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ABSTRACT

Although many large mammals currently face significant threats that could lead to their extinction, resources for conservation are often scarce, resulting in the need
to develop efficient plans to prioritize conservation actions. We combined several methods in spatial ecology to identify the distribution of the endangered Baird's
tapir across its range from southern Mexico to northern Colombia. Twenty-eight habitat patches covering 23% of the study area were identified, harboring potentially
62% or more of the total population for this flagship species. Roughly half of the total area is under some form of protection, while most of the remaining habitat
(~70%) occurs in indigenous/local communities. The network with maximum connectivity created from these patches contains at least one complete break (in
Mexico between Selva El Ocote and Selva Lacandona) even when considering the most generous dispersal scenario. The connectivity analysis also highlighted a
probable break at the Panama Canal and high habitat fragmentation in Honduras. In light of these findings, we recommend the following actions to facilitate the
conservation of Baird's tapir: 1) protect existing habitat by strengthening enforcement in areas already under protection, 2) work with indigenous territories to
preserve and enforce their land rights, and help local communities maintain traditional practices; 3) re-establish connections between habitat patches that will allow
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for connectivity across the species' distribution; 4) conduct additional noninvasive surveys in patches with little or no species data; and 5) collect more telemetry and
genetic data on the species to estimate home range size, dispersal capabilities, and meta-population structure.

1. Introduction

Approximately one quarter of mammal species are under threat, and
immediate actions are needed to reduce their risk of extinction (IUCN,
2019; Garcia et al., 2016; Schipper et al., 2008). This is especially true
of large mammals, which require more habitat, are often slow re-
producers, and face threats from hunting or conflict with humans (Dirzo
et al., 2014). Within this group, large herbivores play a vital role in seed
dispersal, nutrient cycling, and other ecosystem functions (O'Farrill
et al., 2012; Ripple et al., 2015). Therefore, the loss of these species
across landscapes can have cascading effects on the environment, in-
cluding a reduction in the carbon storage of forests (Bello et al., 2015;
Osuri et al., 2016). In addition to habitat loss, increasing habitat frag-
mentation leads to isolated populations that face an increased risk of
extinction (Reed, 2004). Furthermore, any resultant decrease in genetic
diversity can also result in negative impacts on species' viability, due to
susceptibility to inbreeding or disease (Frankham, 2005).

To facilitate species conservation in response to these threats, it is
necessary to create range-wide conservation plans to identify, prior-
itize, and direct actions to key areas (Sanderson et al., 2002). These
plans consider both habitat patches and their connectivity, identifying
the most important patches and corridors in need of conservation at-
tention at both national and international levels. In most cases, this
planning involves collection of expert knowledge on the species of
concern (Rabinowitz and Zeller, 2010). However, many new tools now
exist to make inferences about species distributions and connectivity
from existing species data, and these have been shown to be more ef-
fective than expert information alone (Zeller et al., 2012). Regardless of
the information used in the planning process, a range-wide perspective
is important if the overall conservation of the species is the goal
(Sanderson et al., 2002).

Baird's tapir (Tapirus bairdii) is the largest terrestrial herbivore na-
tive to Mesoamerica and plays an important role in ecosystems as a
browser and seed disperser (Brooks et al., 1997; O'Farrill et al., 2012).
However, this species is highly threatened by habitat destruction, ha-
bitat fragmentation, and poaching (Cove et al., 2014; Naranjo, 2009,
2018; Naranjo et al., 2015). As a result, it is classified as Endangered by
the IUCN Red List (Garcia et al., 2016). Additionally, tapirs are rela-
tively unique evolutionarily, thus their extinction would represent a
greater loss of genetic lineage compared to species with closer genetic
relatives (Isaac et al., 2007). It is estimated that the distribution of
Baird's tapir has been reduced drastically, possibly by as much as 50%
in the past 30 years (Garcia et al., 2016). More recently, the Baird's
Tapir Survival Alliance was established in 2017 to facilitate the co-
ordination of conservation efforts across the species distribution, in-
cluding participants from six Central American countries and Mexico.

Species Distribution Models (SDMs) (see Table 1 — Glossary of
terms) provide continuous spatial predictions on species habitat pre-
ferences, and are often based on either of two types of observational
data: presence-only or presence-absence (Franklin, 2010). Integrated
SDMs were developed to utilize multiple types of species data, in-
cluding these two, in one model (Dorazio, 2014; Koshkina et al., 2017;
Pacifici et al., 2017). Here, we combined an Integrated Species Dis-
tribution Model (ISDM) with a connectivity analysis to identify suitable
habitat patches for Baird's tapirs and the critical areas required to
maintain connectivity across their distributional range from southern
Mexico to northern Colombia.

Previous research modeled the range-wide distribution for Baird's
tapir using an ISDM (Schank et al., 2017), yet no effort has been made
to assess the connectivity of the habitat patches identified, or to develop

a prioritization plan for conservation action based on such an analysis.
This research addresses these gaps by conducting a network analysis on
the habitat patches to calculate the contribution of each patch to overall
network integrity (i.e. connectedness). These measures of connectivity
are combined with other indicators, including population size, protec-
tion status, and forest loss, to develop separate indices of ecological
importance and vulnerability for each habitat patch. Thus, we consider
two important aspects of extinction risk (i.e. importance and vulner-
ability) when developing a conservation plan, similar to others that
previously conducted range-wide assessments (Altrichter et al., 2012;
Zeller and Rabinowitz, 2011). Common SDM methods have been
combined with graph networks in several instances (Albert et al., 2017;
Dilts et al., 2016; Foltete et al., 2012), yet this work represents one of
the first comprehensive attempts to combine ISDMs with graph net-
works, and to use the results to develop basic indices for conservation
prioritization. Our results are used to develop a set of conservation
actions for Baird's tapirs, in addition to suggestions for improvements to
the models and methods used. This approach will be useful for many
species that have not yet been assessed in a similar manner.

2. Methods
2.1. Species data and environmental predictors

The species data used in the ISDM come from an international
collaboration among > 30 researchers across Mexico, Central America,
and Colombia. These data included approximately 800 presence-only
(PO) points and 1600 sites with site-occupancy (SO) data from camera
traps across 17 years, from 2000 to 2017. Details and sources of these
data can be found in previous publications (Schank et al., 2015, 2017).

