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Abstract As spatial variation in vegetation cover may influence the abundance of species at a landscape
scale, abundance estimates may clarify shifts in habitat use within a vegetation mosaic. In the present
study, we used camera trapping and a dynamics mix model to estimate the abundance of the white-lipped
(Tayassu pecari) and collared peccaries (Pecari tajacu) in a study area in southern Brazilian Amazonia.
We focused on the variation between three vegetation types — primary forest, secondary forest, and forest
plantation — as potential determinants of peccary abundance. The initial abundance (A) of T. pecari was
higher in primary forest in comparison with the secondary forest and plantation. By contrast, the A of P.
tajacu did not vary significantly with vegetation cover. The expected abundance of 7. pecari correlated
positively with the presence of primary forest, and negatively with secondary forest and plantation. No
clear correlation was found between the abundance of P. tajacu and any type of vegetation cover,
however. The results of the present study provide important insights into the influence of vegetation cover

on the abundance and detection of peccaries, whose ecology is still relatively poorly understood.
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Introduction

The abundance of a species is a fundamental variable for the study of population ecology, given its
potential for variation across both time and space (Kéry and Schaub 2012), which is nevertheless
predictable, based on the habitat preferences and inter-specific relationships of the species (MacKenzie et
al. 2006). Species that have an ample geographic distribution may inhabit a range of different types of
vegetation, which may result in dynamic shifts in abundance determined by the composition and quality
of local habitats. The spatial distribution and abundance of an animal will thus reflect both its habitat use
and the diversity of the landscape. The theory of habitat selection predicts that the habitat spectrum will
shift in line with population density — the occupation of sites of lower quality will become more viable
as population density rises, while populations are more likely to endure in more suitable habitats
(Fletcher et al. 2011).

A decline in population density, in particular in large, gregarious herbivores, may trigger a
cascade effect in the ecosystem, including the loss of ecological processes, such as seed dispersal, and
indirect facilitation within nontrophic networks (Ripple et al. 2015). In the Neotropics, peccaries play a
vital role in the formation of the soil structure and have a significant influence on the distribution and
demography of numerous species of palm. The local extinction of peccaries is thus likely to result in
substantial ecological transformations in local forests (Beck 2006). These extinctions may have
unforeseen impacts on the characteristics of the leaf litter, for example, and the abundance of terrestrial
amphibians and reptiles (Beck et al. 2010; Reider et al. 2013; Ringler et al. 2015). The absence of
peccaries may also contribute to an increase in seed predation by rodents (Galetti et al. 2015), which
would eventually impact the recruitment of large-seeded trees and endanger carbon storage over the long
term (Bello et al. 2015).

Over the past century, the white-lipped peccary (Tayassu pecari) has not only vanished from
approximately 21% of its historical range, but has also declined in numbers and faces only a moderate
chance of long-term survival in the remaining areas (Altrichter et al. 2012). While the collared peccary
(Pecari tajacu) appears to be more tolerant of anthropogenic disturbance in comparison with 7. pecari
(Fragoso 1999; Altrichter and Boaglio 2004; Garcia-Marmolejo et al. 2015), it is still vulnerable to
impacts from deforestation and habitat fragmentation (Bodmer et al. 1993; Garcia-Marmolejo et al.
2013).

In recent years, a growing number of studies have provided important insights into the impacts



of deforestation and habitat fragmentation on the Neotropical fauna (Offerman 1995). A knowledge gap
nevertheless persists with regard to the ecological response of species to the restoration of degraded
forests through reforestation programs. While the loss of biodiversity induced by deforestation in tropical
regions may be partly offset by the expansion of secondary forests and the establishment of plantations
(Barlow et al. 2007), the long-term potential of such strategies remain unclear. In the present study, we
examine how vegetation cover impacts the abundance of both Amazonian peccary species, based on a
four-year camera-trapping survey in an agricultural frontier region in the southern Brazilian Amazonia.
An innovative aspect of this study was the use of a dynamic model that accounts for imperfect detection,
an approach not used previously to estimate peccary abundance.

