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Abstract

1.

The hooded capuchin (Sapajus cay) is an adaptable, generalist primate species found
throughout eastern Paraguay with preferences for the Paraguayan Upper Parana
Atlantic Forest (BAAPA). BAAPA is one of the world’s most critically endangered
terrestrial habitats with more than 90% of its original cover lost to industrial agri-
culture. Given its charismatic characteristics, the capuchin species is a candidate
flagship species for this ecoregion; however, its habitat preferences in BAAPA

degraded fragments are unknown.

. We develop a species distribution model using MAXENT to determine the remotely

sensed microhabitat features associated with habitat suitability in forests that had
experienced different levels of degradation. The model was fitted to presence-only
observations at two sites, Rancho Laguna Blanca and Nueva Gambach, to determine
how hooded capuchin distribution is associated with remotely sensed habitat fea-
tures in BAAPA fragments.

Wetness (mean and standard deviation), a measure of soil moisture and canopy clo-
sure, was found to be the most important driver at both sites. The capuchins showed
a preference for more mature forest, bamboo dominated forest and flooded forest
(that has experienced little selective logging in the past).

The capuchin was a forest obligate species and avoided crop fields. The monkeys
were less likely to be found in degraded areas, even though they were still forested.
As Paraguayan deforestation involves the creation of large crop fields separating
BAAPA fragments, the probability that the hooded capuchin can move between

those fragments is low.

. The hooded capuchin is a candidate flagship species for an agroforestry reforesta-

tion programme to reconnect BAAPA fragments. We propose that combining native
tree corridors with shade grown yerba mate and slash pine plantations would cre-
ate habitat for the capuchin and other wildlife while helping to alleviate poverty in

the area and the pressure that this causes on the forests’ natural resources.
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1 | INTRODUCTION

We have now exceeded safe operating levels for biodiversity loss and
forested arealoss (Steffen et al., 2015). Tropical and subtropical forests
are amongst the most biodiverse habitats on the planet yet are also
the most threatened. These threats include anthropogenic activities
such asillegal logging, expansion of industrial agriculture and fires (Lau-
rance, 2013; Peres et al., 2006). In some regions, deforestation can
be uniform, eroding the edges of larger tracts of intact forest, but in
other areas forests are lost or degraded through more complex habi-
tat fragmentation. Fragmentation causes large blocks of forests to be
divided into ever-smaller areas, increasingly isolated by roads, farm-
land or human habitation (Wilcove et al., 1986; Zuidema et al., 1996).
While at a superficial level this process may appear less damaging
to the environment than ‘slash and burn’ clearing, fragmentation can
resultinthe decline, and even regional extinction, of native tree species
through reduced seedling recruitment (Tabare, 2004) and increased
edge effects (Harper et al., 2005). It increases access to forest interiors
for hunters and loggers (Kosydar et al., 2014) and creates barriers to
gene flow, reducing within-species genetic diversity (Wangetal.,2017).

One of the world’s most endangered forested habitats is the
Atlantic Forest of South America. This forest once extended through
Brazil, eastern Paraguay, northern Argentina and into Uruguay but
it has been decimated with most of what remains existing in frag-
ments of less than 100 ha (Zanella et al,, 2012). In Paraguay, the
Upper Parana Atlantic Forest (BAAPA) is a highly diverse ecosystem
(Catterson & Fragano, 2004), characterized by deciduous, mesophytic,
broadleaf plants (Lowen et al., 1996), that covered around 86,000 km?2
until around the 1940s (Da Ponte, Kuenzer, et al., 2017). By 2000,
Paraguay suffered one of the highest deforestation rates in the world
(~2000 km?/year: Da Ponte, Roch, et al., 2017) mainly to cater to
expanding industrial agriculture, especially soybean monocultures, and
only around 25% of the forest remained intact (Huang et al., 2006).
Deforestation rate in eastern Paraguay drastically slowed after the
declaration of the Zero-Deforestation law (2542/04) enacted in 2004.
However, clearing did not halt with a further 7500 km? being destroyed
by 2016, or about 35% of what remained in 2000 being lost (Da Ponte,
Kuenzer, et al., 2017; Da Ponte, Roch, et al., 2017).

