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Abstract  17 

Terrestrial mammals are important ecosystem engineers in rainforest but threatened by 18 

deforestation and hunting even in areas with the highest level of designated protection e.g. National 19 

Parks. Species Distribution Models (SDMs) can be used to identify priority areas for vulnerable 20 

species informing the spatial allocation of conservation resources. Local SDMs do not rely on 21 

defining positive relationships that determine a species’ optimal environmental niche but the 22 

negative relationships describing parochial species absence. Using species-specific field tracks and 23 

signs data from 2006 to 2017 for mammals in Cusuco National Park, Honduras, we built local 24 

SDMs for each species extrapolating the probability of occurrence throughout unsurveyed areas. 25 

We pooled predicted probabilities within species groups for i) low abundance, large-bodied, 26 

hunted species (e.g. tapir, deer or peccaries), ii) high abundance, small-bodied hunted species (e.g. 27 

paca or agouti) and iii) unhunted species (e.g. mustelids or wild cats). Results suggest that that 28 

despite the highest level of protected area designation local terrestrial mammal distribution was 29 

driven by local anthropogenic disturbance; specifically, deforestation within 2km, distance to the 30 

National Park boundary and distance to human populations i.e. proximity to villages (though not 31 

their population size), ecotourism camps and research stations. Local villages were ranked in 32 

descending order of their likely impact on large hunted mammals such that local Government 33 

departments, forestry managers, conservation organisations and patrolling wardens can use this 34 

information to target protection efforts (patrols, legislative enforcement and prosecutions) to 35 

maximise the efficacy of National Park designation and stem ongoing defaunation. 36 

 37 

Keywords: Anthropogenic disturbance; bushmeat; deforestation; endangered species; Geographic 38 

Information Systems (GIS); illegal hunting; MAXENT; Tapirus bairdii.  39 
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Resumen extendido 40 

Los mamíferos terrestres son importantes ingenieros de ecosistemas en la selva tropical, pero están 41 

amenazados por la deforestación y la caza incluso en áreas con el más alto nivel de protección 42 

designada, como en Parques Nacionales. El Parque Nacional Cusuco cubre 23,440 hectáreas de 43 

territorio protegido en la cordillera de Merendón, Cortés, noroeste de Honduras (15°32′31 ″ N, 44 

88°15′49 ″ W). Está catalogada como la 123a área protegida más insustituible (48a considerando 45 

taxones amenazados solamente) a nivel mundial de los 173.000 sitios designados. Contiene bosque 46 

seco tropical de tierras bajas, bosque húmedo tropical, bosque nuboso montano y bosque enano 47 

localizado por encima de los 2.000 m sobre el nivel del mar. Tiene una rica diversidad de 48 

mamíferos terrestres (Hoskins et al. 2018), sin embargo, estos están altamente amenazados debido 49 

a la deforestación y la caza ilegal, con la destrucción total de la fauna del parque prevista para 50 

mediados de la década de 2020 (Hoskins et al. 2020). Este estudio utilizó modelos de distribución 51 

de especies (SDM) para comprender los causantes antropogénicos locales que afectan los rangos 52 

de mamíferos dentro del Parque Nacional Cuscuo. El objetivo específico era analizar la presencia 53 

de especies en relación con los impactos humanos clave, como la proximidad a las rutas de acceso 54 

(por ejemplo, carreteras o pueblos) o el estado de protección (por ejemplo, el límite del Parque 55 

Nacional o las designaciones zonales internas), teniendo en cuenta a la vez los efectos de la 56 

variación ambiental natural en las variables bioclimáticas (por ejemplo, temperatura media anual 57 

y precipitaciones). Se planteó la hipótesis de que la probabilidad de presencia de mamíferos estaría 58 

asociada negativamente con perturbaciones antropogénicas. 59 

Utilizando datos especie-específicos sobre signos y señales colectados en el campo desde 2006 60 

a 2017, creamos SDMs a escala local para cada especie de mamífero para la cual había un tamaño 61 

de muestra suficiente mediante la extrapolación de la probabilidad de su ocurrencia en áreas no 62 
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muestreadas. Se agruparon las probabilidades pronosticadas dentro de los grupos de especies para 63 

i) especies cazadas de baja abundancia y de tamaño corporal grande (por ejemplo, tapir, venado o 64 

pecaríes), ii) especies cazadas de alta abundancia y pequeño tamaño corporal (por ejemplo, paca o 65 

agouti) y iii) especies no cazadas ( ej. mustelidos o gatos salvajes). Utilizamos mapas de calor para 66 

trazar la probabilidad de ocurrencia. La probabilidad promedio de ocurrencia de especies de 67 

mamíferos dentro de 1 km de cada aldea dentro del Parque Nacional se clasificó en orden 68 

descendente para poder identificar aquellas aldeas con la probabilidad más baja (es decir, la mayor 69 

amenaza para los mamíferos terrestres). 70 

Los SDMs locales no se basan en la definición de relaciones positivas que determinan el nicho 71 

ambiental óptimo de una especie, ya que no pueden capturar el rango completo de condiciones 72 

ambientales en todo el rango de cada especie, sino que las relaciones negativas que describen la 73 

ausencia de especies parroquiales. Nuestros resultados sugieren que, a pesar del nivel más alto de 74 

designación de área protegida, la distribución local de mamíferos terrestres ha sido causada por la 75 

perturbación antropogénica local; específicamente, por la deforestación dentro de los 2 km, la 76 

distancia al límite del Parque Nacional y la distancia a las poblaciones humanas, es decir, pueblos, 77 