The study is based on the analysis of the relationship between peccary abundance and the
distribution of three vegetation classes within an area impacted by past agricultural practises. We
expected the two species to present differences in both abundance and detection in the different types of
vegetation, related to their habitat requirements and distribution patterns. Our hypothesis was that the
patterns of abundance and detection of the two peccary species are nonrandom, varying systematically
among the vegetation classes, reflecting a hierarchical preference for habitats (primary forest > secondary

forest > forest plantation).

Materials and Methods

Study area

The study area is located at the Fazenda Sao Nicolau (FSN), a 10,000-hectare farm on the left margin of
the Juruena River in southern Brazilian Amazonia (Fig. 1). This site is located within the Tapajos-
Madeira Rainforest ecoregion, as defined by Olson et al. (2001). The local climate is equatorial, warm
and humid, with a three-month dry season. Approximately 70% of the property is covered with primary

and secondary forests, while the other 30% consists of forest plantations and pasture.



Fig. 1 Location of the camera trap stations used to monitor Amazonian peccaries at Fazenda Sdo Nicolau
in southern Brazilian Amazonia. Each station consists of a pair of cameras placed at a distance of 4-5 m
from each other. The vegetation cover associated with each station was determined according to the

proportion of each vegetation cover class observed within the 500-m buffer.

Fazenda Sao Nicolau participates in the Carbon Sink Forest Project, which began in 1998,
following the Kyoto Protocol. The primary objective of this project is to investigate carbon sequestration
using a variety of tree species. Over more than a decade, large tracts of pasture have been transformed
through reforestation, although some areas of pasture still remain. Reforestation began in 1999, and was
based on the planting of a mixture of native and exotic tree species, including teak (Tectona grandis),
jambolan (Syzygium cumini), white fig (Ficus sp.), and pink ipé (Handroanthus impetiginosus). The
plantations include both single- and mixed-species stands, with trees reaching heights of approximately
15-20 meters.

The study area was partially deforested between 1981 and 1996 for the planting of cattle pasture.

The remaining primary forest has been subject to some limited selective logging, although many mature



mahogany trees (Swietenia macrophylla) are still standing. Currently, the only exploitation of forest
resources is the collection of Brazil nuts (Bertolletia excelsa) by residents of the local rural settlements.
Apart from the development of the plantations, which was initiated in 1999, the study area has not been

impacted by human activities, including hunting, for more than 25 years.

Camera trapping

We sampled a total of 12 sites (Fig. 1), deploying camera traps for a total of 3 months (9444 days) per
station between 2008 and 2011, with a total of 3556 camera days being registered (Table 1). A camera
trap station consisted of a pair of camera traps, which were fixed to supports (trees or fenceposts) at a
height of 40 cm above the forest floor, inclined slightly downward, to avoid being triggered by vegetation
moving in the wind. The traps at each station were deployed facing each at a distance of approximately
4-5 meters. The undergrowth within the field of view of each camera was cleared during the deployment
of the traps, and cleared at regular intervals throughout the duration of the study period.

Sampling effort at each station during a given period was defined by the total number of camera
days during the period, minus the number of days on which the camera was inoperable. We established
eight sampling occasions, at intervals of 7-14 days (mean + standard deviation of 11.5 £ 2.9 days), for
each year. We collected three months of continuous sampling, based on the capture-recapture assumption
for camera trapping (Noss et al. 2013), and restricted the sampling to the dry season months due to better

visibility and logistics, and to protect the cameras from humidity.

Table 1 Summary of the sampling effort employed in the present study to survey Amazonian peccaries.
Each year (primary period) was sampled on eight occasions (7-14 days of continuous sampling). The
variation among the years in the number of camera trap stations was due to the fact that station 3 was not
sampled in the first year, and sites 5 and 10 were excluded in the three subsequent years. The number of
camera days refers to the actual sampling effort, that is, the number of field days minus the days of

camera malfunction



Number of records of:

Camera trap Tayassu
Period stations Camera days pecari Pecari tajacu
August 9th—November 1st, 2008 11 904 161 136
July 25th—October 31st, 2009 10 973 232 98
September 23rd—December 29th, 2010 10 840 119 138
September 18th—December 16th, 2011 10 839 202 176
Total 12 3,556 714 548

We selected the sampling points considering a minimum distance of 1.8 km between sites. We
used 35-mm and digital camera traps from different manufacturers (Night Hawk, Stealth Cam, Deer Cam,
Cuddeback, and Bushnell), which were programmed to take photographs with day/time data and a delay
of 1 minute. We combined cameras of different brands at each trap station to calibrate their performance
and ensure the collection of samples with at least one camera, even when the other camera had suffered a
malfunction. During each occasion, we took a test photograph to ensure that the equipment was

operational.