Within the BAAPA, there are around 19 publicly and privately
owned areas with varying degrees of protection. In total, protected
areas within the BAAPA region only account for around 3.4% of the
land (Catterson & Fragano, 2004). The largest and most famous are
Area para Parque San Rafael (Tekoha Gusau) and Reserva Natural
del Bosque Mbaracayl (a private reserve managed by Fundacién
Moises Bertoni)—these sites are the only two areas of BAAPA in
Paraguay of more than 50,000 ha. San Rafael/Tekoha Guasu is an ‘area
designated to become a National Park’ and consists of more than 40

different properties that are privately owned. Though its official area
is 73,000 ha, it has suffered heavily from logging and forest fires in
the last decade. Outside of these areas, most of the remaining BAAPA
exists in small, isolated fragments that have experienced significant
degrees of degradation.

Conservation of tropical forests such as the BAAPA is of global
importance for human health and well-being. Intact BAAPA can store
an average of 223.5 tons of carbon/ha (Gasparri et al., 2008) and even
secondary BAAPA can sequester 13 tons of carbon per hectare per
year (Calmon et al., 2011). However, BAAPA conservation for its own
sake is hard to prioritize in Paraguay, where the economy is dominated
by agriculture (particularly soybean production and cattle ranching).

A single charismatic species (a flagship) can increase support for
conservation initiatives more than the promotion of programmes
focused on saving ecosystems (Caro et al., 2004; Dietz et al., 1994;
McGowan et al., 2020; Senzaki et al., 2017; Thomas-Walters & Rihani,
2017). Flagship species that are properly selected can improve both
the ability to raise funds and direct where the funds should be invested
for maximum conservation impact (McGowan et al., 2020). Primates
are particularly good flagship species. Their obvious similarities with
humans make them easy to connect with emotionally and their long
life histories and rich social lives qualify them as the ideal face of a
long-term project such as the conservation and regeneration of a
forest habitat. Paraguay does not have the primate diversity of some
of its neighbours (with only five species recorded in the country).
The hooded capuchin (Sapajus cay) is mainly found in the highly pop-
ulated Oriental region (east of the Paraguay River) in what remains
of the Upper Parana Atlantic Forest (as well as marginally into the
gallery forests of the Cerrado [Smith et al., 2021]). The species is the
most widely recognized of Paraguay’s primates by the general public
(Smith et al., 2016) and is a well-liked animal (Smith, Ayala Santacruz,
et al., 2018). It has the potential to be a flagship species for BAAPA
conservation.

Previous studies have shown that hooded capuchins in Paraguay
can alter their diets in forests of differing ‘quality’ or levels of distur-
bance (Smith, 2021). These monkeys appear to require less space than
other capuchin species (genera Cebus and Sapajus) with small home
ranges of 50-80 ha (Sapajus nigritus: 5-465.3 ha [Di Bitetti, 2001; Izar
et al., 2007; Rimoli, 2001]; Sapajus flavius: 270 ha [de Souza Lins & Fer-
reira, 2019]; Sapajus libidinosus: 345 ha [Presotto et al., 2018]; Sapajus
apella: 320 ha [Gémez-Posada et al., 2019]). In degraded Paraguayan
BAAPA, hooded capuchins were found to preferentially select sleep-
ing sites displaying characteristics of more mature forests such as
taller trees with higher diameter at breast height, greater canopy con-
nectivity and more main branches (Smith, Hayes, et al., 2018). Even
when these monkeys have access to more ‘undisturbed’ habitat, they

have been observed to use arboreal crop plants, such as Slash pine
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plantations, for both feeding and sleeping sites (Smith, Hayes, et al.,
2018; Smith, 2021).

