forest fragments per area,
and the forest cover per study area. We compared changes in the
number of fragments and in forest cover between 2015 and 2019.

2.7 Statistical analyses

To find out whether Areas 1 and 2 differed in any way that could
have influenced the overall findings, we compared the
characteristics statistically. For normally distributed data, we

View of the border of a forest fragment. Note the low and dense vegetation along most parts of the border. Photo © Eckhard W. Heymann.
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employed the T-test, for non-normally distributed data the Mann-
Whitney U test (MWU test). We performed these tests in Statistica
v.14 (TIBCO Software Inc, 2020).

3 Results
3.1 Fragment occupation

Titi monkeys were present in 44 out of 45 surveyed forest
fragments (Figures 2, 4). In 2019, they were present in all fragments
already occupied in 2015, and in all fragments except one first surveyed
in 2019. We detected titi monkeys during the first visit in 40 fragments,
in five during the second visit (Supplementary Table 1).

3.2 Fragment characteristics

3.2.1 Fragment size and shape

Surveyed fragments ranged in size from 0.2 to 24.7 ha
(Figure 4A). We encountered P. oenanthe in all fragments except
the smallest one. The median size of all surveyed forest fragments
was 2.3 ha (IQR: 0.7-7.5 ha); median fragment size did not differ
between Area 1 (2.1 ha; IQR: 0.7-6.8 ha) and Area 2 (2.3 ha; IQR:
0.5-7.7 ha) (MWU test: U=238.50, Z,4j=-0.184, Pexaci=0.847;
Supplementary Figure 2A).

The shape index (SI) ranged from 1.06 to 2.75 (Figure 4B). The
median SI was 1.42 (IQR: 1.24-1.79); the median SI did not differ
between Area 1 (1.41; IQR: 1.25-1.73) and Area 2 (1.42; IQR: 1.21-
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1.86) (Supplementary Figure 2B). 91% of all the surveyed fragments
had an SI<2; hence albeit small, most fragments are rounded.

3.2.2 Tree density

Tree density ranged from 308 to 2065 trees/ha (Figure 4C). The
median tree density was 663 trees/ha (IQR: 485-819); the median
tree density did not differ between Area 1 (663 trees/ha; IQR: 405-
819) and Area 2 (683.5 trees/ha; IQE: 634-783) (MWU test:
U=176.00, Z,3j=-0.801, Pexac=0.427; Supplementary Figure 2C).

3.2.3 Canopy height

Canopy height ranged between 9 and 20 m (Figure 4D). Mean
canopy height was 13.6 (SD: + 2.7) m. Mean canopy height did not
differ between Area 1 (14.0 m = 3.1 m) and Area 2 (13.2 m + 2.3 m;
T-test: t=0.904, p>0.1 (Supplementary Figure 2D).

3.3 Landscape characteristics

3.3.1 Distance to nearest fragment and roads

Most surveyed fragments were relatively close to a neighboring
fragment (median: 29 m, IQR: 7-44 m) (Supplementary Figure 1).
The median distance to the nearest fragment did not differ between
Area 1 (15 m; IQR: 5-78 m) and Area 2 (34 m; IQR 9-43 m) (MWU
test: U=231.00, Z,;=-0.356, Pexac=0.724).

Distance to the nearest road (paved or unpaved) ranged
between 0 and 724 m (median: 157 m; IQR: 44-355 m)
(Supplementary Figure 1). The median distance to the nearest
road did not differ between Area 1 (153 m; IQR: 44-340 m) and
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Area 2 (202 m; IQR 37-397 m) (MWU test: U=229.50, Z,g=-
0.391, Pexac=0.691).