Due to the clustered nature of the species data, we used a random
spatial subsampling (pre-modeling) step to enforce a minimum distance
of 5.7 km between the sample locations used in the model (Schank
et al., 2017). This distance was based on knowledge about the average
home range for the species, with estimates that range from 1 km? to
24 km? (Foerster and Vaughan, 2002; Reyna-Hurtado et al., 2016). This
step was performed to remove possible bias in both the PO and SO data
due to individual tapirs that could be detected at more than one sample
location in the complete data set. To maintain a consistent spatial scale,
the pixel size of environmental predictors was matched to this process
such that no two sample points could fall in the same pixel (i.e. a re-
solution of 4 km, with diagonal length of 5.7 km). The ISDM was
trained separately on 1000 random samples generated by this process in
order to capture the variability introduced by this step. Parameter es-
timates were then averaged across these iterations.

Environmental predictors used in the model included climate, land
cover, anthropogenic disturbance, and terrain. Temperature and pre-
cipitation seasonality, maximum temperature of the warmest month,
and annual precipitation were used as climate variables in the model.
These variables were selected as a subset of important predictors based
on earlier modeling efforts for the species (Mendoza et al., 2013;
Schank et al., 2015). Climate layers were downloaded from CHELSA
(Karger et al., 2017). Percentage forest cover from the year 2000
(Hansen et al., 2013), distance to/within protected areas (UNEP-
WCMC, 2014), mean Enhanced Vegetation Index (EVI) from years
2000-2015 (Google Earth Engine Team, 2015), and water occurrence
(Pekel et al., 2016) were used as land cover variables. EVI is a remotely-
sensed data product calculated using information from multiple spec-
tral bands, and meant to capture the quantity and health of vegetation.
EVI is sometimes preferred over the more commonly known
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Table 1
Glossary of terms used with specific regard to species distribution modeling and
landscape ecology.

Betweenness - A measure of graph centrality, betweenness is calculated as the
number of times a node acts as a connection along the shortest path between two
other nodes.

Conductance - The reciprocal of the more commonly used resistance layer often used
with least cost analysis. The resistance represents the difficulty of moving
through a landscape for a species.

Effective sample area - The area that contains the activity centers of any individuals
of a species that are available to come into contact with detectors (e.g., camera
traps).

Enhanced vegetation index - EVI is a remotely-sensed data product calculated using
information from multiple spectral bands, and meant to capture the quantity and
health of vegetation. This index is sometimes preferred over the more commonly
known Normalized Difference Vegetation Index (NDVI) because it is more
sensitive to differences in canopy structure in forested areas.

Farness - A measure of graph centrality, farness is the sum of all of the distances
between a given node and all of the nodes it is connected to. Closeness is the
reciprocal of farness.

Graphs - Used across a wide variety of applications (from Linguistics to Social
Sciences), graphs consist of nodes (points) and the edges which connect them. A
component is a distinct unit of a graph with no breaks in connectivity.

Hotspot analysis - An analysis focused on the identification of clusters of spatial
objects. In this paper we used the Getis-Ord Gi* method to delineate habitat
patches as clusters of habitat with high intensity values.

Importance index - A patch-level index formulated in this paper which is the
summation of: population index (max estimated population = 1), confirmed
presence of the species (from either observational data type), graph betweenness,
and graph components created by removing the patch. All four of these measures
were scaled to range from O to 1 prior to summing.

Integrated Species Distribution Models (ISDMs) - ISDMs were developed to utilize
multiple types of species data in the same model, including presence-only and
site occupancy data.

Least-cost path - The most ‘cost effective’ path between two points taking into
account a resistance layer. This is because the shortest path between two points is
not always the easiest (e.g. Euclidean straight line distances), especially for
species traversing a fragmented landscape.

Dispersal kernel - A probability density function representing the probability that a
species will disperse within a given distance.

Poisson point process - Used across a variety of applications (from Astronomy to
Epidemiology), Poisson point process models are formulated to estimate the
count of some phenomenon across a unit of area (often referred to as intensity).

Population Viability Assessment (PVA) - Analysis to estimate the probability of
species extinction in a given time period or to predict the outcomes of
management/conservation applications, usually based on life history traits and
mathematical models.

Presence-only data - Contains information only about the species presence (there
are no observations of species absence). This is the most readily available type of
data used in SDMs, as it is often compiled from museum specimens or other
sources.

Probability of detection - The probability of detecting at least one individual of a
species of interest with a detector in an array, given the species is present and
available for detection.

Spatial Capture-Recapture (SCR) - A spatial extension of classic capture-recapture
in which data from individuals' detections are used to estimate population
density and individual-specific movement and baseline detection.

Site occupancy data - Repeated detection/non-detection data of a target species,
usually from noninvasive detector (e.g., camera trap or acoustic monitor, etc.)
arrays.

Species Distribution Models (SDMs) - Provide continuous spatial predictions on
species habitat preferences, and are often based on either of two types of
observational data: presence-only or presence-absence.

Vulnerability index - A patch-level index formulated in this paper which is the
summation of: the percent of unprotected land, the rate of deforestation, the
reciprocal of a population index (higher numbers represent smaller populations),
and farness. All four of these measures were scaled to range from 0 to 1 prior to
summing.

Normalized Difference Vegetation Index (NDVI) because it is more
sensitive to differences in canopy structure in forested areas (Huete
et al., 1997). Forest loss (Hansen et al., 2013) and fire frequency (NASA,
2017), between 2000 and 2016, and road density (Eugster and
Schlesinger, 2010) were used as indicators of anthropogenic dis-
turbance. Finally, slope was used to incorporate the effect of terrain;
this variable was calculated from 90 m resolution elevation data (i.e.
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SRTM) downloaded from the ‘raster’ package in R (Hijmans et al.,
2016).