Selection of the variables

Using a digitised map, we established a buffer with a radius of 500 meters around each trapping station to
calculaste the vegetation cover at each site, which was incorporated in the models as a site covariate (Fig.
1). A 500-m radius was established for the buffers as it provided the best fit for the compilation of the
data in comparison with buffers of 100 m, 1000 m or 1500 m. We used three vegetation cover classes: (i)
primary forest, (ii) secondary forest and (iii) forest plantation (Table 2). To ensure a lack of collinearity
among these classes, we applied Spearman’s nonparametric correlation coefficient, rho (Zar 2010), and
found no significant association (p > 0.05) in any case. We also included the years (primary periods), date

and hour (secondary periods) as covariates.

Table 2 Explanatory variables used as parameters to estimate the initial abundance (A) and the probability



of detection (p) of the two peccary species. While initial abundance varies among sites, the detection

probability depends on the site, survey, and season.

Covariate Fixed effect Description Range Parameter

Site Primary forest Percentage (%) of primary forest 0-100 Lp
Secondary forest Percentage (%) of secondary forest 0-51.81 Lp
Forest plantation Percentage (%) of plantation 0-100 Lp

Survey Hours Sampling effort converted into hours after 24-509 h )4

subtracting periods of camera malfunction

Date Sampling occasion converted to Julian date 2454679— p
2455905 d
Season Year Sampling year (primary period) 14y p

We sampled a smaller proportion of sites in the plantation and secondary forest because these
classes represented less than 30% of the total vegetation cover. We also omitted pasture from the model
because it covered a negligible (< 6%) of the study area. To maximize the probability of detecting the

target species, we placed some traps at the limit between vegetation classes (Fig. 1).

Generalised N-mixture models

We fitted eight candidate models, each representing distinct biological hypotheses on the spatial
patterns in the use of habitats Amazonian peccaries (Table 3). We used explicit hierarchical models for
open populations (Dail and Madsen 2011), which is a generalisation of the N-mixture model, combining
the Poisson and binomial distributions (Royle 2004). These models can be extended to describe
population dynamics, such as recruitment (g) and apparent survival (w), initial abundance (1), and the
probability (p) of species detection (Kéry and Schaub 2012). In the present study, population dynamics (y,
) were not modelled with site- or year-specific covariates, so their estimates were omitted from the
results. However, constant values (~1) were assigned to these dynamics in the candidate models. Given
this, we focused solely on the A and p parameters for estimation and prediction, taking advantage of the

model’s potential to analyse the entire 4-year dataset and provide robust insights into the site-specific



parameters that may influence peccary abundance.

Table 3 The formulas and number of parameters (K) used in the set of candidate models developed in the
present study for Amazonian peccaries. A value of "~1" indicates a constant value for initial abundance
(1), recruitment (g), apparent survival (w) and detection (p). The parameters of population dynamics
received a constant value in all the candidate models and were excluded from the results due to the wide-
ranging behaviour of the species among the different vegetation classes. The year is a time-dependent

parameter, with the value in the first year providing the baseline for the values of the subsequent years

(Year—1)
Candidate Fit Model (FM) Model formula K
(FM1) Null model — All parameters (abundance, l~D,g(~D,w(~D,p(~1)

recruitment, survival and detection) with constant (~ 1)
values, which means that there is no dependence on site,

Survey or season

(FM?2) Initial abundance, recruitment and survival all 1(~1),g(~1),w(~1),p(~Hours + 9
constant, with detection dependent on the survey (time and Date + Year — 1)

date of the samples) and season (full time-dependence)