3.3.2 Fragment size, forest cover and changes
between 2015 and 2019

Forest fragments in the matrix around the surveyed fragments
were mostly small (Table 1; Supplementary Figure 3). The number
of forest fragments increased in both Area 1 and 2. The median size
of forest fragments in Area 1 decreased from 1.3 ha in 2015 to 1.0 ha
in 2019, and remained unchanged in Area 2 (0.8 ha in both 2015
and 2019). Forest cover diminished between 2015 and 2019 in both
Area 1 and 2 (Table 1).

4 Discussion

Quite unexpectedly, our study found P. oenanthe to be present
in all but one of the surveyed fragments. Also, titi monkeys were
present in 2019 in all fragments surveyed in 2015, despite further
fragmentation and reduction in forest cover between 2015 to 2019
(Table 1). Forest fragments varied strongly in all characteristics that
we considered, except for shape. This indicates that the critically
endangered P. oenanthe seems to be able to adapt to and to persist
in a fragmented habitat embedded in an agricultural matrix, at least
in the short term.

In our study, P. oenanthe occupied fragments as small as 0.3 ha.
This is similar to dusky titi monkeys, Plecturocebus moloch, which
occupy fragments as small as 0.5 ha (Michalski and Peres, 2005).
Presence in such small fragments does not necessarily mean that a
group occupies this fragment only. Rather, it is conceivable that titi
monkeys occupy two or more neighboring fragments. However, we
detected titi monkeys in the majority of cases upon the first visit to a
fragment, which makes it plausible that they were indeed residing in
the respective fragment only. In any case, residing in and travelling
between different fragments remains an option. Such travelling would
be facilitated if distances between fragments are short (Fahrig, 2017),
which is the case in our study. This would allow titi monkeys to
employ landscape complementation (i.e., fragments provide different
resources, e.g., food in one, sleeping sites in another) and landscape
supplementation (i.e., fragments provide supplementary resources,
e.g., different food species) (Dunning et al., 1992).

The type and quality of vegetation around fragments will also be
critical, as it determines the degree of isolation of forest fragments,
matrix permeability and connectivity (Prugh et al.,, 2008; Pozo-
Montuy et al., 2011; Benchimol and Peres, 2014). In our study areas,
shrubland, young secondary forest, agroforestry coffee plantations,
and banana plantations or cocoa plantations would allow for above
ground or arboreal travelling, while unshaded coffee plantations,
pineapple plantations and pastures could only be crossed via
terrestrial travelling. So far, terrestrial foraging but not terrestrial
travelling has been observed in P. oenanthe (DeLuycker, 2007).
However, other Plecturocebus species regularly forage and travel on
the ground, including travelling between forest fragments (Martinez
and Wallace, 2011; Souza-Alves et al.,, 2019). Travelling between
forest fragments, both above and on the ground, has been reported
in different species of howler monkeys, genus Alouatta (e.g (Asensio
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et al.,, 2009; Arroyo-Rodriguez and Dias, 2010; Serio-Silva et al.,
2019). On the way to surveying fragments, we observed titi monkeys
feeding on bananas, mandarins and “taperiba”, Spondias mombin
(Anacardiaceae) in farmland; moving through agroforestry areas,
shrubland, timber plantations; and resting in a large tree with vines
in an agroforestry area. Farmers reported having seen the titi
monkeys feeding on farm fruit and they even left fruit out for
them. They also reported titi monkeys moving through agroforestry
areas and feeding on “guava”, Psidium guajava (Fabaceae), trees
that provide shade for the coffee.

Apart from finding sufficient resources in fragments or
complementing/supplementing resources by occupying two or
more fragments, travelling between fragments is also extremely
important for the social dynamics of these pair-living primates.
Upon maturity, titi monkeys of both sexes usually disperse from
their family group (Bossuyt, 2002; Van Belle et al., 2016). This may
become increasingly more difficult if travelling between fragments is
impeded, or if no unoccupied fragments are available. This could
increase group size and - in the long term - change the social and
mating system. Guyana sakis, Pithecia pithecia, and golden-faced
sakis, Pithecia chrysocephala, usually live in small family groups
with a single breeding pair (Norconk, 2007), but on an island and in
an isolated forest fragment, respectively, groups contain multiple
adult males and females (Setz and Gaspar, 1997; Norconk, 2006).