The ISDM also incorporated variables that could influence the de-
tectability of the species, which allowed the creation of a separate set of
detectability variables for the two different types of species data used in
the model (i.e. PO and SO). For the PO data, these variables included
binary indicators for forest (Arino et al., 2012) and protected status
(UNEP-WCMC, 2014), distance to roads (Eugster and Schlesinger,
2010), and slope. Variables for SO data incorporated land cover and
anthropogenic disturbance, as well as distance to roads, slope, and
dummy variables for different sampling methods (on- vs off-trail and
surveys targeting tapirs, large cats, or general biodiversity inventories).
These last variables were included to control for the different sampling
regimes used by the various sources of species data. Variables used with
PO data were meant to capture sampling bias, which heavily favors
forested and protected areas that are reasonably accessible by road. A
quadratic term for distance to roads was also used, as there could be
optimal locations that are far enough from roads to minimize anthro-
pogenic factors, but close enough to facilitate sampling. With SO data,
the sampling variables were chosen as variables that might influence
the detectability of the species. For example, tapir detectability might
decrease as distance from protected areas increases, due to avoidance of
humans as result of heightened levels of hunting outside of protected
areas (de la Torre et al., 2018; Ferreguetti et al., 2017).

All variables were resampled to a resolution of 4 km, scaled (stan-
dard deviation = 1) and centered on zero (mean = 0), except for
distance to/within protected areas, which was scaled but not centered.
This was done to preserve zero as the boundary between inside (ne-
gative values) versus outside (positive values) of the protected area.
Quadratic terms for all climate variables, EVI, water occurrence, and
distance to roads were used in the model to account for their suspected
non-monotonic relationships with tapir presence and detectability
(aided by single-variable response curves created in the early stages of
the modeling process).

2.2. Integrated SDM

This research used an Integrated SDM (ISDM) to incorporate both
opportunistically collected presence-only (PO) data and site-occupancy
(SO) data from planned surveys. The ISDM uses a hierarchical frame-
work to estimate separately species occurrence and detectability.
Species occurrence is modeled as the intensity of a Poisson point pro-
cess, A(s), which is the expected density (number of individuals per unit
area) at location s. The intensity is formulated as a log-linear function of
unknown parameters and location-specific regressors x(s),

log(A(s)) = B, + B'x(s)

In the ISDM, separate detectability formulations were used for the
two types of data. For the PO data, spatial bias and imperfect detection
are incorporated through an independent thinning of the point process.
This thinned point process is the product of the original point process
and p,,(s), the probability that the site is surveyed and the species is
detected, which is formulated as a logistic function of unknown para-
meters and location-specific regressors w;,,(s),

lOgit (Ppo (S)) = aO.po + apolwpo (S)

With the SO data, imperfect detection is modeled following the
design of a conventional occupancy model (Koshkina et al., 2017;
MacKenzie et al., 2002; Tyre et al., 2003). Under this model, the pre-
sence or absence of the species at a site, i, follows a Bernoulli dis-
tribution. In this case, the detection histories at each site, y;, have non-
detections (i.e. zeros) due to either species absence or imperfect de-
tectability, when an individual may go undetected despite being pre-
sent (MacKenzie et al., 2003). This relationship is modeled as a Bino-
mial distribution with J trials (i.e. the number of repeated observations
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at a site), and the probability of success (i.e. species detection) equal to
the product of z; (the occupancy state, z; = I(N; > 0)) and p,q, the
probability of detection at the site. As with detectability in the PO
model, p;,(s) is formulated as a logistic function of unknown parameters
and location-specific regressors wy,(s),

lOgl't(PSO (S)) = g0 T+ aso/wso (S)

In ISDMs, the PO and SO models are estimated simultaneously, such
that one set of parameters for the SDM is created (i.e. the f's), while
separate detectability parameters are estimated (i.e the a's) for the two
models. Starting values for both detectability intercepts (i.e. agp, and
Qo.s0) Were set to the naive detectability for each respective data type to
help solve issues with model convergence. All other parameters in the
model used a starting value of zero. The intensity estimates from the
ISDM can be integrated across a spatial unit to estimate the expected
number of individuals in that area. This property is used to estimate
population sizes in the habitat patches identified by the analysis.

The ISDM requires knowledge of the area sampled at each site in
order to estimate intensity. We assumed an Effective Sample Area (ESA)
of 16 km?, which is close to the most recent home range estimates for
the species, depending on the method used (i.e. kernel density esti-
mation: home ranges of 15.0 and 13.6 km?, for two individuals) (Jordan
et al., 2019) and about midway between previous estimates (Foerster
and Vaughan, 2002; Reyna-Hurtado et al., 2016). This area also mat-
ches the resolution of environmental predictors used in the model (i.e.
resolution of 4 km = 16 km?).

The ISDM was fit using custom R code adapted from previous re-
search (Dorazio, 2014; Schank et al., 2017, 2019).

Biological Conservation 245 (2020) 108501

2.3. Quantifying habitat connectivity

The estimated intensity surface was converted to a map of habitat
patches using a hotspot analysis. Specifically, the Getis-Ord Gi* (i.e.
local G) spatial statistic (Getis and Ord, 1992) was calculated using a
10 km radius, and statistically significant hotspots designated as habitat
patches for the species. This threshold was selected as the maximum
recorded distance traveled by an individual tapir within its home range
(Reyna-Hurtado et al., 2016), thus accounting for a level of interactivity
between individuals that could be representative of a habitat patch.

The estimated intensity was then summed within these patches, and
those with an estimated population of 10 or more were retained for the
next stages of the analysis. Researchers in the Atlantic Forest of Brazil
estimated that 200 adult individuals of Tapirus terrestris are needed to
constitute a minimum viable population (Medici and Desbiez, 2012).
Rather than using 200 individuals as the cut off for our habitat patches,
we used the minimum population from different test scenarios carried
out in a Population Viability Assessment (PVA) for Baird's Tapir (Medici
et al., 2005). We did this in order to maximize the number of vertices in
the network (within reason), while considering that some patches may
act as population sinks (i.e. they harbor less than a viable population,
and thus are reliant on immigration of individuals from adjacent pat-
ches to prevent local extinction). In the PVA, in nearly all scenarios, a
population of ten individuals had a > 50% probability of going extinct
within 100 years. However, these scenarios did not consider immigra-
tion and other meta-population dynamics.

