Estimates of density and sustainable harvest
of the lowland tapir Tapirus terrestris in the
Amazon of French Guiana using a Bayesian
spatially explicit capture-recapture model
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Abstract The Amazonian moist forest, which covers most
of French Guiana, is one of the core habitats for the lowland
tapir Tapirus terrestris. Tapirs are hunted in French Guiana,
although a law introduced in 2011 restricts hunting to one
animal per person per hunting trip. We carried out camera-
trap surveys in the Nouragues Nature Reserve for 4 years,
with the goal of estimating tapir densities in undisturbed
conditions and determining sustainable harvest levels
for tapirs in French Guiana. We analysed our data with a
Bayesian spatially explicit capture-recapture model, with
parameter sharing across surveys to improve estimates, and
used the model to calculate derived parameters such as
maximum sustainable harvest levels. Density estimates for
all four surveys were similar and the model indicated a
difference in encounter rates for the two camera models
used but no difference in encounter rates or home range
sizes for males and females or between years. Based on the
calculated density of 0.32 tapir km > we estimated sustain-
able harvest levels at 0.009 tapir km ™. Comparing this value
to hunting surveys from 11 sites between 1999 and 2006, we
found that hunting levels were unsustainable in at least
seven villages. We conclude that even the new restrictive
hunting law will not prevent overhunting of tapirs in certain
areas and thus stronger regulations are needed. However,
because of the remoteness of tapir habitat in many parts of
French Guiana tapirs are not immediately threatened in the
country as a whole.
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Introduction

he range of the lowland tapir Tapirus terrestris covers
large parts of South America, including 11 countries and
25 ecoregions in six biomes (Taber et al., 2009). Circa 51% of
this range is in Amazonian moist forest, of which 95% is
classified as providing medium to high probability of long-
term survival for the species (Taber et al., 2009). However,
tapir populations are threatened locally by overharvesting
and habitat destruction. Tapirs occur in most parts of
French Guiana, where 90% of the land area has intact forest
cover and 30% of the land is within protected areas. The
main threat to tapirs in French Guiana is hunting. Unlike
other South American countries tapir meat was sold legally
in French Guiana until 2007, when a trade ban was
introduced (de Thoisy, 2007). In April 2011 tapir hunting
was further restricted to one animal per hunter per hunting
trip. (Arrété Préfectoral 583/DEAL, 2011). However, there
are still few hunting regulations in French Guiana; hunting
permits are not required, hunting is permitted everywhere
outside protected areas, and there are hunting seasons
or quotas for only a few species. Only a small number of
species are completely protected, including the giant otter
Pteronura brasiliensis, the black spider monkey Ateles
paniscus, the giant anteater Myrmecophaga tridactyla, and
all species of felids (Richard-Hansen & Hansen, 2004).
Tapirs are under pressure in areas that are accessible to
hunters, who often hunt from boats or pick-up trucks at
night. Further pressure comes from an estimated 10,000
illegal gold miners (Moullet et al., 2006), who work in
remote areas and depend on hunting for food (Hammond
et al.,, 2007). Scientific data on population densities and sus-
tainable harvest rates are needed to support new restrictions
on tapir hunting, which are opposed by local hunters.
There have been few studies of tapir ecology in
Amazonia, and most studies have focused on diet and
seed dispersal (Bodmer, 1990, 1991; Salas, 1996; Salas &
Fuller, 1996; Herrera et al., 1999; Fragoso & Huffman, 2000;
Montenegro, 2004; Tobler, 2008; Tobler et al, 2010;
Hibert et al., 2011). There are only a few estimates of tapir
density in the Amazon basin, all based on diurnal line
transect data (Janson & Emmons, 1990; Bodmer et al., 1994;
Peres, 2000; Zimmerman et al., 2001; Salovaara et al., 2003;
Haugaasen & Peres, 2005). This scarcity of data is a

© 2013 Fauna & Flora International, Oryx, 48(3), 410-419 doi:10.1017/50030605312001652

https://doi.org/10.1017/50030605312001652 Published online by Cambridge University Press


http://journals.cambridge.org
http://journals.cambridge.org
https://doi.org/10.1017/S0030605312001652