(FM3) Initial abundance, recruitment and survival all I1(~1,g(~1,w(~1),p(~Primary + 10
constant, with detection dependent on primary forest, Hours + Date + Year — 1)

survey and season

(FM4) Initial abundance, recruitment and survival all 1(~1),g(~1),w(~1),p(~Secondary 10
constant, with detection dependent on secondary forest, + Hours + Date + Year — 1)

survey and season

(FM5) Initial abundance, recruitment and survival all 1(~1),g(~1),w(~1),p(~Plantation 10
constant, with detection dependent on the plantation, + Hours + Date + Year — 1)

survey and season

(FM6) Initial abundance dependent on primary forest, with 1 (~ Primary), g (~ 1), w (~ 1), p (~ 11
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recruitment and survival constant, and detection dependent Primary + Hours + Date + Year — 1)

on primary forest, survey and season

(FM7) Initial abundance dependent on secondary forest, 1 (~ Secondary), g (~ 1), w (~ 1), p (~ 11
with recruitment and survival constant, and detection Secondary + Hours + Date + Year — 1)

dependent on secondary forest, survey and season

(FMS) Initial abundance dependent on plantation, with 1 (~ Plantation), g (~ 1), w (~ 1), p (~ 11
recruitment and survival constant, and detection dependent Plantation + Hours + Date + Year — 1)

on plantation, survey and season

To incorporate imperfect detection, we assumed that the sampling occasions were independent
of one another. We extracted the probability of detection (1 = detected, 0 = undetected) for each species
from the historical photocapture data of the eight sampling occasions (J = 8) across the 12 sampling sites
(n = 12). We converted the site and survey covariates to a mean of zero and variance of one. We used two
link functions, the log of the local 1 (N;) and g described by a Poisson distribution, and logit of the p and
w described by a binomial distribution. To reduce the bias caused by malfunctions, we incorporated the
sampling effort of each site per occasion as a survey covariate that might affect the probability of
detection. We compared the models using Akaike’s Information Criterion (AIC), using the top delta score
(A < 2) and highest weights (w) (Burnham and Anderson 2002). We fitted and selected the best models by
Maximum Likelihood Estimation (MLE) using the ‘unmarked’ package in the R environment (Fiske and
Chandler 2011). All parameter estimates were expressed as the mean * standard error (SE). We verified
the significance of the parameters based on the 95% confidence interval (CI).

As occupancy can be considered to be a proxy for abundance, these parameters tend to coincide
at a fine scale, when the selected site is so limited that only one individual or a pair can inhabit the site, as
observed in certain bird species (Kéry and Schaub 2012). For species such as peccaries, however, which
form large herds that occupy extensive areas, abundance is a more reliable descriptor of finer-scale

habitat use than occupancy.

Results

The white-lipped peccary (Tayassu pecari) was documented at nine camera trap stations, while the
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collared peccary (Pecari tajacu) was observed at all 12 sites. No records of 7. pecari were obtained
during 218 of the observations, and no records of P. tajacu in 190 observations. In both cases, 60 of the
instances were designated “not available” (NA), which indicates missing data due to equipment
malfunction.

Based on the top delta value of less than 2 (A< 2) and the highest weight (w), the models
supported for both species indicate that abundance (1) may be dependent on site covariates, and that

detection (p) may be dependent on the site, season and survey covariates (Table 4).

Table 4 The best-fit models for the Amazonian peccaries monitored during the present study, determined
using Akaike’s Information Criterion (AIC), considering the top delta value (A < 2) and the greatest
weight (w). In all the models supported for both species, the abundance (1) was found to be influenced by

the site, while detection (p) was influenced by the site, survey, and season

Species Best fit model AIC D w

Tayassu pecari  (FM6) 1 (~ Primary), g (~ 1), w (~ 1), p (~ Primary ~ 2071.67 0 1

+ Hours + Date + Year — 1)

Pecari tajacu (FM5)1(~1),g(~1),w(~ 1), p (~Plantation + 1682.69 0 0.52

Hours + Date + Year — 1)

(FM8) 1 (~ Plantation), g (~ 1), w (~ 1), p (~ 1684.53 1.84 021

Plantation + Hours + Date + Year — 1)

(FM3)1(~ 1), g (~ 1), w (~ 1), p (~ Primary + 1684.67 198  0.19

Hours + Date + Year — 1)