An estimate of flow between patches was created by first calculating
the least-cost distance between pixels with the intensity surface as a
transition layer (i.e. conductance) using the R package ‘gDistance’, and
the ShortestPath function (van Etten, 2017). Only those connections
with distances less than an estimated maximum dispersal distance were

0.32

0.16

0.08
0.04

Fig. 1. Example of ow calculation for one source pixel going from patch 23 to patch 28. Black dots are additional pixels that fall within range of the destination patch,
and will subsequently have least cost paths (LCPs) and ow calculated. Blue lines are LCPs, purple line is the Panama Canal, estimated tapir density (individuals/km2)
shown in shades of brown. See Fig. 2 for locational context within region. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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retained, calculated as 40 times the linear dimension of the home range
estimate. This relationship between home range size and dispersal was
determined by a correlative study of 33 species of North American
mammals, with maximum recorded dispersal up to 500 km (Bowman
et al.,, 2002). Due to the variability in home range estimates, three
maximum dispersal distances were tested: 40, 80, and 160 km (corre-
sponding to home ranges of 1, 4, and 16 km?) (Foerster and Vaughan,
2002; Jordan et al., 2019; Reyna-Hurtado et al., 2016). In contrast to
the 10 km distance used in the hotspot analysis, which was selected to
be representative of daily movement patterns, these dispersal scenarios
are more theoretical (due to lack of empirical data), and meant to re-
present the long-distance dispersal abilities of the species in seeking out
and establishing new home ranges.

The least-cost distance was then used in a negative exponential
dispersal kernel (Nathan et al., 2012):

(1/27a?) = (exp(—r/a))

where a is two times the mean dispersal distance and r is the least-cost
distance between pixels.

The median dispersal distance was used in place of the mean, which
was estimated as seven times the linear dimension of the home range
(Bowman et al., 2002). Finally, this dispersal probability was multiplied
by the square root of the estimated intensity in the source pixel, and
used to estimate the flow between pixels (Estrada and Bodin, 2008). For

I | I 1000 km
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each pair of adjacent patches (i.e. nodes in the graph), the corre-
sponding flow between their respective pixels was summed and stored
as the singular edge value between that pair of nodes (see Fig. 1 for a
map documenting this step). This flow matrix was used to create a
weighted and directed graph network with the R package ‘igraph’
(Csardi and Nepusz, 2006).

Using this graph network, two measures of vertex centrality were
calculated: farness and betweenness. Farness (i.e. the inverse of close-
ness) was defined as the average length of the shortest paths from all
other vertices in the graph (Brunn, 2011). This measure was then used
to represent the isolation of individual patches in the indices calculated.
Vertex betweenness is roughly defined as the number of shortest paths
going through a given vertex (Brunn, 2011). This measure was used to
represent the importance of a given patch to the overall connectivity of
the network. Each vertex was then removed from the graph one at a
time, and the number of components (i.e. isolated subgraphs) recorded.
This was done to identify when new components were created by re-
moving the vertex, indicating a new break in the graph.

2.4. Prioritization criteria
To prioritize the different patches for conservation, our goal was to

balance vulnerability to local extinctions and importance to the survival
of the species as a whole. For this reason, two separate indices were

Fig. 2. Map of tapir habitat patches, across their geographic range, with an estimated population > 10 individuals, identified using an Integrated Species Distribution
Model (ISDM). Habitat patches are numbered 1-28 and shown in green, protected areas shown in black (dark green areas are the intersection between habitat
patches and protected areas), purple lines represent the Panama Canal and planned path of the Nicaragua Canal. Specific locations mentioned in the Discussion: (a) -
Santa Rosa, (b) - La Muralla. Black box delineates area mapped in Fig. 1. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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calculated for each patch and then combined for an overall index of
conservation priority.

Before calculating these indices, some initial measures were created
and used in the subsequent calculations: 1) the percentage of each patch
that was not under protection (UNEP-WCMC, 2014); 2) a population
index that converted the estimated population in each patch to a scale
of 0 to 1; 3) evidence of occupation by the species using both PO and SO
data (binary: 0 or 1); and 4) an index of forest loss occurring in the
patch (Hansen et al., 2013). Population size provides information about
both the vulnerability and ecological importance of a patch, while level
of protection and amount of forest loss occurring in the patch are in-
formative about vulnerability. Confirming the species presence in a
patch provides more confidence in its ecological importance, as there
are likely some patches (especially small ones) that incorrectly predict
species presence. These patches do have value for species conservation
(e.g. for translocations, or re-establishment of connectivity), but per-
haps less than if already occupied.

The vulnerability index was calculated to represent the relative risk
of a local extinction for a given habitat patch. Less protection, more
deforestation, smaller populations, and greater distance from other
patches in the network should lead to cores that are more vulnerable.
Thus, this index was created as the sum of the following:

%unprotected + deforestation + (1/population index) + farness

The importance index was created to represent the relative im-
portance of a given habitat patch to the overall survival of the species.
Larger estimated populations, confirmed presence of the species, and
importance to the overall network connectivity should indicate patches
that had greater importance. Thus, this index was calculated as the sum
of the following:

population index + confirmed presence + betweenness index

+ components created by removal

All components used in the vulnerability and importance indices
were rescaled to range from 0 to 1. The vulnerability and importance
indices were then also rescaled to have a max value of 1, before sum-
ming them into the combined index of conservation priority. It is im-
portant to note that the population measures used in these two indices
will cancel each other out when combined. However, they are useful to
include when considering vulnerability and importance separately.
Similarly, the centrality measures will have some counteracting effect
when combined, but the relationship between these is not exactly re-
ciprocal.