campamentos de ecoturismo y estaciones de investigación. Las aldeas asociadas con la menor 78 

probabilidad de ocurrencia de grandes mamíferos cazados (por ejemplo, Santo Tomás y Corpus 79 

en el noroeste de la zona de amortiguamiento del parque, entre otros, como Regadio en el límite 80 

sur del parque) son similares a las actividades que representan la mayor amenaza para mamíferos 81 

terrestres por deforestación ilegal o caza. Los departamentos del gobierno local, los 82 

administradores forestales, las organizaciones de conservación y los guardias de patrullaje pueden 83 

usar esta información para enfocarse en los esfuerzos de protección (patrullas, cumplimiento de la 84 
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ley y enjuiciamientos) para maximizar la eficacia de la designación del Parque Nacional y detener 85 

la continua destrucción de la fauna.   86 
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Introduction  87 

The ‘Great American Interchange’ of North American species dispersing south, and South 88 

American species dispersing north, after the formation of the Isthmus of Panama (Marshall et al. 89 

1988), was responsible for the Central American Neotropics becoming one of the most diverse 90 

biogeographical realms on the planet (Myers et al., 2000). It is also one of the most vulnerable 91 

regions due to a combination of anthropogenic threats including; deforestation, hunting, road 92 

construction and climate change driven by human population growth and associated resource 93 

consumption (WWF 2018). Large-bodied, terrestrial mammals are particularly key in tropical 94 

forest function. They provide vital ecosystem services including; seed dispersal promoting forest 95 

regeneration (Fuzessy et al., 2016, Paolucci et al., 2019), regulation of plant diversity and forest 96 

structure through herbivory (Wright et al., 2000, Briceno-Mendez et al., 2016, Beck et al., 2013), 97 

top-down system regulation through predation (Marshall and Essington, 2011) and nutrient cycling 98 

via defecation and carcass decomposition (Sobral et al., 2017; Barton et al., 2013; Dos Santos 99 

Neves et al., 2010). Nutrient cycling promotes carbon sequestration (Wright et al., 2007) which is 100 

enhanced by terrestrial mammal diversity (Sobral et al., 2017). Just like the rainforests they inhabit, 101 

terrestrial mammals, particularly those with long-lives, slow reproduction and long maturity times, 102 

are notably vulnerable to local anthropogenic impacts, specifically deforestation, habitat 103 

fragmentation and hunting which leads to ‘defaunation’ i.e. forests mostly devoid of mammals 104 

(Redford, 1992, Wilkie et al., 2011, Benítez-López et al, 2019), and thus lacking their ecosystem 105 

service provision. Defaunation is most notable in close proximity to human settlements and access 106 

roads. Only 7% of global forest patches (>100km2 in size) are free from the incursion of roads 107 

making most forests accessible for exploitation (Ibisch et al., 2016).  108 
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One of the key global, regional and local strategies for biodiversity conservation is the 109 

designation of protected areas, for example, National Parks (IUCN and UNEP-WCMC, 2016; 110 

Tilman et al., 2017) within which potentially damaging anthropogenic activities are restricted or 111 

outlawed. Nevertheless, often due to a lack of clear evidence-based appraisal, there is generally a 112 

paucity of data by which to assess the efficacy of protected areas in preserving biodiversity 113 

(Geldmann et al., 2013). Global meta-analyses suggest that just 20-50% of protected areas are 114 

deemed to be ‘well managed’ and, therefore, by extension, to some degree effective (Watson et 115 

al., 2014). Thus, despite protected areas covering 14% of the planet (Butchart et al., 2015) there is 116 

concern over the high number of instances of poor ecological planning and management of such 117 

areas (Venter et al., 2014, Rodrigues et al., 2004, Butchart et al., 2015). Some suggest that 118 

conservation efforts have contributed little to offsetting global, regional and even local biodiversity 119 

loss and that legislative protection without enforcement frequently leads to so-called ‘paper parks’ 120 

(Joppa et al., 2008) were protective laws are unenforced and lack successful prosecutions of those 121 

that perpetrate damage (Joppa et al., 2008). Thus, understanding how terrestrial mammal 122 

distributions within Neotropical protected areas are impacted by local anthropogenic factors is 123 

important to focus conservation strategies under limited and nuanced human and fiscal resource 124 

availability (Oldekop et al., 2016).  125 

Species Distribution Models (SDMs) use records for species occurrence coupled with spatially 126 

explicit environmental data to indicate the likelihood (probability) that unsurveyed areas are 127 

suitable for the species given known environmental tolerances (Elith & Leathwick, 2009). SDMs 128 

can be used in a number of ways; to better understand spatial ecology of rare or endangered species 129 

(e.g. Wilson et al. 2011), inform appropriate protected area designation (e.g. Chivers et al. 2013), 130 

understand risk from biological invasions (e.g. Kelly et al. 2014), better understand likely range 131 
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shifts under predicted future climate conditions (e.g. Leach et al. 2015) or to contribute to our 132 

understanding of how biotic interactions limit species ranges (e.g. Leach et al. 2017). It is 133 

conventional and usually important to include all (or at least a large portion of) a species’ total 134 