Tapirs in French Guiana

— i
French Guiana
e Nouragues
rall & (K -0 Nature
Reserve

Surinam

Brazil

#  Pararé Research Station
Camera traps

reflection of the difficulty of estimating tapir density. Tapirs
are predominantly nocturnal (Tobler et al., 2009) and are
rarely seen on diurnal transects. Encounter rates recorded by
Haugaasen & Peres (2005) were 0.73 per 100 km and 0.41 per
100 km for 1,227 km and 965 km of diurnal transects on terra
firma and in flood plain forest, respectively. Even on
nocturnal transects encounter rates are low, and hundreds
if not thousands of kilometres of transects are required for
reliable density estimates using the standard distance sampl-
ing method (Buckland, 2001; Medici, 2010). Camera traps in
combination with capture-recapture models have also been
used to estimate tapir densities (Noss et al., 2003, 2012; Trolle
et al.,, 2008; Cruz, 2012). This method relies on the ability of
the researchers to identify individual tapirs in photographs.
Unlike large cats such as the jaguar, tiger or leopard, where
each individual has a unique coat pattern, tapirs have a
uniform colour and researchers depend on marks such as
ear notches, scars, tail length and shape, sex, and general
body size to distinguish individuals (Noss et al., 2003; Trolle
et al,, 2008; Cruz, 2012). Ideally, individual animals should
be independently identified by multiple researchers. Trolle
et al. (2008) obtained almost identical results from line-
transect and camera-trap data from the same site, indicating
that the method can provide reliable density estimates.

We used data from four camera-trap surveys in the
Nouragues Nature Reserve in the Amazonian forest of
French Guiana to estimate tapir density in an undisturbed
population. We used recently developed Bayesian spatially
explicate capture-recapture models (Efford, 2004; Royle &
Young, 2008; Efford et al., 2009) and extended them to allow
for parameter sharing across 4 survey years and for model
selection. We used the estimated tapir density to calculate
maximum sustainable harvest levels and compared these to
harvest data from 11 sites.

© 2013 Fauna & Flora International, Oryx, 48(3), 410-419

https://doi.org/10.1017/50030605312001652 Published online by Cambridge University Press

o 2006
g o Fig. 1 Camera-trap layout
A 2008 .
o 2000 used for a 4-year study of tapir
o densities in the Nouragues
i ,.t Nature Reserve, French
rataye River X
Guiana.
Study area

The study was carried out at the Pararé research station in
the 1,000 km® Nouragues Nature Reserve (Fig. 1), which was
designated a protected area by the French government
in 1995. The climate is tropical, with a mean temperature of
26°C and mean annual rainfall of 3,000 mm. Most of the
rain falls during a long wet season from December to
August, often interrupted by a short dry period in March.

The vegetation is classified as Guianan moist forest and
comprises > 1,200 known species of angiosperms, domi-
nated by Caesalpiniaceae, Lecythidaceae, Mimosaceae and
Sapotaceae (Chave et al., 2001). The terrain is hilly, with
elevations of 50-450 m and a large number of permanent
creeks running between the hills. The site contains an intact
large mammal fauna, with four of the five ungulate species
of Amazonia and the jaguar Panthera onca and puma Puma
concolor. The only ungulate species not observed during
the study period was the white-lipped peccary Tayassu
pecari, which disappeared from most of French Guiana in
2008-2010 (C. Richard-Hansen, pers. obs.). There has been
no hunting inside the study area since 1995 but occasionally
hunters and illegal gold miners approach to within 10 km of
the study area.

Methods

Field methods

Between 2006 and 2009 four camera-trap surveys were
carried out along the trail system of the Pararé research
station, to estimate tapir densities (Table 1). Cameras were
set in a more or less regular grid, with distances between
cameras varying from 400 to 800 m. This was to ensure that
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TasLe 1 Camera-trap surveys carried out at the Pararé site in the Nouragues Nature Reserve in French Guiana to estimate the density of the
lowland tapir Tapirus terrestris, with the year, start and end dates, number of survey stations, number of camera days, number of events
(i.e. number of independent tapir photographs), capture frequency as number of events per 1,000 camera days, and number and percentage

of stations with at least one tapir photograph.