The abundance of T. pecari was dependent on primary forest, whereas that of P. fajacu was
relatively constant among the different vegetation classes. The probability of detection of T. pecari was
also dependent on primary forest, while that of P. tajacu may be dependent on the presence of plantation
habitats or primary forest. For both species, the probability of detection varied among surveys and

seasons, and decreased progressively over the years of the study period (Table 5).
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Table 5 Summary of the estimates of initial abundance (1) and detection (p) of the best-fit models for
Amazonian peccaries. The estimates, together with their standard errors (SE) and 95% confidence

intervals, were computed on log and logit scales, and then transformed back to their original unit

Species Best fit model  Fixed effect Estimate SE 95% CI
Tayassu pecari FM6 1 - Intercept 2.58 1.31 1.52-4.40
1 - Primary 6.01 1.28 3.69-9.78
p - Primary 0.49 0.52 0.44-0.54
p - Hours 0.58 0.5 0.56-0.6
p - Date 0.89 0.66 0.67-0.97
p-Yearl 0.82 0.71 0.45-0.96
p-Year 2 0.28 0.58 0.17-0.42
p-Year3 0.01 0.59 0.009-0.04
p-Year4 0.005 0.72 0.0007-0.03
Pecari tajacu FM5 1 - Intercept 8.77 1.16 6.55-11.75
p - Plantation 0.62 0.53 0.55-0.68
p - Hours 0.53 0.51 0.51-0.55
p - Date 0.94 0.68 0.77-0.98
p-Year1 0.87 0.73 0.5-0.98
p-Year?2 0.21 0.58 0.12-0.36
p-Year3 0.02 0.6 0.009-0.05
p-Year4 0.002 0.74 0.0003-0.02
FMS8 1 - Intercept 9.07 1.18 6.46-12.75

1 - Plantation 0.94 1.15 0.71-1.24
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p - Plantation 0.63 0.54 0.55-0.7
p - Hours 0.53 0.51 0.51-0.55
p - Date 0.94 0.68 0.77-0.98
p-Yearl 0.87 0.73 0.49-0.98
p-Year?2 0.21 0.58 0.11-0.35
p - Year 3 0.02 0.6 0.009-0.05
p-Year4 0.002 0.74 0.0003-0.02
FM3 1 - Intercept 8.21 1.15 6.22-10.85
p - Primary 0.37 0.53 0.30-0.44
p - Hours 0.53 0.51 0.51-0.55
p - Date 0.94 0.68 0.78-0.98
p-Year 1 0.89 0.73 0.53-0.98
p-Year?2 0.22 0.58 0.12-0.37
p-Year3 0.02 0.6 0.01-0.05
p-Year4 0.002 0.74 0.0003-0.02

The parameter estimates for the different vegetation classes varied considerably between the two
peccary species. The initial abundance of 7. pecari was notably higher in primary forest, in comparison
with secondary forest and plantation (Fig. 2a). By contrast, the initial abundance of P. tajacu was
relatively similar among the vegetation classes (Fig. 2c). The detection of T. pecari was also similar
among the vegetation classes, whereas the detection of 7. pecari was much higher in the areas of

plantation (Fig. 2b), followed by the secondary and then the primary forest (Fig. 2d).
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Fig. 2 Estimates of the initial abundance (a) and detection (b) of Tayassu pecari, and the initial
abundance (c) and (d) detection of Pecari tajacu. The dots represent the estimated coefficients, and the

error bars represent the 95% confidence intervals.

The influence of each vegetation class on the parameter estimates also varied between the two
peccary species. The expected abundance of T. pecari had a positive relationship with primary forest
cover, but a negative correlation with secondary forest and plantation (Fig. 3a). On the other hand, the
expected abundance of P. tajacu did not vary significantly with vegetation cover (Fig. 3¢). In terms of
detection, 7. pecari had a positive relationship with primary forest, but correlated negatively with
secondary forest and plantation (Fig. 3b). In the case of P. tajacu, detection was related negatively to
primary forest, while having a slightly negative association with secondary forest, but a positive

correlation with plantation (Fig. 3d).
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Fig. 3 Influence of each vegetation cover class on the expected (a) abundance and (b) detection of
Tayassu pecari, and the expected (c) abundance and (d) detection of Pecari tajacu. The shaded areas

represent the 95% confidence intervals for the respective parameter.