Identifying what environmental factors are associated with habi-
tat selection is an important factor in planning effective conservation
and habitat protection measures (Fitzgerald et al., 2018). Species dis-
tribution models (SDMs) have been used widely to estimate habitat
suitability based on species occurrence and environmental conditions
when data for habitat models are lacking (Booth et al., 2014). SDMs
can help make inferences about environmental variables associated
with species presence (Fourcade et al., 2014; Liu et al., 2020) and are
useful for estimating the likelihood of a species to occur in an area
that has not been sampled but of which environmental characteris-
tics fall within the range of characteristics sampled in the fitted SDM
(Hernandez et al., 2008). SDMs based on a maximum entropy (Max-
ent) fitting algorithm are able to produce useful models in data-poor
conditions (Hernandez et al., 2008; Gouveia et al., 2016). Remote sens-
ing data, including data from LANDSAT satellites, have been used to
assess species distribution, often in relation to land usage and habitat
loss (Legaard et al., 2015), and provide a rapid and cost-effective way to
inform SDM in data-poor conditions (Cavada et al., 2017).

The aim of this study was to estimate the remotely sensed habitat
features associated with the occurrence of a potential flagship species
for the endangered BAAPA. We compared the species occupancy pat-
terns in both a small and disturbed fragment and a more mature and
intact forest. To be an effective flagship species, hooded capuchins
need to depend on BAAPA, yet be flexible enough for degraded BAAPA
to be a suitable habitat and for coping with a wide range of potential
conservation interventions.

2 | MATERIALS AND METHODS

2.1 | Permissions

Fundacion Para La Tierra is a registered Paraguayan NGO (80086144)
and RL Smith is registered with the RNVS programme of the Ministry of
the Environment. Oral permission to carry out the work was provided

by all landowners.

2.2 | Study area and sites

We surveyed two sites in two departments in the BAAPA region from
January 2013 to March 2020. From January 2013 to May 2017, obser-
vations were collected in Rancho Laguna Blanca (RLB) in San Pedro
department (23°49'52.0”S, 56°17'42.2”"W). RLB is typical of much of
the remaining BAAPA outside of protected areas with a 243-ha frag-
ment of secondary forest completely isolated from nearby fragments
by soy fields, cattle ranches and human settlements. The forest frag-
ment had a history of human exploitation, including logging and fires,
until 2010 when it was classified as a private reserve. Reserve sta-
tus formally ended in February 2015 when the property was put up
for sale.

From May 2017 to March 2020, observations were collected
at Nueva Gambach (NG), a property at the southern tip of Area
para Parque Nacional San Rafael/Tekoha Guasu in Itapua, San Rafael
(26°62'62.5"S, 55°66’52.2"W). The NG property contains 150 ha
of near-undisturbed forest surrounded on three sides by organic
soy fields and connected at its northern border to the rest of San
Rafael/Tekoha Guasu. With little to no primary or undisturbed (old
growth forest that has not experienced a history of selective logging
or anthropogenic alteration) BAAPA left in Paraguay (Da Ponte, Roch,
etal, 2017), the forest of San Rafael/Tekoha Guasu is as close to undis-
turbed as remains in the country and for the purpose of this study will
be classed as ‘near-undisturbed’. We are defining disturbance as con-
temporary logging, fire damage or other extractive activity and are not
including the historical use of forest by indigenous people. This for-
est is of extremely high conservation importance, being categorized by
WWEF as one of the top 200 most important areas of biodiversity glob-
ally (Esquivel et al., 2019).