Camera Capture Stations with at least
Year Start date End date Stations days Events frequency one photo (%)
2006 15 May 2006 28 Feb. 2007 16 4,834 41 8.5 12 (75%)
2007 30 Aug. 2007 2 Mar. 2008 29 2,631 29 11.0 10 (34%)
2008 20 Aug. 2008 10 Apr. 2009 17 3,768 36 9.6 15 (88%)
2009 8 Sep. 2009 30 May 2010 28 6,191 60 9.7 19 (67%)

every tapir home range contained at least two cameras,
based on a home range size of 1.5-4.0 km” (Tobler, 2008).
The grid covered all major habitat types (creeks, hilltop
forest and swamp forest) present in the area. Cameras were
placed 50-100 m off main trails to avoid disturbance by
other researchers. From 2006 to 2008 we used CamTrakker
Digital cameras (CamTrakker, Georgia, USA), and in 2009
we used a combination of CamTrakker Digital and Reconyx
RCs5 (Reconyx, Wisconsin, USA) cameras. All cameras
were set in pairs at a height of c. 55 cm, to photograph both
sides of the tapir. Cameras were in constant operation and
were checked approximately once per month to replace
batteries and memory cards. In 2007 cameras were operated
in two blocks of 15 and 14 stations. In the other years all
cameras were operated for the duration of the survey.

Density estimation

All photographs were imported into Camera Base
(Tobler, 2010) for data management. We compiled infor-
mation on the exact dates that cameras were in the field and
when camera failure occurred. Days when cameras were
not functioning were masked out in the spatially explicit
capture-recapture analyses outlined below. All data were
exported from Camera Base in the formats required for data
analysis.

Tapirs were independently identified by two members of
our research team based on marks such as scars, skin marks,
tail length and shape, sex, ear shape and notches, size,
shape and size of testicles, and skin folds. Results were then
compared, and if there was a disagreement we worked out
a consensus. At the end of the process we mapped locations
to identify outliers that were far away from other locations
and could indicate misidentification. These outliers were
double-checked and either confirmed, assigned to a differ-
ent individual or removed from the analysis. Photographs
that could not be attributed clearly to one individual were
excluded from the analysis.

The use of camera traps for density estimation was
pioneered by Karanth (1995) and Karanth & Nichols (1998)
and has since been applied to a wide range of species. Most
studies used the My, closed capture-recapture model based
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on the jackknife estimator (Otis et al., 1978) to estimate
abundance and apply a buffer around the camera polygon
based on the mean maximum distance moved by animals
captured more than once, to estimate the effective sampling
area and the density. Accurate estimation of this buffer
width is difficult, and researchers have questioned whether
half or the full mean maximum distance moved gives better
density estimates (Soisalo & Cavalcanti, 2006). More
recently developed spatially explicit capture-recapture
models estimate animal home range size and density
directly, avoiding the problem of which buffer to use
(Efford, 2004; Royle & Young, 2008; Efford et al., 2009).
These models have the further advantage that they can
incorporate both individual-level covariates such as sex and
age class as well as station-level covariates such as road vs
trail, camera type and habitat (Sollmann et al., 2011, Tobler
et al., 2013), whereas classic capture-recapture models for
closed populations only allow individual covariates. Besides
the assumption of population closure made by all closed-
population models, spatially explicit capture-recapture
models also assume that activity centres (home range
centres) are fixed for the duration of the survey, home
ranges are approximately circular and the encounter
rate decreases with distance from the activity centre. A
half-normal function is generally used to describe the
relationship between encounter rate and distance from
activity centre. This function uses two parameters: 4,, the
encounter rate at the activity centre, and o, a parameter that
describes the decline of encounter rates with increasing
distance from the activity centre. These models are basically
Poisson general linear mixed models, where activity centres
are treated as random effects and the encounter rate 4, and
spatial parameter o are fixed effects. Data augmentation is
used to estimate the total number of individuals # in a
predefined study area (Royle & Gardner, 2011).

Our study comprised four surveys in different years at the
same site. We were not able to match individual iden-
tifications between surveys, and therefore it was not possible
to use an open-population model to estimate recruitment,
death, immigration and emigration (Gardner et al., 2010).
Instead we developed a multi-survey closed spatial model
that allows us to share parameters (e.g. ¢ or ,) across
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surveys to improve estimates. We used Bayesian variable
selection to test whether these parameters were different for
male and female tapirs, whether they differed between years,
and whether the encounter rate depended on the camera
model used. More details on the model can be found in the
Appendix.