3. Results

Significant environmental variables to model the intensity of Baird's
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tapir (i.e. 95% CI excluding 0; Supplementary Table 1) included water
occurrence (1.44, SE = 0.45), forest cover (1.33, SE = 0.20), annual
precipitation (1.20, SE = 0.34), EVI (—0.56, SE = 0.17), and tem-
perature seasonality (—0.44, SE = 0.13). Significant quadratic terms
for water occurrence (—0.84, SE = 0.34), temperature seasonality
(—0.39, SE = 0.12) and annual precipitation (—0.81, SE = 0.26) in-
dicated possible non-monotonic relationships for those variables. A 3-
dimensional response curve for the interaction between forest cover
and EVI demonstrated highest lambda values when high forest cover
was combined with low EVI (Supplement Fig. 1). Significant variables
to model the detectability of tapir using presence-only (PO) data
(Supplementary Table 1) included presence in a protected area (1.35,
SE = 0.24) and distance to roads (—0.43, SE = 0.15). With the SO
data, the dummy variable for surveys targeting tapirs was significant
(1.04, SE = 0.44).

Average estimated intensity from the model was 1.85 individuals/
100 km?, with a maximum of 47.1 individuals/100 km?. The hotspot
analysis identified 28 habitat patches with an estimated population of
10 or more individuals (Fig. 2). These patches covered 23.3% of the
land in the study area, and contained an estimated total of 10,343 in-
dividuals, 61.6% of the total population estimated across the entire
study area.

The three dispersal scenarios showed varying levels of connectivity
(Fig. 3). In the most restrictive case (max dispersal = 40 km), the
network contains several disruptions in connectivity, with eleven se-
parated graph components. Even the most generous dispersal scenario
(max dispersal = 160 km) is separated into three distinct components.
While the medium dispersal scenario (max dispersal = 80 km) resulted
in eight components. Across all three dispersal scenarios, a low degree
of connectivity occurred at the extreme northwestern edge of the dis-
tribution, with completely isolated patches in Oaxaca (ID 3) and Selva
Zoque (ID 4,5) México. In the moderate scenario (max dis-
persal = 80 km), additional breaks in connectivity emerged across
Honduras and at the Panama Canal.

Focusing on the indices calculated using the most generous dispersal
scenario (in order to consider the impact of potential connections), the
most vulnerable habitat patch was found in the northern Yucatan
Peninsula (ID 1). This patch had a small estimated population (~14
individuals), is completely unprotected, and had a high level of isola-
tion (i.e. farness) from other patches (Supplementary Table 2). The four
most vulnerable patches had low importance values, with small esti-
mated populations (mean = 19.5 individuals), no confirmed tapir
presence, and low contribution to connectivity. The two patches with
the largest estimated population, Maya Forest (ID 13) and Honduras
(Moskitia)-Nicaragua (ID 19), also had the highest combined index (i.e.
vulnerability + importance), and had an important role in connectivity
(Fig. 4).
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Fig. 3. Maps of network connectivity. Thickness of edges indicates strength of ow between vertices, size of nodes indicates estimated population size. Boxes delineate

separated graph components.
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Fig. 4. Choropleth map of combined indices (max dispersal = 160 km).

About half (49.1%) of the total area covered by the habitat patches
has some form of protected status. Much of the remaining area (71%)
occurs in indigenous territories, including Chimalapas in Mexico (ID 5),
Honduras(Moskitia)-Nicaragua (ID 19), and between Chagres and
Darien National Parks in Panama (ID 28). The latter includes the Darien
region of northern Colombia, a significant area that is unprotected and
not under indigenous control. However, this area has remained largely
undeveloped due to the harsh environment and armed conflict between
the government and paramilitary groups (Girot, 2002; Grajales, 2013).

IUCN recently produced a map of indigenous territories in Central
America (IUCN-ORMACC, 2016). Focusing on these countries (i.e. ex-
cluding Colombia and Mexico), 88.0% of tapir patches are either pro-
tected or in an indigenous area. This includes the Qeqchi (Kekchi) in
Guatemala, Miskito and Tawahkas in Rio Platano (Honduras), Miskito
and Ulwa in northern Nicaragua, Ngibe-Buglé in Golfo de los Mosquitos
Panamd, and Guna and Embera-Wounaan near Chagres and Darien,
Panama.

4. Discussion

This research represents the first study to model the distribution and
connectivity of Baird's tapir habitat and populations across its entire
geographic range. All of the significant parameter estimates from the
model (and even those that were close to significant), exhibited the
expected relationships with tapir intensity. In previous studies, the
negative relationship with EVI was unexpected (Schank et al., 2017).
However, after examining the interaction between EVI and forest cover,

it was clear that the model demonstrates evidence of tapir preference
for secondary forest, as these are areas which would show up with high
forest cover, but relatively lower biomass (Foerster and Vaughan, 2002;
Fragoso, 1983). The hump-shaped relationship with annual precipita-
tion is likely what drives the low estimates of tapir presence in the
Choco, one of the wettest areas globally, and where rainfall is much
higher than the rest of the study area (mean rainfall twice as high as any
other portion of the study area) (Schwerdtfeger, 1976).

It is important to note that the resolution of the analysis can have
significant effects on the results, for both the ISDM and the connectivity
(i.e. least-cost) analysis (Etherington, 2016; Schank et al., 2019). We
selected a resolution we deemed appropriate for the ISDM, but future
research would benefit from further evaluating this choice for the least-
cost path analysis. Indeed, some connectivity research suggests using a
smaller resolution closer to the species' perceptual range (Bélisle,
2005), but as a first examination of connectivity across the global dis-
tribution of Baird's tapirs we preferred to use a more liberal approach
given the uncertainties of tapir movement. Likewise, we assumed that
the intensity estimated by the ISDM is a proxy for suitability of move-
ment through the landscape (i.e. conductance). Some studies have
shown that habitat preferences for home ranges may differ from the
species' ability to move through different types of landscapes (Elliot
et al., 2014; Gaston et al., 2016; Keeley et al., 2017). Future efforts that
combine SDMs with connectivity analysis will likely produce more
accurate assessments if they consider appropriate resolutions for both
aspects of the analyses, as well as developing a conductance or re-
sistance layer separately from the SDM.
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As a result of our modeling approach, the results from this research
almost certainly represent a best-case scenario in the distribution and
extent of habitat patches for Baird's tapirs. Though there are a few
underestimated areas that do not show up as suitable despite confirmed
tapir occurrence (e.g. dry forests of Santa Rosa, Costa Rica, and most of
the Sierra Madre de Chiapas in Southern Mexico), the overall estimated
intensity and resulting habitat patches likely represent an overestimate
of the species' true distribution. This overly optimistic result can be
attributed to multiple factors, including the use of forest cover from the
year 2000 in the model (even though forest loss in the intervening years
is also used), and land cover is changing rapidly across much of Mexico
and Central America.