2.3 | Occurrence data

At RLB, two groups of semi-habituated hooded capuchins were fol-
lowed from dawn until dusk 6 days a week. At NG, a semi-habituated
focal group of hooded capuchins was followed from dawn until dusk
(and three other non-habituated groups opportunistically whenever
they were encountered) 15 days per month. All data were collected
by the first author. The locations of focal groups were recorded every
30 min using a Garmin 62S handheld GPS unit. Capuchin monkeys can
travel at speeds from 0.01 m/min to more than 25 m/min (Crofoot,
2013; Janson & Di Bitteti, 1997) and to avoid pseudoreplication, if the
monkeys did not move more than 100 m during the 30-min period, a
second GPS point was not recorded at the same location. If it was not
possible to enter the area where the monkeys were, then the GPS loca-
tion was taken as close as possible to them and the distance in metres
and direction in degrees from observer recorded. The point was then
manually moved using the programme Garmin Basecamp. At both sites,
location was recorded at the centre of the largest subgroup, and if
subgroups were more than 100 m apart then a location was recorded
for each. As well as direct observations, GPS locations of indirect evi-
dence such as faecal samples or appearance on camera traps were also
recorded. At both sites, the full area was searched comprehensively. A
total of 1200 occurrence points were recorded throughout the study
period: 679 at RLB and 521 at NG.

2.4 | Remotely sensed predictor variables

Raster layers at a 30 x 30 m? spatial resolution (the resolution of the
LANDSAT satellite sensors for visible, NIR and SWIR spectrums as well
as the smallest resolution to give the maximum detail within the mon-
key’s small home range [Smith, unpublished data]) were acquired and
prepared in R (version 4.0.3) using LANDSAT 8 imagery. For RLB, 102

passes were obtained between January 2013 and December 2017 and
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at NG 24 passes were obtained between May 2017 and July 2018.
The data for LANDSAT 8 passes has not yet been made available for
2019-2020. Images with more than 10% cloud cover were removed.
The images were stacked and used to derive mean and standard devi-
ation for the Normalized Difference Vegetation Index (NDVI). NDVI
is widely used in ecological research as a measure of the healthy,
photosynthetically active vegetation within each raster cell (Fitzger-
ald et al., 2018; Petorelli et al., 2011). NDVI is calculated from the
red and near-infrared bands (NIR) of the satellite image that are cre-
ated by reflectance from red light wavelengths absorbed by photosyn-
thetic pigments like chlorophyll and NIR wavelengths scattered by the
mesophyll cells of leaves (Baig et al., 2014; Campbell & Wynne, 2011;
Fitzgerald et al., 2018; Petorelli et al., 2011).

NDVI values range from —1, which indicates water or bare ground,
to +1 which indicates thick and healthy vegetation. We also deter-
mined microhabitat characteristics using Tasselled Cap Transformation
(TCT) of the original LANDSAT 8 image stack. TCT compresses the
bands of the original spectral data without loss of data and transforms
them orthogonally into a new set of axes that are aligned with physical
features, traditionally known as Brightness, Greenness and Wetness
(Baig et al., 2014; Fitzgerald et al., 2018). Brightness accounts for the
most variability in the image and is associated with bare soil and man-
made features. Greenness is an indication of photosynthetically active
vegetation (Baig et al., 2014; Fitzgerald et al., 2018) and Wetness is an
indication of soil moisture (Crist et al., 1986; Fitzgerald et al.,2018) and
has been found to be related to forest structure (Cohen, 1991; Cohen
& Spies, 1992). Landsat 8 images were stacked and mean and standard
deviation for Brightness, Greenness and Wetness were derived from
the stacks (January 2013 to December 2017 for RLB and May 2017 to
January 2018 for NG).

We tested for seasonal variability in the effect of the environmen-
tal variables on monkey occurrence (Hot and Cold seasons). The Hot
season included data collected between October and March and the
Cold season between April and September. Mean and standard devia-
tion for NDVI, Brightness, Wetness and Greenness were calculated for
each site for the entire study period as well as for each season.