The spatial model was implemented in WinBUGS
(Supplementary Material; Gilks et al, 1994) and run
through R2WinBUGS (Sturtz et al, 2005) in R 2.14
(R Development Core Team, 2011). We ran four Markov
chain Monte Carlo chains, with 15,000 iterations, 10,000
burn-in iterations and a thinning rate of 5 to reduce
autocorrelations. For comparison we analysed the data with
a classic capture-recapture model, using the secr package
(Efford, 2011) in R and calculating a single mean maximum
distance moved by combining data from all surveys. See the
online supplementary material for more details of the
WinBUGS model.

Sustainable harvest estimates

Bayesian models provide a framework for estimating values
and confidence intervals for derived parameters. We used
the production model proposed by Robinson & Redford
(1991) to estimate sustainable harvest levels for tapir popu-
lations. This model estimates the maximum production
P,..x of a population, which is expected to occur at 0.6 times
the carrying capacity, K.

Pmax:(imax_ 1)*06*K
and
imax = e/

where 7, is the population growth rate, which was
estimated to be 0.2 for the lowland tapir by Robinson &
Redford (1991). To account for some uncertainty about the
"max parameter in our final estimates we sampled 7., from
a normal distribution with a standard deviation of 0.02.

Tmax ~ Normal(0.2, 0.02)

Because density estimates from undisturbed populations are
often used as estimates for carrying capacity (Bodmer &
Robinson, 2004) we assumed that our population was at
carrying capacity and that K = Dy, the estimated density.
We estimated the maximum possible harvest H,,,, by using
a maximum harvest rate of 20% of the production, as rec-
ommended by Robinson & Redford (1991) for large, long-
lived animals.

Hpmax = 0.2 % Pryax

We compared this to harvest data collected from 11 sites
across the country in 1999-2006 (Grenand, 2002; Richard-
Hansen & Hansen, 2004; C. Richard-Hansen, unpubl. data).
At each study site we systematically recorded all hunting
trips made by a sample of hunters. Interviewers collected
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TaBLE 2 Posterior model probabilities (model weights) for the four
top-ranking spatially explicit capture-recapture models used to
estimate tapir density in French Guiana, based on four camera-
trap surveys.

Model* Posterior probability
Zo(.) () 0.619
Ao(Camera) o(.) 0.327
Ao(Sex) a(.) 0.019
Ao(.) o(Sex) 0.015

*1,, encounter rate; o, spatial parameter

information daily or weekly. We recorded all animals
harvested and information such as the duration and location
of the hunting trip, the hunting method and the number of
hunters. The duration of data collection for a single study
site varied from 77 to 529 days (mean 280 %= SD 117). The
location of each animal harvested was mapped on a 5 x 5 km
grid covering the whole country, and the hunting area was
estimated from the number of 25 km” cells in which at least
one harvest was recorded.

Results

Density estimates

We obtained 160 independent tapir photographs over
4 years (Table 1). Capture frequencies were similar for all
years, as was the number of individuals identified. The
number of photographs of each was 1-12; this variation may
be a result of varying overlap of different home ranges with
the camera grid.

The Bayesian multimodel inference for the spatially
explicit capture-recapture model showed very little indi-
cation of a difference in the encounter rate 4, or the spatial
parameter o between male and female tapirs and no differ-
ence between years for either parameter (Table 2). There was
some indication of a difference in A, for the two camera
models, with the encounter rate of the Reconyx camera
being twice that of the CamTrakker camera (CamTrakker:
Ao = 0.0061, CI 0.0039-0.0086; Reconyx: 4, = 0.0093, CI
0.0062-0.0156). Density estimates were similar for all
4 years, with a mean of 0.32%0.06 individuals km™
(CI 0.21-0.45 km™?), and differences between years were
within the confidence intervals of the estimates (Table 3).
The spatial parameter o was estimated to be 923+ 90 m
(CI 803-1,074). The Gelman-Rubin statistic (Gelman &
Rubin, 1992) indicated convergence of all chains with
R values for all parameters < 1.05.