(global) range extent to ensure that the full variation of its environmental tolerances can be 135 

adequately captured (Araujo et al., 2019; e.g. Phillips et al., 2006). However, there have been 136 

studies where SDMs were used within a subsample of a species range (e.g. Angelieri et al., 2016 137 

or El-Gabbas and Dormann, 2018). In isolated Neotropical forest fragments, it may be 138 

hypothesised that terrestrial mammal distribution may be spatially restricted principally by 139 

anthropogenic threats beyond species-specific tolerances of bioclimatic variation (Nagy-Reis et 140 

al., 2017). Thus, building spatially restricted SDMs may allow local drivers of distribution to be 141 

captured (e.g. Reino et al., 2018).  142 

This study aimed to use SDMs to understand local anthropogenic drivers of mammal ranges 143 

within a highly biodiverse but isolated and threatened fragment of Neotropical cloud forest. The 144 

specific objective was to analyse species occurrences with respect to key human impacts such as 145 

proximity of access routes (e.g. roads or villages) or protection status (e.g. National Park boundary 146 

or internal zonal designation) whilst simultaneously accounting for natural environmental 147 

variation in bioclimatic variables (e.g. mean annual temperature or rainfall). It was hypothesised 148 

that the probability of mammal presence would be negatively associated with anthropogenic 149 

disturbance. Such responses are likely to be species-specific; we expected low abundance, large-150 

bodied, hunted species (e.g. tapir, deer or peccaries) to exhibit stronger avoidance of human 151 

disturbance than high abundance, small-bodied hunted species (e.g. paca or agouti) which in turn 152 

were deemed more likely to respond than unhunted species (e.g. mustelids or wild cats). The 153 

purpose was to identify specific local regions of greatest potential human impact by ranking 154 
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villages in order of the probability that they support terrestrial mammals in the surrounding 155 

landscape. Government departments, forestry managers, conservation organisations, legislative 156 

enforcement and patrolling wardens can use this information and spatially focus protection efforts 157 

to maximise the efficacy of National Park designation.  158 

 159 

Methods  160 

Study area  161 

Parque Nacional Cusuco (hereafter, Cusuco National Park) is 23,440 hectares of protected land in 162 

the Sierra de Omoa of the Merendón mountain range, Cortés, north-west Honduras (15°32′31″N, 163 

088°15′49″W; Figure 1). It is listed as the 123rd most irreplaceable (48th considering threatened 164 

taxa alone) protected area globally out of 173,000 designated sites (Le Saout et al., 2013). The 165 

Honduran Government designated it under the Water Protection Act 87-87 in 1987 (ICF 2015). 166 

The Sierra de Omoa are isolated by the alluvial Sula valley to the east and Río Chamelecón valley 167 

to the south and southeast, the Río Motagua alluvial plain to the west and northwest and the Bahía 168 

de Omoa to the north. The park, a mountainous cloud forest region, rises to 2,240m above sea 169 

level, annual precipitation is 2,788mm, with mean monthly temperatures ranging from 13°C in 170 

December to 20°C in April (Fundación Ecologista 1994). There are four principal habitats within 171 

Cusuco National Park; i) tropical lowland dry forest, ii) tropical moist forest, iii) montane (cloud) 172 

forest and iv) ‘bosque enano’ (dwarf forest) occurring >2,000m. 173 

The park has two levels of zonal protection; a core zone of 7,690 hectares surrounded by a 174 

buffer zone of 15,750ha. This zonal delineation occurred during 1994, designed by the 175 

Corporación Hondureña de Desarrollo Forestal (COHDEFOR), implementing a park management 176 

plan where in the ‘core zone’ agriculture, burning, mining, hunting, construction of roads, houses, 177 
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or commercial, public and private institutions or any human settlements are not permitted (ICF 178 

1987). In the ‘buffer zone’ construction of human settlements, excluding those that existed before 179 

the implementation of the management plan, are permitted but only under license as well as limited 180 

livestock grazing, burning, deforestation, mining, fishing, housing and road construction. 181 

Subsistence hunting may be permitted in this area but only if a permit is obtained, which requires 182 

travelling to San Pedro Sula, the regional administrative capital (a minimum of 4 hours travel 183 

away), and requires applicants to be literate, have an understanding of the relevant paper work and 184 

transport; consequently, bushmeat hunting is unlicensed and, therefore, illegal. 185 

 186 

Mammal surveys  187 

Following long-term monitoring protocols across numerous taxa (plants, invertebrates, 188 

amphibians, reptiles, birds and mammals), over 12 years of species records have been collected 189 

(2006-2017) by Operation Wallacea Ltd. representing a network of research academics supported 190 

by student expedition fees which fund the programme (see www.opwall.com). Large mammal 191 

occurrence was surveyed annually (during June and July) using indirect field tracks and signs (i.e. 192 

spoor or footprints and/or faeces or other species-specific identification markers, for example, 193 

feeding signs, dens or direct sightings following Reid 1997; 2009). The rainy season along the 194 

north Caribbean coast of Honduras, including Cusuco National Park, runs from approximately 195 

November to March annually. Thus, data were collected in the middle of the dry season (with 196 

conditions being noticeably drier in more recent years in the time-series). Nevertheless, being 197 

predominately cloud forest, the region stays moist throughout the year. Surveys made use of a 198 

transect network consisting of 3-4 line transects 2-3km in length radiating out from seven research 199 

stations or camps (Figure 1a), although not all transects were used for the duration of the study 200 
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period. Transects were walked at dawn (immediately after the nocturnal active periods of most 201 

species) with up to two repeat surveys of each transect per season. Due to various logistical issues 202 

(including the closing of the research station at Santo Tomas from 2014 onwards and 203 

aforementioned variation in transect use), survey effort (the number of repeated surveys of each 204 

transect) varied over time.  205 

 206 

Species records  207 

Species were categorised into three groups; large hunted, small hunted and unhunted. Large hunted 208 

were those species identified as hunted by local people through interviews carried out in 2016 (H. 209 