Discussion

The results of the present study indicate that the white-lipped peccary (Tayassu pecari) was more
abundant in the primary forest > secondary forest > plantation, whereas the abundance of the collared
peccary (Pecari tajacu) was virtually constant among the different vegetation classes. Primary forest was
pivotal to the abundance of T. pecari, whereas P. tajacu was affected more at a landscape scale. Tayassu
pecari varied in its use of distinct forest types based on fruit availability, with primary forest having the
highest availability (Altricther et al. 2001; Carrillo et al. 2002). This nonrandom preference for habitats in
T. pecari underscores the importance of a diverse array of forest types and their associated fruiting
species (Keuroghlian et al. 2009). Tayassu pecari avoided agricultural environments (Hofman et al.
2016), secondary forests, and forest plantations (Vindolin et al. 2009), focusing on forested areas,

including riparian zones, in which the availability of water shapes its patterns of habitat use significantly
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(Fragoso 1999; Keuroghlian and Eaton 2008; Reyna-Hurtado et al. 2009), in particular during the dry
season (Moreira-Ramirez et al. 2016). The herds of T. pecari were observed traveling longer distances
and more frequently in dry habitats (Reyna-Hurtado et al. 2012). Similarly, P. tajacu favored landscapes
with forest cover (Garcifa-Marmolejo et al. 2015), but did not present any clear preference for either
primary or secondary forest (Romero et al. 2013), which may reflect its adaptability to a wider range of
conditions in comparison with other peccary species (Altrichter and Boaglio 2004).

Vegetation cover promoted distinct effects on the abundance and detection of the two peccary
species. An increase in primary forest cover had a positive influence on both the abundance and detection
of T. pecari, although no similar pattern was found in the case of P. fajacu. On the other hand, secondary
forest and plantation cover did not favor the abundance or detection of P. tajacu. Even though areas of
natural regeneration and even plantations of exotic trees can provide some supplementary ecosystem
services, primary forests play a crucial role in the maintenance of tropical biodiversity (Barlow et al.
2007). Presumably, a more favourable resource base is available for peccaries in primary forest, in
comparison with secondary forest and plantation. Even so, P. tajacu did not present a clear preference for
primary forest, although Romero et al. (2013) did note that the herds of this species tended to be larger in
primary forest. Large herds of T. pecari may also divide into smaller sub-herds according to the
availability of resources during different seasons (Keuroglian et al. 2004). The habitat requirements of
this species within a large-scale landscape mosaic of vegetation types may account for its susceptibility to
local extinction (Fragoso 1999).

The variation found in the probability of detection among surveys and between seasons may be
attributed to the heterogeneity in the capture of the animals (MacKenzie 2006). The declining probability
of detection over the years may be linked to the movement patterns reported for Amazonian peccaries,
where fluctuations in the food supply regulate the use of space by both species (Mendes Pontes and
Chivers 2007).

The present study determined the influence of vegetation cover on the abundance and detection
of peccaries, which are still relatively poorly understood. The landscape of the study site may have
contributed positively to the estimates due to the proximity of the secondary forest and plantations to the
primary forest. The cover of natural habitats within the landscape is a critical factor determining the
occurrence of peccaries in plantation forests (Begotti et al. 2017). Parameters such as patch size and

location, the distance from primary forests, the percentage of modified habitats, the levels of degradation,
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structural similarities between the plantation and natural vegetation, and the type of habitat converted to
plantation all influence the value of this habitat for the peccaries (Hartley 2002). Older plantations are
also more likely to provide more valuable habitat for a greater diversity of organisms (Brockerhoff et al.
2008). The carbon sequestration project in the study aims to maintain these older plantations, which are
less intensely managed, and thus more beneficial for biodiversity. Given this, estimating the local
abundance of the two peccary species will be fundamental for the monitoring of the quality of the
regenerating secondary forests and plantations over time. Peccaries can provide essential ecosystem
services, such as the enhancement of soil structure, seed dispersal, facilitating the accessibility of

resources, and contributing to the preservation of local diversity.
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