Density estimates using the M), jackknife estimator and
the mean maximum distance moved were similar to the esti-
mates from the spatially explicit capture-recapture model,
whereas estimates using half the mean maximum distance
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TasLE 3 Estimations of tapir density in French Guiana using three
different capture-recapture models, based on four camera-trap
surveys at the Pararé site in the Nouragues Nature Reserve.

Density Density Density %2

SECR? MMDM’ MMDM*
Year Ny (km™?) (km™?) (km™?)
2006 9 0.26£0.08 0.23£0.13 0.43+£0.32
2007 9 0.37£0.11 0.30%£0.19 0.61£0.50
2008 10 0.34%0.11 0.28+0.16 0.56 +0.44
2009 10 0.33+0.10 0.32+0.17° 0.62+0.47°

'Nobs, number of observed individuals

*SECR, spatially explicit capture-recapture model

*MMDM, closed capture-recapture model using the My, jackknife estimator
and using the full mean maximum distance moved estimated for all surveys
combined

*% MMDM, the same model using half the mean maximum distance
moved for the buffer

°M, used because M, produced unrealistically high estimates (1.07 £ 0.72
and 1.69 £ 0.653)

moved were higher. In one case the jackknife estimator
produced unrealistically high results and we had to use the
M, model. The mean maximum distance moved for all years
combined was 1,790 £ 899 m.

Sustainable harvest estimates

Based on our density estimates we calculated a maximum
productivity Pp., of 0.043%0.009 individuals km > year™'
(CI 0.027-0.062 km™ year ') and a maximum possible
harvest Hp.x of 0.009+0.002 individuals km > year™
(CI 0.005-0.012 km™ year ') or c. 1 tapir year ' for an
area of 100 km>. We found that tapirs were hunted at
unsustainable levels in at least seven of the 11 sites studied
and harvest rates could be as high as seven times the
sustainable level (Table 4).

Discussion

Tapir density

We estimated a mean density of 0.32 individuals km™,
which is within the range 0.2-0.6 km™ reported from
Amazonia (Janson & Emmons, 1990; Bodmer et al., 1994;
Peres, 2000; Salovaara et al, 2003; Haugaasen & Peres,
2005). Density estimates from the Pantanal of Brazil are
0.13-0.58 individuals km™ (Cordeiro, 2004; Trolle et al.,
2008; Desbiez et al., 2010). A density of 0.34 km™ was
estimated for the Atlantic forest of Brazil, based on
telemetry data (Medici, 2010), and a camera-trap study in
Iguazt National Park in the Atlantic forest of Misiones,
Argentina, estimated tapir densities of 0.32 km™ when a
buffer of half the mean maximum distance moved was used
and 0.18 km™ with a buffer of the full mean maximum

https://doi.org/10.1017/50030605312001652 Published online by Cambridge University Press

distance moved (Cruz, 2012). Densities in Urugua-i
Provincial Park, an area with medium hunting pressure in
the same region, were 0.08 km™* with half the mean maxi-
mum distance moved and 0.05 km™ with the full mean
maximum distance moved (Cruz, 2012). Density estimates
from 13 camera-trap surveys in the Bolivian Chaco
and Chiquitano dry forest analysed with spatially explicit
capture-recapture models were 0.08-0.41 km ™ (Noss et al.,
2012). All these density estimates for tapirs fall within
0.1-0.6 km™ and no clear pattern emerges for different
biomes. This indicates that tapirs can adapt to different
vegetation types and food resources and maintain similar
densities in tropical dry and wet forests. However, lower
densities are generally found in areas with hunting pressure
or disturbances (Bodmer et al, 1994; Peres, 2000;
Cruz, 2012).

Our density estimates were consistent across years,
suggesting that camera traps are a suitable tool for obtaining
repeatable results for tapir density. Encounter rates and
movement did not vary between years. However, encounter
rates differed between the two camera models used, with the
Reconyx camera having a 1.7x higher encounter rate than
the CamTrakker camera because the CamTrakker has a less
sensitive detection circuit and slower trigger speed. There
was no difference in movement or encounter rates between
males and females. This agrees with findings from two
telemetry studies of lowland tapirs that found home range
sizes and movement distances varied more between individ-
uals than between the sexes (Tobler, 2008; Medici, 2010).