Hoskins unpublished data) that on average weighed >2kg in body mass (Table 1a). Small hunted 210 

mammals were those identified as hunted with mean weights <2kg (Table 1b). Those species 211 

identified as not commonly hunted formed the unhunted category. Only species with >30 212 

occurrence records were retained for subsequent analysis (following Wisz et al., 2008); those 213 

excluded are listed in Table 1. 214 

 215 

Environmental parameters  216 

Spatially explicit data were extracted using ArcMap 10.5 (ESRI, California, USA) and nine 217 

environmental parameters were generated to test their explanatory power in predicting local 218 

species presence (Figure 1b). These included distance to a) roads, b) ecotourism camps and/or 219 

research stations, c) the park boundary, and e) villages as generated by the Near function of the 220 

Spatial Analyst toolbox. Villages were located using local knowledge and their locations ground-221 

truthed during 2017 using a Garmin GPSMAP 64s. The road network was georeferenced by 222 

driving all access tracks during 2017. Forest cover was based on data from Hansen et al. (2013) 223 
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with the area deforested since 2000 within 2km of each species record generated using the Focal 224 

function of the Spatial Analyst toolbox based on changes in Hansen et al. (2013). Pixels with forest 225 

cover data in 200o but subsequently deforested had their values changes to zero before analysis. 226 

The park zone within which each record was recorded was categorically classified as core or 227 

buffer. In addition, mean annual temperature (bio1) and total annual precipitation (bio12) were 228 

download from www.worldclim.org and downscaled to a 30m resolution from 1km through the 229 

Resample function in the Raster Processing toolbox, using a bilinear method based on elevation 230 

of a Digital Elevation Map (DEM). In many ecosystems, water availability is a constraining factor 231 

in mammalian distributions (e.g. see Lamprecht, 1990) but the high, steep elevations of Cusuco 232 

National Park mean that significant bodies of standing water do not exist (i.e. there are no large 233 

ponds or lakes). Being predominately cloud forest, the region has a high density of small streams 234 

which, along with an abundance of phytotelmata (water available from reservoirs in plant leaves 235 

and trunks) means that water is never limiting. Thus, beyond inclusion of annual precipitation, 236 

distance to water was not included in our analysis. 237 

 238 

Species Distribution Models  239 

Species Distribution Models were run for each species separately using MaxEnt version 3.4.0 240 

(Phillips et al., 2017). Various programs and packages provide opportunities to create SDMs; 241 

MaxEnt provides an intelligible interface (including the ability to adjust model parameters, 242 

intuitively interpretable outputs, projections that can be easily exported to produce multi-taxa 243 

projections and it works faster than R-based packages e.g. biomod2 (Phillips et al., 2017; de Marco 244 

& Nobrega 2018).  245 
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Model background points were generated along the line transect network to represent an equal 246 

number of pseudoabsences to presence records. To account for variation in survey effort per 247 

transect, additional pseudoabsences were generated (following Kramer-Schadt et al., 2013) such 248 

that more were generated on transects that were surveyed with greater frequency in proportion to 249 

the number of times surveyed. A combination of linear and quadratic species response curves were 250 

used to avoid model overfitting (using threshold or hinge features) and to generate ecologically 251 

plausible responses (de Marco and Nobrega, 2018). Data were subsequently split randomly into a 252 

training set (consisting of 75% of presence/pseudoabsence data) and a test set (25% of data). 253 

Models were run with up to 100-iteration replicate bootstrapping (generating a different 75:25 254 

random split for each run) such that a measure of variation (standard deviation) could be generated 255 

when assessing model performance i.e. the Area Under the Curve (AUC) value for the Receiver 256 

Operating Characteristic (ROC) curve.  257 

There is a general move away from using AUC as an SDM evaluation metric as it can be 258 

problematic where values are influenced by the extent of model prediction (Smith 2013). If the 259 

extent of the model is large and the species has a restricted distribution within that extent, then 260 

AUC values can be artificially inflated by assuming meaningful absence outside the species range 261 

extent (Merow et al., 2013). Alternative metrics of model fit (sensitivity, specificity, True Positive 262 

Rate, True Skill Statistic or Kappa) are not without their own issues (Allouche et al., 2006). In our 263 

case, the extent of the study area was, by SDM standards, very small (less than 23 x 15km), 264 

pseudoabsences were constrained to surveyed transects (thus more closely representing true 265 

absence than random background points generated through unsurveyed areas) and most modelled 266 

species were widespread throughout the surveyed area (i.e. at equilibrium); thus the assumptions 267 

of AUC were met and it was deemed the most suitable and straightforward evaluation metric. 268 
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The predicted probabilities for each species were aggregated post-hoc into four groups; i) all 269 

species, ii) large hunted species, iii) small hunted species and iv) unhunted species, defined as 270 

above. The average probability of occurrence across each of the four groups was plotted on heat 271 

maps using ArcMap. Using 1km buffers for each village, the mean probability of occurrence for 272 

each of the four species groups was determined and villages ranked in order of their likely 273 

surrounding mammalian diversity. A Spearman’s correlation was used to test if mean mammal 274 

predicted probabilities were associated with the human population size of each village (extracted 275 

from the last National Census). 276 

 277 

Results  278 

A total of 2,037 species-specific presence records were collected with notable variation in the 279 

number of records between species (Table 1).  280 

Training set AUC values for species-specific SDMs ranged from 0.58 for Central American 281 

brocket deer to 0.83 for the mantled howler monkey (Table 2). Training and test set AUC values 282 

were comparable and highly correlated (rs=0.902. p<0.001, n=10) with test set AUC values 283 

ranging from 0.56 also for Central American brocket deer (and white-nosed coati) to 0.82 for the 284 

mantled howler monkey. Mean AUC values across aggregated groups suggested that prediction 285 

success was largely comparable for large hunted, small hunted and unhunted species (Table 2). 286 