In addition, the connectivity between cores is likely overestimated
in many cases. Very little is known about the long-distance dispersal
capabilities for this species. The ability of Baird's tapir to disperse even
40 km is questionable, especially across the low suitability habitat it
would encounter when moving between most patches. Even in the most
optimistic scenario, there is an alarming lack of connectivity and sui-
table habitat, with tenuous connections across Honduras, and a clear
break in Mexico. Genetic data from jaguars revealed limited con-
nectivity between La Selva Maya and Honduras (Wultsch et al., 2016),
and these large carnivores have much greater dispersal capacity com-
pared to tapirs. Additionally, our analysis does not incorporate poten-
tial barriers to dispersal, such as the highly developed and urbanised
Panama Canal Zone and the increasing numbers of highways across
southern Mexico and Central America. The planned Nicaragua Canal
could present an additional dispersal barrier for the species (Jordan
et al., 2016). Assuming this canal may still be built, and both it and the
Panama Canal act as barriers to dispersal, while also including the
breaks in the network that already exist, there is a potential for five
major areas of tapir habitat to become isolated from one another. This
would have significant adverse impacts on the long-term survival of the
species. Isolating populations makes local extinctions more likely, due
to reduced genetic diversity and interruption of meta-population dy-
namics (Pardini et al., 2010).

In light of these results, we recommend the following conservation
actions for the species: 1) protect existing habitat, 2) work with in-
digenous territories and local communities, 3) re-establish and
strengthen habitat connectivity, 4) conduct additional surveys of tapir
occurrence, and 5) collect additional telemetry and genetic data.

4.1. Protect existing habitat

Our results showed that about half of the remaining habitat for
Baird's tapir can be found in protected areas. Though these areas are
protected (at least on paper), many of them still experience substantial
deforestation inside park boundaries (Bray et al., 2008; Joppa et al.,
2008; Watsa, 2014). In fact, even when deforestation is not evident
from satellite imagery, these protected areas still experience significant
levels of poaching and smaller scale deforestation that can have strong
negative impacts on endangered wildlife and ecosystem processes
(Benitez-Lopez et al., 2019; Peres et al., 2006). Of the nearly 328 pro-
tected areas that intersect tapir habitat, 43 have experienced defor-
estation rates > 5% over the last 13 years, with almost half of these
found in Guatemala (Table 2). This widespread habitat loss within
seemingly large areas of core tapir habitat is the greatest threat to tapir
conservation. Stopping and reversing this deforestation should be the
number one priority for tapir conservation. Encouragingly enough,
tapir use of secondary forests could result in a positive feedback loop,
particularly since tapirs can facilitate reforestation via seed dispersal. In
the absence of achieving this goal, all additional priorities listed below
could be meaningless.

While there is very little literature on the illegal trade and poaching
of Baird's tapirs, the information that does exist is extremely troubling
and indicates that both pose a significant threat to tapirs throughout
their range. For example, the number of tapirs poached in the
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Caribbean Coast of Nicaragua over the past two decades has spiked
significantly alongside sharp increases of deforestation (Jordan et al.,
2014). The national and international trade of juvenile tapirs has an-
ecdotally increased in certain Central American countries in recent
years. In Nicaragua, four instances of juvenile tapirs for sale in Man-
agua were reported between June 2017 and June 2018 without an
adequate government response (C. Jordan, pers. obs.).

Perhaps even more troubling is that in countries with substantial
environmental infrastructure, such as Costa Rica, legal cases against
tapir poachers are usually thrown out before reaching trial and are not
considered a priority by local judges (E. Brenes-Mora, pers. obs.).
Anecdotal data suggests that multiple tapirs trafficked in the
Nicaraguan capital of Managua in 2017 were not confiscated despite
the Ministry of Natural Resources being made aware of these environ-
mental crimes. Likewise, environmental criminals destroying core
protected areas have not been held legally accountable in Nicaragua
(Salazar, 2018).

Table 2
Forest loss rates (2000-2014), protected status, area, and location of protected
areas that intersect tapir habitat patches.