Density estimates for the classic capture-recapture
model with a buffer of the mean maximum distance
moved were comparable, although slightly lower than
the estimates from the spatially explicit model, but estimates
with a buffer of half the mean maximum distance moved
significantly overestimated densities, confirming results
from a recent simulation study (Tobler & Powell, 2013).
Spatially explicit capture-recapture models have advantages
over methods based on closed population capture-
recapture and mean maximum distance moved, including
the direct modelling of heterogeneity introduced by the
spatial distribution of individuals, the estimation of the
biologically relevant spatial parameter o, and the inclusion
of site and individual covariates (Efford et al., 2009; Kery
et al., 2011; Royle & Gardner, 2011; Sollmann et al,, 2011). By
using Bayesian multimodal inference we can test whether
any of the estimated parameters differ by sex, habitat type,
year or camera type. These models also allow us to use the
exact number of operating days for each station, avoiding
bias induced by camera failure (Foster & Harmsen, 2012)
and facilitating analysis in studies where cameras are set
using a block design that covers different parts of the study
area at different times.

The feasibility of reliably identifying tapirs from camera-
trap photos has been questioned by some researchers
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(Oliveira-Santos et al., 2010). The identification of individ-
ual tapirs is a time-consuming task and sometimes involves
a degree of uncertainty but identifications can be improved
when multiple researchers work with the data indepen-
dently and then integrate their results. We believe that the
high variation in the number of individual tapirs identified
by 14 researchers in the study by Oliveira-Santos et al. (2010)
can be largely attributed to three problems: (1) they used
only one flank of the tapir, which makes identification much
more difficult, if not impossible in many cases; (2) re-
searchers volunteering to identify tapirs probably spent a
few hours working on the photos, compared to the many
days we spent on each survey; and (3) results were not dis-
cussed and integrated between multiple researchers,
a process that can eliminate many errors.

Sustainable harvest estimates

Given their low population growth rate and density, sus-
tainable harvest levels for tapirs are low, and many studies
have shown that tapir harvesting is generally unsustainable.
However, because of their size and the quality of the meat,
they are often a preferred game species (Bodmer, 1995;
Alvard et al,, 1997; Bodmer & Robinson, 2004; Richard-
Hansen & Hansen, 2004; Naranjo & Bodmer, 2007; Peres &
Palacios, 2007; Noss & Cuéllar, 2008). Our estimate of sus-
tainable harvest levels for tapirs in French Guiana is lower
than estimates by Robinson & Redford (1991; Py, of 0.16
individuals km™ year ™" and H,.x 0.03 km ™ year ', based on
a high density of 1.22 km™) and higher than that of Bodmer
& Robinson (2004; Hypy.x = 0.0055 km ™) for the Peruvian
Amazon.

Sustainable harvest levels for a specific hunting area
should be determined based on the local density of the
species. However, obtaining reliable density estimates for
tapirs is often not feasible, and therefore a first assessment of
hunting sustainability can be based on maximum harvest
levels estimated from known densities in the region. If we
consider the tapir density in the non-hunted Nouragues
Reserve to be representative for French Guiana, we can
compare measured harvests at various study sites across the
country to a maximum sustainable harvest estimated based
on this density. Tapir harvest was beyond the threshold of
0.009 individuals km ™ year " at seven sites, which is unsus-
tainable. Moreover, these estimates only considered tapirs
killed by hunters who voluntarily participated in the sur-
veys, so it is likely that the actual number of tapirs harvested
was greater. Furthermore, documented harvesting below the
maximum possible level does not necessarily mean that
hunting is sustainable in those villages. Low harvest levels
could also be an indication of low local density caused by
continuous overharvesting (probably the case in Tonate,
Counami and Camopi), and more detailed data would be
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needed to evaluate the sustainability of tapir hunting at
individual sites. Where a hunted area is surrounded by non-
hunted forest, tapir populations often persist at a very low
density as a result of immigration of young dispersing
animals from the surroundings (Bodmer & Robinson, 2004;
Naranjo & Bodmer, 2007; Levi et al., 2009). This may occur
in many parts of French Guiana where villages are far apart
and are bounded by continuous intact forest and is further
supported by a very high proportion of young animals
killed in some areas with a high hunting pressure (up to 75%
in St George village; C. Richard-Hansen, unpubl. data).