The percentage contribution of each environmental parameter to species-specific models varied 287 

idiosyncratically, as did species-specific response curves (Figure 2). For example, zonal protection 288 

contributed 56% to the Virginia opossum SDM where it was more likely to be common in the 289 

buffer zone, 0% to the collared peccary SDM where it was equally likely to occur in the core and 290 

buffer zones and 14% to the Baird’s tapir SDM were it was more likely to occur in the core zone. 291 



15 
 

Three variables contributed most to species distributions when assessed across all species 292 

aggregated together: zonal protection, deforestation within 2km and distance to the park boundary 293 

(Figure 3; blue bars). 294 

Four species were more likely frequent in the core zone (Baird’s tapir, nine-banded armadillo, 295 

Central American agouti and the mantled howler monkey); two species were more likely frequent 296 

in the buffer zone (Virginia opossum and striped hog-nosed skunk) and four had near equal 297 

likelihood of occurrence in both zones (Central American brocket deer, collared peccaries, lowland 298 

paca and white-nosed coati). Deforestation contributed substantially to three species SDMs with 299 

the nine-banded armadillo and mantled howler monkey being positively associated with 300 

landscape-level forest loss. Baird’s tapir exhibited a quadratic response to deforestation being most 301 

common at intermediate levels of forest loss. Two variables contributed most to large hunted 302 

mammal distributions: distance to park boundary and deforestation (Figure 3; red bars). Baird’s 303 

tapir, collared peccaries and nine-banded armadillos likely occurred more frequently further from 304 

the park boundary (i.e. in the interior) while Central American brocket deer were likely marginally 305 

more common closer to the park boundary. Two variables contributed most to small hunted 306 

mammal distributions: zonal protection and bio1 i.e. mean annual temperature (Figure 3; green 307 

bars). Central American agouti were more likely frequent in the core zone while lowland paca 308 

were positively associated with mean annual temperature. Two variables contributed most to 309 

unhunted mammal distributions: zonal protection and bio12 i.e. annual rainfall (Figure 3; orange 310 

bars). Virginia opossum and striped hog-nosed skunk were strongly negatively associated with 311 

annual rainfall. 312 

When pooled together, large hunted mammal ranges were contributed to more by deforestation 313 

within 2km, distance to the park boundary, forest cover, distance to ecotourism camps and/or 314 
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research station, and distance to villages than any other group (Figure 3). Zonal protection 315 

contributed more to small hunted and unhunted species than large hunted species. Distance to road 316 

contributed more to unhunted species than large or small hunted species. Mean annual temperature 317 

(bio1) and annual rainfall (bio12) contributed more to small hunted and unhunted species than 318 

large hunted species.  319 

The idiosyncratic nature of species-specific responses to environmental parameters resulted in 320 

a range of predicted distribution patterns (Figure 4). Baird’s tapir, collared peccaries, mantled 321 

howler monkeys and to a lesser extent, Central American agouti had greatest probabilities of 322 

occurrence within the interior of the park (though the driver for this was not always zonal 323 

protection but favourable collinear environmental conditions resulting from the elevational 324 

differences between the core and buffer zones). Nine-banded armadillos and Virginia opossum 325 

had greatest probabilities of occurrence in the peripheral regions of the park. Central American 326 

brocket deer and white-nosed coati were both widespread whilst environmental conditions seemed 327 

favourable for striped hog-nosed skunk only in the southeast of the park. Despite species-specific 328 

variation in the distribution of landscape favourability, when aggregated, the highest probability 329 

of occurrence for all species was in the north-west portion of the core zone and lowest in and 330 

around deforested patches in the north and west of the park buffer zone. Broadly, the same pattern 331 

was evident for large hunted mammals but the disparity in favourability between the core and 332 

buffer of the park was more pronounced. A similar pattern was observed for small hunted 333 

mammals though these were more likely to occur in the buffer zone than large hunted mammals 334 

and were least likely to occur at highest elevations (lowest mean temperatures and highest rainfall) 335 

in the western half of the core zone. Unhunted mammals had the most spatially uniform probability 336 
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of occurrence throughout the park but with a lower probability of occurrence in and around 337 

deforested patches in the north and west of the buffer zone.  338 

Villages differed in the average probability of mammalian species group occurrence within a 339 

1km buffer (Table 3, Figure 5) with those located on the edge in the south of the buffer zone 340 