Patch ID Name Forest Loss Area (sq km)  Location
13 Nim Li Punit 0.378858025 0.4915825BZ-TOL
19 Cerro Bana Cruz 0.162583509 270.3010478 NI-AN
13 Santa Rosa 0.157021605 5.076279027T-1Z
19 Cerro Wawashang 0.156177855 2244.640531 NI-AS
13 Rio Blanco 0.13117284 0.38145143%.-TOL
13 Mountain Pine Ridge 0.126817692 432.7437456 BZ-CY
13 Yaxhd 0.126157407 1.981078183T-PE
19 Punta Gorda 0.118480136 636.9444969 NI-AS
13 Candilejas 0.118441358 0.697987502T-1Z
13 Serpon Sugar Mill 0.105709877 0.5224404082-SC
19 Cerro Silva 0.096712187 2921.966879 NI-AS
19 Laguna de Bacalar 0.095743203 72.6997879Not Reported
13 Hacienda Pastores 0.092592593 0.354705878T-BV
13 Parque Nacional 0.091406045 4874.454459 GT-PE
Yaxhi-Nakum-
Naranjo
9,13 Maya 0.089635779  20,382.32075 GT-PE
13 El Pujol fraccién C 0.087191358 0.901903867T-1Z
9 El Recuerdo 0.087191358 0.2388245860t Reported
13 Mischner & Bowen 0.084924769 6.972033478%.-BZ/BZ-BZ
Reserve
13 Céstulo 0.082063645 3.586799168I-1Z
19 Cerro Cola Blanca 0.080461502 104.9085652 NI-AN
13 Laguna del Tigre 0.080043744 2895.067801 GT-PE
13 Cerro San Gil 0.079541963 437.5315823 GT-1Z
9,13 Maya 0.078348592 7549.039748 GT-PE
13 El Higuerito 0.076260288 6.779583099T-1Z
9 Laguna Lachua 0.07374165 512.1734806 GT-AV
19 Sierra de Rio Tinto 0.070898747 880.7079495 HN-CL
13 Grants Works 0.069741477 32.00539813BZ-SC
19 Patuca 0.069260159 3755.980622 HN-OL
19 Cerro Saslaya 0.068908179 631.0929706 NI-JI
28 Canglén 0.068731901 320.8715887 PA-5
13 Montafias Mayas 0.067786102 615.0653551 GT-PE
Chiquibul
19 Tawahka Asangni 0.065134896 2508.785858 HN-OL
13 Caracol 0.062403549 103.1943585 BZ-CY
9 Sierra del Lacand6n 0.061744075 2002.866758 GT-PE
9 Empalme Santa 0.061192996 42.7206546 MX-CHP
Felicitas
13 Swasey Bladen 0.061167228 59.813004848Z-TOL
13 Laguna Ik 0.058145849 287.8190463 MX-CAM
13 Rio Sarstun 0.057751956 324.1270458 GT-1Z
19 Fortaleza la 0.056949531 35.8154780NI-SJ
Inmaculada
Concepcién de Maria.
13 Otoch Ma'ax Yetel 0.055748211 53.7212954IMX-ROO
Kooh
13 Rio Zarco Chiquito 0.052469136 0.633935783T-1Z
14 Buenos Aires 0.052276235 8.748731926T-RE
13 Santa Elena 0.050540123 1.406058428T-1Z
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High-level lobbying by nationals to encourage governments to
prioritize protected area management and the sentencing of environ-
mental criminals is needed in most countries across Baird's tapir range.
In many cases, however, the government agencies tasked with mon-
itoring and enforcing laws within protected areas have too little money
or power to do their jobs effectively (Balmford and Whitten, 2003;
Bruner et al., 2004). Working with these agencies to provide the
training, support, and resources to improve their effectiveness and
thereby reduce deforestation, poaching and trafficking should be a
priority. The Spatial Monitoring and Report Tool (SMART) is an open-
source software program designed to facilitate the collection, analysis,
and communication of data from protected area monitoring and vigi-
lance efforts, which has proven to be a useful tool in many countries
globally (Critchlow et al., 2017). Nonetheless, most aspects of the il-
legal poaching and trade of the globally endangered Baird's tapir re-
main unknown. It is therefore critical to better understand the current
state of tapir poaching and trafficking and to immediately act in con-
texts where either occur at any level.

4.2. Work with indigenous communities

In addition to protected areas, much of the remaining habitat for
Baird's tapir also occurs in indigenous areas, where indigenous com-
munities often are more effective at conserving wildlife habitat than
State government agencies (Bray et al., 2008; Porter-Bolland et al.,
2012). A recent map of Central America produced by the IUCN showed
that indigenous people's territories coincide with more than half of the
region's remaining forests. This, along with recent initiatives to promote
Indigenous and Community Conserved Areas (ICCAs), have sought to
more formally and consistently recognize the role of indigenous people
as guardians of the region's last intact forested areas. Indigenous people
are possibly the most important allies that conservationists have in
protecting habitat for endangered species (Schwartzman et al., 2000).
They may have deep, even spiritual, ties to species such as the tapir. In
community conserved areas, agreements with local/indigenous com-
munities that help mitigate threats, including unsustainable levels of
deforestation and over-hunting, are essential. An example of this in-
cludes the signing of a regional agreement on non-hunting of tapir
within lands managed by local communities in México, such as within
the protected natural areas of the Sierra Madre de Chiapas (de la Torre
et al., 2017).

In some high priority patches, State governments have also granted
legal tenure and certain levels of legal autonomy to indigenous com-
munities, including in the Honduran Moskitia where 11 indigenous
territories were granted titles to approximately 1.4 million hectares in
2016 and the 23 indigenous territories that cover nearly the entirety of
Nicaragua's Caribbean Coast. However, despite legal recognition of
their rights to their ancestral lands, these communities are often under
pressure from illegal colonists driving cattle ranching and agricultural
frontiers, lack adequate support from State governments, and lack the
necessary resources to monitor and enforce their land rights (Stocks
et al., 2007). Thus, strategies that would enhance funds, staff, tech-
nology, and training for indigenous territories will be crucial to pro-
tecting these areas. In many cases, protected areas and indigenous
communities overlap. In this case, some suggest that management re-
sponsibilities should be passed from federal institutions to local com-
munities (Bonham et al., 2008). All strategies implemented in in-
digenous territories must abide by international instruments designed
to protect the traditions, cultures, languages, and self-determination of
indigenous peoples (i.e. ILO Convention 169). Despite these re-
commendations, there is no blanket solution for cases involving con-
servation and indigenous or local communities. It is critically important
to consider the specific social context of each situation before im-
plementing any of these strategies.

Payments for Ecosystem Services (PES) can also be used as a
strategy to help maintain existing habitat and to fund indigenous and
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local peoples' conservation efforts. We recommend payments specifi-
cally placed in communities that maintain tapir habitat or critical areas
for connectivity, with a specific spatial focus on the outlined habitat
patches represented in the network connectivity model. PES has suc-
cessfully been used to provide economic compensation to local com-
munities that protect critical habitat or important areas for the con-
nectivity (de la Torre et al., 2018). Through this economic incentive,
local communities can be encouraged to protect forested lands and to
conduct activities compatible with forest conservation. For example,
communities can promote eco-tourism with the Baird's tapir as their
flagship species to increase opportunities for community engagement
and long-term economic commitment to forest restoration beyond in-
itial PES. Additionally, in areas with high deforestation, we recommend
PES as a means of aiding in reforestation, with a specific focus on re-
forestation within flow nodes and areas surrounding habitat patches
presented in the network connectivity model.