2.5 | Modelling approach

We determined the contribution of the environmental variables to
capuchin habitat suitability, using a maximum entropy SDM based on
presence-only data implemented in MaxEnt version 3.3.3 (using pack-
age Dismo [Hijmans et al., 2020], R version 4.0.3) (Philips et al., 2006).
The Maxent algorithm has been consistently shown to perform well
with presence-only data (Fitzgerald et al., 2018; Hernandez et al., 2008;
Philips et al., 2006; Widyastuti et al., 2020) and estimates the prob-
ability of a species being present in a given location based on occur-
rence data and user-selected variables (Fitzgerald et al., 2018; Franklin,
2009; Philips et al., 2006). We determined habitat suitability (the pre-
dicted occurrence rate of monkeys in a given area) using model selec-
tion and generated response curves showing the importance of each

of the environmental variables to the predicted occurrence rate of

capuchin monkeys for the best model. We observed the environmental
variable value under each occurrence observations and we generated
10,000 pseudo-absence observations within each study area.

Eight models were run per site where the response variable was
subsetted in different ways: (1) all the site occurrence data; (2) all
occurrence data for both sites; (3) seasonal occurrence data, where
occurrence data at a given site were separated by hot and cold sea-
son; and (4) seasonal occurrence data for both sites together, where
all the occurrence data (RLB and NG) were considered for each sea-
son separately. Model fit and predictive performance were evaluated
using AUC (area under [ROC] curve) and PCC (percentage correctly
classified) estimates. The AUC measures the probability that the mon-
keys will be present at a known location (i.e. the habitat is suitable), will
be ranked higher than a randomly chosen background location and is a
value ranging from O to 1 (with 0.5 indicating the probability of random
prediction and 1 indicating perfect prediction [Jie et al., 2020]). Values
over 0.7 are considered to be ecologically relevant, meaning that there
is a greater-than-random chance that a presence site selected at ran-
dom will have a higher value than a background site selected at ran-
dom (Elith et al., 2008; Fitzgerald et al., 2018). The PCC (implemented
using PresenceAbsence; Freeman & Moisen, 2008) describes how many
of the test sightings were correctly predicted by the model. The thresh-
old was set to 0.5 and the mean AUC and PCC for each model were
obtained by using a 10 k-fold cross validation (Wich et al., 2012) using
the R package cvTools (Alfons, 2015).

2.6 | Habitat classification

While remotely sensed observations provide microscale features of
the areas occupied by monkeys, as well as how it varies intra-annually,
we also need to know whether the monkey’s habitat is representa-
tive of BAAPA. Habitat surveys were conducted at both sites using the
quarter-point method (Ganzhorn et al., 2011). Plots (20 x 20 m at RLB
and 100 x 100 m at NG) were used and the results extrapolated to give
results per hectare (Smith, Hayes, et al., 2018). Tree diameter at breast
height (DBH) was calculated using a measuring tape to give the circum-
ference and dividing by pi to give the diameter. Tree heights were mea-
sured using a clinometer. We used these data and other physical char-
acteristics to classify areas of the study sites into 14 broad categories
(Table 1). Habitat polygons were created for both sites using Quantum
GIS 3.18.3-Zurich (QGIS, 2021). Broad-scale land cover maps alone can
miss key habitat features and combining this coarse, temporally fixed
habitat categorization with remotely sensed features provides a more
complete understanding of habitat requirements (Oeser et al., 2020;
Ryan et al., 2006).

2.7 | Association between predicted occurrence
rate and habitat types

Once we could predict the capuchin monkey’s occurrence rate at both

sites using the SDM, we could then assess whether they were, on
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TABLE 1 Habitat types and descriptions at RLB and NG sites

Habitat type Description Present at

High Canopy “Undisturbed” Forest High, closed canopy (18-33 m), old growth forest, little undergrowth and NG only
no history of selective logging. Hard wood species abundant.

Older Growth Forest Mid-height (10-16 m), more open canopy. Dense undergrowth and few RLB only
hard wood species.

Degraded Forest Secondary forest with a history of heavy selective logging (until 2010) RLB only

Flooded Forest Mid-height canopy forest (history of selective logging). Forest floor RLB only
completely flooded.