(Regadio) and in the north of the buffer zone associated with the lowest probability of large hunted 341 

mammal occurrence (specifically the villages of Santo Tomas and Corpus). Despite some 342 

individual species SDMs responding to Distance to Village, none of the mean predicted 343 

probabilities of each mammal group around villages were significantly correlated with village 344 

population size (rs>-0.193, p>0.126; Table 3) 345 

 346 

Discussion  347 

This study suggests that despite the highest level of protected area designation terrestrial mammal 348 

distribution (and by extension, community composition) within remnant patches of Neotropical 349 

cloud forest may be driven predominately by local anthropogenic factors. Sources of bioclimatic 350 

variation (e.g. temperature or rainfall) which ordinarily limit species range edge boundaries, do 351 

not constrain species at the local scale due to lack of sufficient spatial variation. Thus, local SDMs 352 

do not rely on defining positive relationships to determine a species optimal environmental niche 353 

but rather are more likely to be informed by negative relationships describing parochial species 354 

absence. As some species will be more tolerant of human disturbance than others will, the 355 

distribution of tolerant species may fail to be predicted adequately as few variables constrain their 356 

distribution at the local scale. For example, the Central American brocket deer is widespread, 357 

ranging from Mexico to Colombia, inhabiting perennial forest, cloud forest, sub-perennial forest 358 

and low-dry forest (Reyna-Hurtado and Tanner 2005, Bello et al., 2016) including transformed 359 
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secondary forests and cropland (Naughton-Treves et al., 2003). It is highly adaptable and can 360 

switch habitat selection, for example, in areas with high hunting intensity brocket deer may use 361 

suboptimal habitats (Reyna-Hurtado and Tanner, 2005). Indeed, the probability of brocket deer 362 

occurrence was relatively high throughout Cusuco National Park, indicating it is a widespread 363 

species. Consequently, despite its species-specific SDM having poor predictive power (low AUC 364 

value) we can be relatively confident that the species exhibited few strongly negative responses to 365 

local anthropogenic disturbance despite the high likelihood that it is hunted for bushmeat (perhaps 366 

suggesting a certain population robustness to harvesting). A similar pattern was observed for some 367 

other common and widespread species such as the Virginia opossum.  368 

Anthropogenic disturbance was notably most important in determining the distribution of large 369 

hunted mammal species; specifically, deforestation within 2km, distance to the National Park 370 

boundary, distance to ecotourism camps and/or research stations (i.e. populated camps) and 371 

distance to villages, than for any other mammalian grouping. Mammals are known to respond to 372 

the proximity of villages (Schussler et al., 2018, Remis and Kpanou, 2011) indicative of the 373 

numerous human disturbances in-and-around settlements; most notably forest access permitting 374 

destructive practices (Oldekop et al., 2016) and nuisance disturbance from noise and/or smell 375 

(Francis and Barber, 2013). However, the predicted probability of mammalian groups within 1km 376 

around villages was unrelated to human population size suggesting it may be local activities 377 

(hunting, deforestation, disturbance etc.) impact mammals rather than human population per se. 378 

Ecotourism camps and/or research stations were camps temporarily occupied (during June-August 379 

annually) by visiting scientists, students and school children. It may be hypothesised that noise 380 

and smell associated with even temporary occupation may be sufficient to cause some species to 381 

exhibit local avoidance behaviour, moving away from camps. It may also be that temporary 382 
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infrastructure (transects) could be co-opted by local hunters after the research season (September-383 

May annually) utilised for forest access on hunting trips. However, species-specific responses 384 

suggest that the probability of the occurrence of some species was higher closer to (rather than 385 

further away) from such camps. Thus, rather than demonstrating an expected negative effect of 386 

proximity to camps, our analyses may suggest a recording bias. This may arise when surveyors 387 

who started observations at research stations working out towards the end of each radial transect 388 

may be more likely to detect tracks and signs early in surveys when attention is highest whilst 389 

signs may be missed later (i.e. further from camp) when attention is waning aka ‘observer fatigue’ 390 

(Morrison 2016). This directly contrasts with species occurrence patterns derived from camera 391 

trapping calling into question some of the utility of tracks and sign surveys (Hoskins, 2020). Some 392 

large hunted species, for example tapir, were positively associated with distance to the National 393 

Park boundary with probability of occurrence peaking in the interior of the core zone, furthest from 394 

external threats and pressures. Deforestation contributed to the distributional patterns of three 395 

species; nine-banded armadillo and mantled howler monkey appeared positively associated with 396 

landscape-level forest loss while tapir exhibited a quadratic response (occurring most commonly 397 

at intermediate levels of forest loss). This seems unintuitive and likely represents a correlational 398 

rather than causal relationship i.e. it seems unlikely that armadillos or howler monkeys actively 399 

select landscapes vulnerable to deforestation. Armadillos were most likely to occur in the north 400 

and west of the park, which happens to be an area of high local deforestation, however, the drivers 401 

of armadillo occurrence in this region may be independent of forest loss. In Cusuco National Park, 402 

newly deforested patches are typically in areas of pristine (90-100%) forest cover whilst overall 403 

landscape levels of forest loss are <7% i.e. even where deforestation risk is highest, relatively little 404 

forest has been lost (Hoskins, 2020). Mantled howler monkeys can tolerate human disturbance to 405 
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an extent (Rimbach et al., 2013) including forest fragmentation (Rangel-Negrin et al., 2014, 406 

Michalski and Peres, 2007). Species like tapir may be associated with high canopy cover (Carrillo-407 

Reyna et al., 2015) and thus their occurrence may be associated with regions of high forest cover 408 

which in Cusuco National Park is associated with deforestation risk (Hoskins, 2020) yet individual 409 

species records never occurred within deforested landscape patches (also see Rodrigues and 410 

Chiarello, 2018). Thus, positive relationships with deforestation may be collinear with forest 411 

cover. Moreover, species responses to deforestation may be time-lagged and not immediately 412 

realised (Zimbres et al., 2013). Hence, pooling species occurrence data from 2006 to 2017, 413 

although necessary to generate sufficient sample sizes in terms of numbers of detections, may fail 414 

to capture the temporal response to disturbance in light of ongoing and temporally variable patterns 415 

of forest loss. From 2000 to 2017, a total of 17.6km2  (>7%) of Cusuco National Park was 416 

deforested with some of the highest rates of forest loss in more recent years (Hoskins, 2020). The 417 

area is under considerable pressure likely driving species declines and defaunation (Hoskins et al., 418 