4.3. Re-establish and strengthen connectivity

Areas with poor connectivity include southwestern Mexico and
Honduras, where the distance between patches is too far, as well as
areas with major dispersal barriers (e.g. Panama Canal). Strategies to
promote connectivity could include the purchase of private land to
preserve or restore habitat that can act as stepping stones for the species
dispersing between the larger patches (Worboys et al., 2010). Another
strategy is to work with large agricultural or forestry operations to fa-
cilitate movement corridors (Meijaard et al., 2005). In order to plan for
both of these actions, detailed information on land ownership and
concessions is still necessary (Miller et al., 2001).

The path of the proposed Nicaragua Canal could create another
disruption in connectivity for the species and destroy a large portion of
an important habitat patch (ID 19). Some strategies have been sug-
gested to reduce the impact of this canal (Jordan et al., 2016). Even if
such strategies were employed, the development associated with the
canal would present a major barrier to dispersal, as evidence suggests
the Panama Canal already does for tapir (Meyer et al., 2015; Meyer
et al., 2013; Moreno, 1993). Major roads also act as dispersal barriers
for large mammals like the tapir, with potential negative genetic effects
and influences on overall species health (Holderegger and Di Giulio,
2010). To improve the connectivity across the species range, it is ne-
cessary that major roads that interrupt the connectivity for Baird's tapir
populations include mitigation measures to avoid wildlife collisions.
Some projects have focused specifically on tapir-mortality when dis-
persing across roads (e.g. The Belize Tapir Project, Lowland Tapir
Conservation Initiative in South America, Nai Conservation in Costa
Rica). Wildlife under- and overpasses, installation of road signs and
speed bumps, and reflective collars on individuals are all potential
strategies to promote connectivity (by preventing wildlife collisions) for
tapir populations that require further investigation in Central America.
However, even the best mitigation efforts will not overcome massive
road development, meaning that conservationists must be engaged with
development plans at the local level to discourage road construction in
highly vulnerable or important tapir patches (Glista et al., 2009).

4.4. Conduct additional surveys

Fourteen of the habitat patches identified in our analysis have no
confirmed tapir presence, and have experienced very few, if any, survey
efforts. Most of these patches are small (mean estimated population
size = 27, max = 82), and several of them are very close to larger
patches, suggesting they are not stronghold populations. However,
additional surveys in some small patches should be prioritized due to
their location in highly fragmented landscapes where maintaining
connectivity is critical. In some cases, these patches may acquire ad-
ditional importance under future habitat or climate change.

First, there are several small patches throughout Honduras that
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should be prioritized. Although species data exist in some of these
patches, this area is so crucial to the connectivity due to its central
location in the network that all of these patches could represent im-
portant stepping stones. There also are several nearby smaller patches
(< 10 individuals) and protected areas that could serve this purpose,
and that have confirmed tapir presence, including La Muralla Wildlife
Refuge and Cusuco National Park (McCann et al., 2012; Sagastume-
Espinoza and Romero, 2017). A similar area of high fragmentation and
low connectivity can be found in Southern México, between Selva
Zoque (ID 4 & 5), the Sierra Madre de Chiapas (SMC) (ID 7), and Selva
Lacandona (ID 6 & 9). The estimated low connectivity in this area is
partially due to the inability of the model to predict a substantial po-
pulation in the SMC, which experts have estimated as harboring 225
tapirs across 1500 km? of habitat (Naranjo, 2009). However, a recent
study that investigated the connectivity of this area, and included the
SMC as occupied habitat patches, still found limited connectivity in this
region, and a high level of threat in close proximity to these important
habitat patches (de la Torre et al.,, 2018; Godinez-Gémez et al., in
press).

In addition to surveys to confirm presence in important patches, the
distribution model would benefit from surveys conducted in habitats
that are underrepresented in the species data. Most of the available
species data is from the fringe of habitat patches. There are few surveys
from low suitability areas, because researchers targeting tapir or other
endangered species often want to ensure they have some detections. On
the other hand, there are also few surveys from deep within habitat
cores, likely due to problems with accessibility. Targeting future sur-
veys in these two types of habitats, would likely improve model accu-
racy and precision and further inform conservation actions.

4.5. Collect additional telemetry and genetic data

This research was based on limited knowledge about the individual
movements of Baird's tapir. Small changes in home range size and long
distance dispersal could have a significant impact on the results.
Estimates of home range size for the species range from 1 to 24 km?,
though these are based on very small sample sizes (i.e. 1-5 individuals)
and simple methods (Foerster and Vaughan, 2002; Reyna-Hurtado
et al., 2016). Changes to the home range estimates would impact esti-
mates of species density through our assumption about the area sam-
pled around each camera station (i.e. the Effective Sample Area, or
ESA), because the ISDM requires knowledge of this property as an input
to the model. Any resulting changes to species density would have
corresponding effects on the patches that are included in the analyses.
Additional data on tapir movements would also improve the con-
nectivity model, and thus provide greater accuracy in estimating the
flow between patches, and identifying where any breaks in the network
of patches may occur.

The collection of genetic data would also be immensely beneficial to
this research, in that it could be used to help train or validate con-
nectivity models (Manel and Holderegger, 2013), as well as used to
identify individuals as inputs for spatial capture-recapture (SCR)
models, which would provide more robust estimates of species density
(Royle et al., 2013). However, the collection of these data can be costly.
Some researchers are collecting genetic data from roadkills, which re-
duces the costs of finding and capturing individuals (e.g. Lowland Tapir
Initiative in Brazil with Tapirus terrestris, and Nai Conservation in Costa
Rica with Tapirus bairdii). Another lower-cost alternative is to collect
these data through scat or hair traps (Fuller et al., 2016; Lamb et al.,
2018). These genetic samples will further provide information about
connectivity through meta-population and genetic admixture analyses,
estimate inbreeding depression, and further inform population viability
models. The Baird's Tapir Survival Alliance and other partners have
recently begun collecting these and other much needed natural history
data on Baird's tapirs to better inform all future distribution, popula-
tion, and connectivity models. With our first examination of population
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clustering and connectivity, we provide the insights necessary to pre-
dict areas for those future surveys and provide a framework for other
researchers to integrate these approaches in the conservation planning
for other endangered and threatened species across their global dis-
tributions.
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