Swamp Open canopy with swampy (but not flooded) understory. Dominated by Both sites
Pindo Palms and shorter trees.

Chachi Forest High canopy forest with several streams and small rivers and undergrowth Both sites
dominated by the tree ferns (Alophilia sp. and Cyathea sp.)

Bamboo Dominated Forest Taller canopy forest with understory and mid-canopy layer dominated by Both sites
two native bamboo species: Chusquea ramosissima (Pocaece) and Guadua
chacoensis (Poaece).

Burned area Cleared area with no large trees, recovering from a large forest fire in RLB only
August 2013.

Cattle Field Cleared cattle field, invasive grass species, few large trees with no Both sites
connected canopy.

Soy Field Monoculture crop fields—mainly planted with soy beans but occasionally Both sites
with maize or wheat.

Grassland Mesopotamian Flooded Grasslands NG only

Beach/Human Habitation Beach with houses and tourist centre. RLB only

Pine Plantation Plantation of slash pines (Pinus elliottii) NG only

Lake RLB—spring-fed lake. NG—stream-fed (man-made) lake. Both sites

Transitional forest Drier forest where BAAPA meets the Cerrado ecosystem. RLB only

average, more likely to occur in a particular habitat. To do so, we fitted
a generalized linear model with beta-distributed errors to assess the
association between the SDM-predicted occurrence rate for the spa-
tial points used to fit the SDM and the habitat type estimated at each
point. To account for spatial autocorrelation, we included as explana-
tory variables Moran eigenvectors defined from the coordinates of the
point assuming a spherical correlation structure. We only retained the
Moran eigenvectors providing significant information about the co-
ordinate’s spatial autocorrelation, estimated using Moran’s I. The beta-
GLMs were fitted using glmmTMB (Brooks et al., 2017) and the Moran
eigenvector mapping performed using spmoran (Murakami, 2021).
Residual diagnostics to ensure the distribution assumptions were met
were performed using DHARMa (Hartig, 2016).

3 | RESULTS

3.1 | Model performance and validation

All of the models were ecologically relevant with AUCs ranging from
0.785 to 0.949 and standard deviations ranging from 0.007 to 0.025
(Table 1). The PCC values did not vary greatly across the models, rang-

ing from 0.849 to 0.983. The final models selected were site spe-
cific and did not vary by season for RLB (AUC: 0.943/PCC: 0.928) or
NG (AUC: 0.838/PCC: 0.890) (Table 2). At both sites, the final mod-
els showed that the most important variable in predicting occurrence
was Mean Wetness (Figures 1 and 2). For RLB, mean Wetness (~70%),
mean NDVI (~20%) and the standard deviation of the NDVI (~10%)
were the more influential variables in the final SDM (Figure 1a). For NG,
mean Wetness was also the most important variable (~30%) and Mean
Brightness and standard deviation of Brightness were the second and
third most important variables (both between 20-25%) (Figure 2).

3.2 | Association with habitat types

At RLB predicted occurrence rates were associated with habitat types
that included more mature forest, older growth forest, bamboo domi-
nated forest and swamps, or flooded forest. At NG, the Pine plantation
had the highest predicted occurrence rate of capuchin but there was
no equivalent habitat type at RLB. In the natural forest at NG, the habi-
tat types most likely to have capuchins were the swamps, chachi forest,
bamboo dominated forest and high canopy forest (Figures 3a,b, 4, 53,
and 6).
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FIGURE 1 Contribution of variables of the final model for RLB
site (AUC: 0.943, PCC: 0.928)
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FIGURE 2 Contribution of variables of the final model for NG site
(AUC: 0.838/PCC:0.890)

4 | DISCUSSION

The aim of this study was to understand BAAPA habitat features asso-
ciated with habitat suitability for hooded capuchins. This information
is important to understand whether the species can exist throughout

the range of ecological conditions in which we can find BAAPA now.