2020). Tapir tracks and signs were recorded only in the core zone of the park where density was 419 

estimated at 0.39 individuals/km2 between 2006 and 2011 (McCann et al. 2012) comparing 420 

favourably with tapir densities throughout Central America which range from 0.08 - 1.19 421 

individuals/km2 (Williams, 1984; Fragoso, 1991; Wright et al.,1994; Naranjo, 1995; Foerster, 422 

1998; Carbonell & González, 2000; Tobler, 2000). However, given the small total extent of the 423 

park’s core zone at just 77km2, the total tapir population of Cusuco National Park was estimated 424 

at just 30 individuals in 2012 with the isolated, islandised, nature of the population suggesting 425 

imminent risk of local extirpation (McCann et al. 2012) which has been largely realised with no 426 

tracks and signs recorded during the last year of survey in 2018 (Hoskins et al., 2020). Whilst tapir 427 
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may still occur in Cusuco National Park it seems the population is precariously close to local 428 

extinction. 429 

Zonal protection contributed most to the distribution of small hunted and unhunted species. The 430 

effects of zonal protection varied across species with some found mostly in the core zone (e.g. 431 

Central American agouti), while others mostly occurred in the buffer zone (e.g. Virginia opossum). 432 

The effects of zonal protection may be partly confounded, not only by distance from the National 433 

Park boundary, but also elevation (and thus mean annual temperature and rainfall) as these are 434 

associated with the core, which is at higher altitude (up to 2,200 metres above sea level) than the 435 

rest of the park (which extends down to near sea level). Nevertheless, MaxEnt deals with 436 

multicollinearity in spatial variation of explanatory variables by adjusting species response curves 437 

to some degree, however, when variables are near analogues this adjustment is unlikely to 438 

successfully partition effects. We maintained zonal protection as a variable in models as there was 439 

east-west variation in elevation and thus temperatures and rainfall (even within the core zone). 440 

Buffer zones are used in protected area management to create greater distance between human 441 

disturbance and the core protected area. They allow for some restricted use of resources (e.g. 442 

managed hunting and/or timber extraction) to divert exploitation from core zones (see Lynagh and 443 

Urich, 2002). The importance of buffer zones surrounding protected areas has been demonstrated 444 

in the Neotropics (Paolino et al., 2016) but much like the planning of core protected areas, arbitrary 445 

delineation may be counterproductive (van der Meer et al., 2014, Lima and Ranieri, 2018, 446 

Geneletti and van Duren, 2008). Whilst some species (for example, tapir) had lowest probability 447 

of occurrence in Cusuco National Park’s buffer zone, others were positively associated with this 448 

region (e.g. Virginia opossum). This is indicative of a robustness to disturbance (smaller bodied 449 
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mammals may be less vulnerable to landscape level impacts), a lack of being targeted by hunting 450 

(opossum are distasteful) or robustness to hunting (high fecundity and short generation times).  451 

Distance to roads contributed to the ranges of unhunted species more than large or small hunted 452 

species. Virginia opossum, white-nosed coati and striped hog-nosed skunks had a negative 453 

association with distance to roads (i.e. were most likely to occur close to access tracks). These 454 

species are omnivorous and are positively associated with humans generally (Markovchick-455 

Nicholls et al., 2008, Daily et al., 2003). Low sample size must also be considered here and thus 456 

generalisations made with caution.  457 

Virtually all species occurrence were positively correlated with forest cover. Higher cover 458 

suggests more intact forest which is likely to have greater resources (i.e. niche space) than lower 459 

cover forest whilst mammals themselves may create a positive feedback loop where forest cover 460 

is higher where a diverse mammal community exists due to their role in seed dispersal due to 461 

frugivory and thus forest (re)generation (Nagy-Reis et al., 2017).  462 

Mammal surveys were conducted consistently during June and July annually providing a 463 

regular snapshot of mammalian activity, nevertheless, it should be noted that this study is pertinent 464 

to the spatial distribution of mammals during the dry season only. This seasonal bias could have 465 

influenced the spatial patterns of mammalian distributions as species may alter their movements 466 

and habitat selection synchronised with, for example, rain-induced plant flowering, fruiting and 467 

the associated mass emergence of insects which drive reproduction in some species (Medellín & 468 

Redford, 1992). Moreover, temporal trends in local climatic conditions (which were drier in more 469 

recent years associated with climate change) may have influenced temporal patterns in mammal 470 

distributions driving shifts in species distributions associated with longer-term changes in, for 471 

example, plant phenology. Climate change is known to disproportionately impact cool/wet-472 
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adapted montane species driving many to higher altitudes overtime (Neate-Clegg et al., 2018); the 473 

so-called ‘escalator to extinction’. Thus, the spatial patterns in mammalian distributions described 474 

here are likely to change in future. 475 

The applied conservation utility of this study lies in ranking villages within Cusuco National 476 

Park by the predicted probability of mammalian occurrence in the surrounding landscape i.e. we 477 

identified villages by name which had lower large mammal occurrence indicative of greater human 478 

impacts. This information will facilitate Government departments, forestry managers, 479 

conservation organisations, and patrolling wardens to target their protection efforts (including 480 

legislative enforcement and prosecution) to those villages that have greatest negative impact (for 481 

example, Santo Tomas and Corpus in the north-west of the park buffer zone among others such as 482 