Conclusions and recommendations

Circa 70% of French Guiana has low hunting pressure,
according to a study that used a human footprint index to
quantify human impact (de Thoisy et al., 2010). Areas with
the highest pressure are along the coast and in the north,
where the human population density and access to the forest
by logging roads are highest. In many villages hunters have
access to boats with outboard motors, and other vehicles
for transportation. This increases the hunting area around
a village to up to 1,200 km?, which can theoretically reduce
the impact of hunting by spreading it over a larger area
(de Thoisy et al., 2009). However, our data showed that
larger hunting areas did not necessarily result in lower
harvest levels, at least when hunting was for commercial
purposes (Table 4, St Georges). Tapirs are mostly hunted
along rivers and roads and therefore the impact of hunting
might be restricted to a narrow area. However, with the
increase of gold mining away from the main rivers, the area
affected by hunting is increasing.

Although hunting management in French Guiana has
improved, further studies and regulations are needed to
reduce the impact of hunting on vulnerable species such as
the tapir. The ban on commercial hunting of tapir and the
sale of tapir meat, which was introduced in 2007, reduced
the pressure on the species. The tapir harvest data presented
here were collected before this regulation took effect,
and studies are still ongoing to monitor and compare cur-
rent harvest levels in the Guiana Amazonian Park and
coastal areas.

The recent limit of one tapir per hunter per hunting trip
is a step towards more effective regulation, but given that
our estimated maximum sustainable harvest level is one
tapir per year per 100 km® it will do little to prevent over-
harvesting of tapirs. Even if we assume that densities in
some parts of French Guiana could be up to twice our
observed density, sustainable harvest levels would still be
very low, at two tapirs per 100 km*. Completely prohibiting
subsistence hunting of tapirs by indigenous communities is
neither realistic nor desirable; however, sport hunting of
tapirs should be more restricted or banned, as in all other
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range countries. Educational programmes in communities
that regularly hunt tapirs could help create awareness of the
vulnerability of the species to overhunting, but the per-
manent threat represented by illegal gold miners will
continue to affect tapir populations. Further studies should
be carried out to estimate tapir densities in other parts of
French Guiana, both in hunted and non-hunted areas.
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Appendix

Bayesian spatially explicit capture-recapture model

Let y;;; be the number of days individual i was detected at
camera station j during survey t. This was modelled as a
Poisson distribution:

Yijt ~ Poisson(o.g),
where g;; is a half-normal detection function based on the
distance d;; between the trap j and the activity centre of the
individual i:

gi = exp( — d}/(207))
The basic model in the log-linear form is:

log(yiir) = log(kje) + log(Zaqin) — (d5/(207,)

where kj, is the number of days station j was active during
survey t. If a station was not active during a survey then
ki = o. This allows us to model the number of days each
station was functioning during each survey. Incorporating
covariates into this model is straightforward. The full model,
including covariates for 4, and o, is:

log(Aogiir) = o + B,r[t] + B;clcam;] + B;[sex;]
and
log(oit) = ag + B,r[t] + B,slsexi]

a; and a,, are the intercepts, 5,7 is a survey effect, f,c is a
camera effect and f;5 and f,5 are sex effects. The variable
camy; is an indicator variable for the camera type used at
station j (i.e. 1 for Camtrakker and 2 for Reconyx) and sex;
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is an indicator variable for sex (1 for male, 2 for female).
Birll, Biclil, Bislt] and fsl1] were set to o.

To perform variable selection we included an indicator
variable, Wj, for each covariate (Royle & Dorazio, 2008).
When wi=1 the covariate was included in the model;
when w; = o it was excluded.

log(o-if) = Oy + WTﬂG’T[t] + W;ﬁaS[seXi]
and

log(Zogiiry) = au + w3 B;r[t] 4+ wy B clcamy] + wg B, c[sex;]

The mean number of times a covariate is included shows the
support for that covariate, and posterior probabilities can be
calculated for different models (Royle & Dorazio, 2008).
Posterior estimates for ¢ and D are automatically averaged
across models. For a more complete discussion of these spa-
tially explicit capture-recapture models, including the data
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augmentation used to estimate the total number of individ-
uals 7, we refer the reader to Royle & Gardner (2011).
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