Although the hooded capuchinis adaptable, as would be expected from
members of their genus (Smith, Hayes, et al., 2018; Smith, 2021), it is
a forest obligate species, requiring at least some forest cover to per-
sist in an area and with virtually no probability of being found in crop
fields. In Paraguay, the drastic forest loss over the last 60 years has
not occurred through gradual degradation and fragmentation of intact
forests but rather by widescale clear cutting and complete transforma-
tion to crop fields. While the hooded capuchin is an adaptable species,
the extreme level of complete forest loss in Paraguay (Da Ponte, Kuen-
zer, et al., 2017; Da Ponte, Roch, et al., 2017; Huang et al., 2006) may
pose a threat to their long-term survival as forest fragments are likely
disconnected for the species.

Within the forest, habitat suitability was mainly influenced by
remotely sensed Wetness (mean and standard deviation) in both the
anthropogenically altered and geographically isolated secondary for-
est and in the near-undisturbed, ‘higher quality’ forest of one of
Paraguay’s two remaining large tracts of BAAPA. Though the forest
at NG is surrounded by soy fields, the forest itself has not been sub-
jected to selective logging (Hans Hostettler, personal communication)
and is an older, more mature forest than RLB which experienced inten-
sive logging and fire damage until 2010 (Ayala Santacruz, personal
communication). The predicted occurrence rate of capuchins across
most of the NG forest is more even than at RLB where high pre-
dicted occurrence rates coincide with older growth areas, bamboo for-
est and swamps. The forest at NG is more uniform than the regen-
erating RLB forest, indicating that forest maturity becomes a more
important driver of habitat quality when older forest becomes a lim-
ited resource. Degraded areas of the forest fragment at RLB showed
reduced probability of capuchin presence, though there were still trees
in these areas. Wetness can be considered a measure of forest matu-
rity through level of canopy moisture (Cohen & Spies, 1992; Sama-
rawickrama et al., 2017). The SDM outcomes therefore indicate that
capuchins preferred mature forest, as suggested before (Smith, Hayes,
et al,, 2018). The increasing pressure on Paraguay’s little remaining
forest from illegal logging, marijuana plantations, charcoal production
and illegal settlements may result in an increase in degraded fragments
where there is little forest in a mature enough condition to support
viable populations of capuchins.

At both sites, NDVI and Greenness were other important features
associated with habitat quality, and at RLB there is a strong posi-
tive relationship between these drivers (Samarawickrama et al., 2017).
Both are measures of the amount of healthy, photosynthetically active
vegetation and it would be expected to be higher in areas with denser,
more mature forest (Baig et al., 2014; Fitzgerald et al., 2018). NDVI
was found to be a slightly more important predictor at RLB than at NG
which again may be a result of the history of habitat alteration mak-
ing the vegetation quality at RLB far more heterogenous than the for-
est at NG. Greenness was not one of the top four associated features
influencing habitat quality at NG and, in fact, Brightness, a measure-
ment related to bare soil, was more influential than NDVI or Greenness
at this site. This may also be related to the more homogenous level of
forest quality at the far less disturbed site of NG. If the quality of the
forest at NG, reflected in the Greenness and NDVI, is more uniform
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than in the highly disturbed fragment of RLB, then this could explain

why areas with higher Brightness, a factor associated with bare ground,
have a stronger association with capuchin presence, with the capuchins

less likely to be in areas with higher Brightness because of the lack of

trees.

While the capuchins used all non-plantation forested space more or
less equally at NG, they did not use degraded forest homogenously. At
RLB, the areas with the highest rate of occurrence of capuchins were

the older growth forest, bamboo dominated forest and flooded for-

est (that has experienced little selective logging in the past). While the
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FIGURE 4 Predicted occurrence rate at RLB depending on habitat type using a beta-GLM with six Moran eigenvectors to account for spatial
autocorrelation. Overdispersion parameter for the beta family estimated to be 3.8. Error bars are 95% confidence intervals