Regadio on the southern park boundary).  483 

 484 

Conclusions 485 

Local SDMs may appear at first a poor method in determining the factors constraining species 486 

distributions as they fail to capture global range-wide constraints such as extreme thresholds for 487 

tolerating temperatures or rainfall (El-Gabbas and Dormann, 2018) but here we demonstrate their 488 

utility in assessing local anthropogenic drivers of Neotropical cloud forest mammal distributions. 489 

Disturbance is more likely to define species ranges at the local scale and we show that even with 490 

the highest level of protected area designation i.e. National Park status, the ranges of Neotropical 491 

mammals are nevertheless driven predominately by anthropogenic factors. Our approach 492 

facilitates spatial targeting of conservation investment to specific named local areas most 493 

vulnerable to anthropogenic impacts. It is hoped that this should increase targeted conservation, 494 

education and reduce disturbance to the remaining mammal community of Cusuco National Park.  495 
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Fig. 1 (a) Cusuco National Park, Honduras (15°32′31″N, 088°15′49″W). Red triangles = camps, 

black lines = transects, dotted line = buffer/core zone delineation. (b) Spatial variation in 

environmental parameters throughout the park  
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Table 1 Species inventory of indirect tracks and signs recorded during walked transect surveys 

throughout Cusuco National Park from 2006 to 2017.  
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Table 2 SDM performance as estimated by the Area Under the Curve (AUC) value of the Receiver 

Operating Characteristic (ROC) curve for each species from 100 iteration model runs where the 

data were split randomly (75:25) into a training and test set. 
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Figure 2 Species-specific response curves to environmental parameters with the relative 

contribution to each model shown as the numerical value above each plot. Variables are ranked 

(left to right) in descending order of their averaged contribution (grand median) across all species. 

x-axis = variation in the focal variable; y-axis = probability of species occurrence.  
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Figure 3 Percentage contribution of predictor variables to SDMs across (a) all species, (b) large 

hunted, (c) small hunted, and (d) unhunted species. Boxplot shows the interquartile range (box 

spanning 25th-75th percentiles), median (line) and 95% confidence intervals (whiskers). Variables 

are ranked (left to right) in descending order of their median values. 
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Figure 4 Spatial variation in SDM predicted probabilities for landscape suitability for terrestrial 

mammals showing (a) species aggregated into categories (all species, large hunted, small hunted 

and unhunted) with species-specific model outputs for named species within each: (b) large hunted 

(c) small hunted and (d) unhunted species. 
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Table 3 Suitability of the landscape (1km buffer) surrounding each village within the buffer zone 

of Cusuco National Park for (a) all, (b) large hunted, (c) small hunted and (d) unhunted mammal 

species allowing conservation awareness and legislative protection enforcement to be targeted. 

 

   Predicted probability ± SD 

# Village name Coordinates Human 
population 

a) All 
species 

b) Large 
hunted 

c) Small 
hunted 

d) 
Unhunted 

1 Colorado 15o28'59"N, 88o11'11"W 40 0.56 ± 0.06 0.54 ± 0.08 0.55 ± 0.07 0.59 ± 0.04 

2 Bañaderos 15o30'46"N, 88o10'22"W 311 0.52 ± 0.13 0.51 ± 0.16 0.50 ± 0.12 0.54 ± 0.11 

3 La Fortuna 15o29'19"N, 88o15'27"W 800 0.51 ± 0.07 0.49 ± 0.09 0.62 ± 0.12 0.48 ± 0.06 

4 La Estrella 15o33'32"N, 88o20'53"W 136 0.51 ± 0.08 0.42 ± 0.08 0.62 ± 0.10 0.55 ± 0.08 

5 Las Palmas 15o34'56"N, 88o18'37"W 120 0.50 ± 0.10 0.42 ± 0.10 0.59 ± 0.12 0.53 ± 0.10 

6 Nueva Eden 15o31'34"N, 88o11'31"W 220 0.49 ± 0.13 0.47 ± 0.15 0.48 ± 0.13 0.52 ± 0.11 

7 Santo Tomas 15o33'42"N, 88o18'01"W 173 0.48 ± 0.09 0.38 ± 0.09 0.58 ± 0.10 0.53 ± 0.08 

8 Buenos Aires 15o30'02"N, 88o10'53"W 371 0.47 ± 0.13 0.45 ± 0.16 0.45 ± 0.11 0.51 ± 0.12 

9 Tierra Santa 15o34'29"N, 88o17'27"W 248 0.46 ± 0.11 0.43 ± 0.18 0.50 ± 0.14 0.47 ± 0.09 

10 Nueva Esperanza 15o32'45"N, 88o14'39"W 320 0.43 ± 0.09 0.42 ± 0.13 0.41 ± 0.09 0.44 ± 0.06 

11 Corpus 15o34'42"N, 88o15'40"W 180 0.43 ± 0.09 0.37 ± 0.09 0.49 ± 0.12 0.46 ± 0.08 

12 Regadio 15o27'59"N, 88o18'04"W 163 0.42 ± 0.11 0.39 ± 0.11 0.45 ± 0.14 0.44 ± 0.09 
 

Mean/Total 
 

3,082 0.47 ± 0.10 0.44 ± 0.14 0.53 ± 0.13 0.48 ± 0.09 
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Figure 5 Probability of occurrence for each mammals group where those villages with the highest 

occurrence probability are labelled red and the lowest in blue. Numbered labels correspond to 

Table 3. 