All species of the genus Plecturocebus, including P. oenanthe,
occupy small home ranges, mostly <10 ha, and even in continuous
forest, home ranges can be as small as 1.7 ha (Supplementary
Table 1). This may dispose members of this genus to persist in small
fragments, provided these harbor sufficient resources, both food and
safe places for sleeping and resting. Whether the shape of fragments
is an important factor, too, must remain open. In our study, most
fragments were round (SI 1.2-1.4), which minimizes the amount of
edge (Benitez-Malvido and Arroyo-Rodriguez, 2008).

Tree density varied strongly between fragments. However, we
must point out that the number of sampling points for the point-
centered quadrat method is lower than theoretically requested
(Ganzhorn et al, 2011). Nevertheless, since the potential error
applies to practically all fragments, the results still suggest that P.
oenanthe can persist in forest fragments with quite divergent tree
densities. The same holds true for canopy height.

Distance to roads also varied strongly; some fragments were
immediately next to a road while others were a several hundred
meters away. Thus, nearby roads do not appear to deter titi
monkeys from living in forest fragments. While roads can
constrain travel between fragments and crossing roads may be
lethal (Asensio et al., 2017; Hetman et al., 2019), Galan-Acedo et al.
(2019) did not find any significant effect of road abundance in
fragmented landscape on primate populations.

In summary, our study demonstrates that P. oenanthe can
persist in a highly fragmented habitat, seemingly tolerating a
broad range of fragment characteristics, giving hope for the future
of this Critically Endangered species. Thus, the major threat may
not consist in forest fragmentation per se, but in forest loss, as
suggested by Galan-Acedo et al. (2019) for primates in general.
Nevertheless, there is currently no point for a re-evaluation of this
categorization. First, detailed data are needed to see whether
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TABLE 1 Changes in the number of fragments, fragment size and forest cover in Areas 1 and 2 between 2015 and 2019.
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2015 126 1.3 0.8-2.9 0.1-104.4 442.1 24.7
1790.7 -118.1 -26.7
2019 136 1.0 0.5-1.8 0.1-72.1 324.0 18.1
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population densities remain stable or continue to decrease. Second,
data are needed on social dynamics (group size and composition).
Unfortunately, we have data neither on population density nor on
group size and composition, to see whether these variables have
changed since 2015. Also, we do not know whether all groups or
only some are reproductive, which would be crucial for the long-
term persistence in fragments and for the stability of the population.
Despite continued occupation of all fragments surveyed in 2015 and
2019 and occupation of all fragments added in 2019, we cannot rule
out that reproduction is impaired and population size is decreasing.
However, observations on the presence of infants and juveniles
suggest that reproduction can take place in groups living in
fragments (DeLuycker, 2007: two infants during study period in
one group in a 3 ha fragment; Hodges, 2020: two groups with one
infant each in fragments of 2.15 ha and 4.15 ha, respectively;
Huashuayo-Llamocca, 2017: one juvenile in group living in a 4 ha
fragment). Only the collection of demographic data during more
detailed and long-term monitoring of fragment occupation can
resolve this issue. Third, data are needed on the productivity of
forest fragments, to evaluate whether they can provide enough food
resources for P. oenanthe in the long run. In any case, the reduction
in forest cover in the two study areas from 2015 to 2019 is an
alarming signal. Prevention of further habitat loss, along with
maintaining (or increasing) connectivity between fragments,
remains a conservation priority. Modelling connectivity under
scenarios with increasing fragmentation or scenarios with
reforestation will help to guide conservation efforts (Schaffer-
Smith et al., 2016), but ground-based evaluation of populations,
fragment occupation and permeability of the matrix in different
parts of the distributional area of P. oenanthe remain crucial.
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