bamboo-dominated forest often has fewer large trees and therefore is
possibly unlikely to be able to support the capuchins without the sur-
rounding matrix of other forest types, the bamboo itself is animportant
resource for the capuchin groups at both site with the bamboo shoot
making up ~10%-30% of the capuchins diet at RLB and ~5%-40% of
the capuchins diet at NG (depending on the season) (Smith et al., 2022).
In addition to feeding directly on the bamboo, the monkeys also use the
large stems as a source of drinking water (Smith, personal observation)
The monkeys occurred less in the degraded areas, even though these
areas were still forested. This information is crucial to understand the
suitability of typical BAAPA fragments left which are mostly degraded
(Akers et al., 2013; Howard et al., 2012).

4.1 | Management implications for BAAPA
conservation in Paraguay

With so little of the BAAPA remaining, it is not only important to con-
sider conservation of the remaining larger fragments but also to begin
to implement programmes to reconnect smaller fragments (Naidoo
et al,, 2018). The capuchin’s habitat quality is associated with similar
features in near-undisturbed and degraded BAAPA fragments. Those
correlate with not only native mature forest, but also arboreal crop
species. We can use this insight to make inferences about habitat suit-
ability for hooded capuchins across the BAAPA region in Paraguay and
identify areas suitable for reforestation projects, using the capuchin
monkey as the flagship species to garner public support for the project.
That the monkey is a charismatic, popular, well-known species in the
country and the results indicate that it cannot survive in clear-cut crop

fields makes it a highly suitable flagship for such a project. In addition,

recent studies show that though this species is currently classified as
Least Concern at a national and global level, its dependence on for-
est in an area where forests are clear cut to make way for soy fields
means that this status must be re-evaluated (Smith, 2021). This status
change would have a significant impact on its effectiveness as a flagship
species, highlighting the urgency of the situation.

The SDM for NG showed that even though the capuchins had access
to some of the nearest-to-undisturbed forest left in the country, they
were most likely to be found in the 1.5 ha Slash pine tree (Pinus elliot-
tii) that bordered the forest. The monkeys spent significant amounts
of time feeding on pinecone seeds (42%-69% of feeding observations:
Smith, 2021; Smith et al., 2022) but also used the pine trees as an
important sleeping site, with over half of their nights spent in the plan-
tation (Smith, 2021). As this species is a timber crop, this behaviour
does not generate conflicts with economic activities. That the mon-
keys are willing and able to adjust their microhabitat preferences to
available, yet non-native, forest provides an opportunity to implement
a programme combining reforestation with financial benefits for local
communities. We propose that a reforestation programme incorporat-
ing pines in corridors to connect BAAPA fragments would be beneficial
to both capuchins and local people. Monkeys slept and ate in the pine
plantation, but during the day the monkeys spent most of their time in
the natural forest (Smith, unpublished data). This indicates that though
the monkeys used the plantation, they still required the natural for-
est as well and does not provide evidence that the plantation alone is
enough for the survival of the monkeys.

The Zero-Deforestation Law (Law 2524/2004) that was introduced
in 2004 and recently extended until 2030 (ABC Color, 2020) includes
several provisions to prevent further deforestation including the

provision that landowners with over 20 ha must keep 25% of their
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land forested. This agroforestry approach to reforestation could
therefore be underpinned by the Zero-Deforestation Law with its
associated financial incentives. The Zero-Deforestation law pro-
motes reforestation efforts such as the Payments for Environmental
Service (PES) programme. The Zero-Deforestation law Payments

for Environmental Services (PES) instruments include 75% of site
preparation costs, 75% of maintenance costs during the first 3 years
(Gonzalez-Gimenez, 2002) and a 50% reduction in property tax for
forestry plantations (Frey, 2007). The results of this study can be
incorporated within this existing policy and management framework
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to incentivize landowners to create corridors between forest frag-
ments on their land using native trees, mixed with cash-crops including
shade-grown yerba mate (llex paraguariensis) and Slash Pine tree

plantations.
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