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The persistent high deforestation rate and fragmentation of the Amazon forests are the main threats to
their biodiversity. To anticipate and mitigate these threats, it is important to understand and predict
how species respond to the rapidly changing landscape. The short-eared dog Atfelocynus microtis
is the only Amazon-endemic canid and one of the most understudied wild dogs worldwide.
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We investigated short-eared dog habitat associations on two spatial scales. First, we used the largest
record database ever compiled for short-eared dogs in combination with species distribution
models to map species habitat suitability, estimate its distribution range and predict shifts in
species distribution in response to predicted deforestation across the entire Amazon (regional
scale). Second, we used systematic camera trap surveys and occupancy models to investigate
how forest cover and forest fragmentation affect the space use of this species in the Southern
Brazilian Amazon (local scale). Species distribution models suggested that the short-eared dog
potentially occurs over an extensive and continuous area, through most of the Amazon region
south of the Amazon River. However, approximately 30% of the short-eared dog’s current
distribution is expected to be lost or suffer sharp declines in habitat suitability by 2027 (within
three generations) due to forest loss. This proportion might reach 40% of the species distribution in
unprotected areas and exceed 60% in some interfluves (i.e. portions of land separated by
large rivers) of the Amazon basin. Our local-scale analysis indicated that the presence of forest
positively affected short-eared dog space use, while the density of forest edges had a negative
effect. Beyond shedding light on the ecology of the short-eared dog and refining its distribution
range, our results stress that forest loss poses a serious threat to the conservation of the species in a
short time frame. Hence, we propose a re-assessment of the short-eared dog’s current IUCN Red
List status (Near Threatened) based on findings presented here. Our study exemplifies how data
can be integrated across sources and modelling procedures to improve our knowledge of relatively
understudied species.

1. Introduction

Understanding the factors that govern species distribution is one of the main goals of ecology [1].
Considering the apparent relative uniformity of the Amazonian ecosystem and the high number of
species that it holds, understanding the drivers of Amazonian species distribution is particularly
intriguing. From a conservation perspective, it has never been so urgent to understand the drivers of
species distributions, given the recent human-induced environmental changes in Amazonia. Annual
deforestation rates are persistent, and currently increasing within the Amazon [2]. This scenario is
predicted to worsen with the local governments’ ongoing plans for large-scale agriculture, cattle
ranching and infrastructure expansion in the Amazon countries [3-5]. Moreover, global warming is
expected to cause intensification of forest loss, which will be detrimental to biodiversity of the
Amazon [6-8]. Besides identifying the relevant drivers for species distribution, it is important to
understand how drivers act across different scales to effectively explain and predict distribution
patterns. Despite widespread recognition of the importance of multi-scale approaches for species
distribution modelling, the majority of published studies does not address multiple spatial scales [9].

The only Amazonian endemic canid, the short-eared dog Atelocynus microtis, is one of the least studied
wild canid species worldwide [10]. The species is medium-sized (9-10 kg), elusive and its distribution
remains unclear and poorly documented. Historical records of short-eared dogs extend from southeast
Colombia to the central lowland of Bolivia, and from east Ecuador to Para state in eastern Brazil, where
confirmed records are limited to the right margin of the Amazon River. As the occurrence of the species
in vast areas of the Amazon remains uncertain, some have suggested that its distribution might be
patchy [11]. The majority of currently available information on the short-eared dog is from opportunistic
or anecdotal records [12-14]. The limited literature available suggests that the species is mostly diurnal
[15,16], usually solitary [14] and probably occurs naturally at low densities [17]. The short-eared dog
seems to be associated with lowland, continuous, undisturbed areas near water in the Amazon forest
[18-20]. However, to date, no study has investigated the species’ demography, habitat association or
space use throughout its distribution (but see studies from Bolivia in [20-22]).

Globally categorized as ‘Near Threatened’ by the IUCN Red List of Threatened Species [23], the short-
eared dog was classified as “Vulnerable’ in the most recent assessment of the species’ status in Brazil [10]
and Peru [24]. The loss of prey, diseases transmitted by domestic dogs and, particularly, continued habitat
loss are thought to be the major threats to the species’” persistence [23]. A previous study suggested that
about 40% of the species’ distribution range lies in the ‘Arc of Deforestation” [10], the region with the
highest annual deforestation rates in Brazil, along the southern and southeastern border of the
Amazon forest.
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In this study, we integrate data across multiple spatial scales to assess habitat associations and
conservation status of the short-eared dog. To that end, we used the largest dataset ever compiled of
short-eared dog records in combination with species distribution models and environmental variables
(regional scale) to predict shifts in the species’ distribution under future deforestation scenarios.
Additionally, we used occupancy models to investigate how habitat use by the short-eared dog is
affected by attributes related to forest cover at a fine spatial scale (local scale). The results enabled us
to propose adjustments to the short-eared dog’s mapped distribution, identify environmental variables
important for its occurrence, assess the likely magnitude of the effect of future deforestation on the
species and suggest re-evaluation of its [UCN conservation status.

Similar to the short-eared dog [10], about one-quarter of the Amazon’s mammal species are predicted
to lose considerable amounts of their habitats [25]. Like most Amazonian species, the short-eared dog
remains understudied, but with the increasing popularity of camera trapping [26], reliable geo-
referenced data of many rare and cryptic mammal species are becoming more readily available. When
pooled across large spatial areas, such data can inform both large- and small-scale analyses of habitat
associations. Finally, as a forest-dependent species, thought to be associated with undisturbed habitat,
the short-eared dog shares threats with many other Amazonian mammals and conservation
interventions directed at short-eared dogs may benefit a range of species [27]. Therefore, we used this
species as an example of how data from multiple sources can be integrated across spatial scales to
better describe species distribution and potentially inform conservation.

2. Methods

We investigated the short-eared dog’s habitat associations on two spatial scales. First, we used species
presence records from different sources and species distribution models to map species habitat
suitability and estimate its potential distribution across the Amazon. Because species-habitat
relationships can be scale-dependent [28], we further investigated on a fine spatial scale, how forest
cover and fragmentation affect the species’ habitat use, based on data from a systematic camera trap
survey in the Southern Brazilian Amazon in combination with occupancy models [29].

2.1. Species distribution (regional scale)

2.1.1. Dataset compilation

We compiled a short-eared dog record database using three sources: (i) published studies that recorded
the species, (ii) specimens held in scientific collections with information on their geographical origin, and
(iii) unpublished camera trap studies that recorded the species. In addition, we included records based on
sightings from researchers with notable experience on Amazon carnivores. The records database (1 = 307)
was converted into geographical coordinates with the WGS 84 map datum (electronic supplementary
material, appendix S1).

For modelling current species distribution, we only used occurrences with GPS coordinates and
recorded after the year 2000. We rarefied records by randomly filtering with a 10 km radius buffer to
reduce spatial auto-correlation due to unbalanced spatial sampling effort [30]. Because there is no
information available on the home range size of short-eared dogs, the filtering buffer was based on
the radius of a circular area of the home range size (1042 ha) of the crab-eating fox Cerdocyon thous, a
similar-sized canid, in the Amazon region [31]. The final dataset, used for distribution modelling, had
97 presence records.

2.1.2. Environmental variables

To model the short-eared dog current distribution, we selected 21 possible explanatory variables:
19 bioclimatic variables from the Worldclim database [32], elevation from SRTM imagery [33] and
land cover from the ESA GlobCover Project 2009 (for the complete list of variables, as well as their
sources and spatial resolution, see electronic supplementary material, table S1). We used all variables
in 30 arc-seconds (approx. 1km?) of spatial resolution (resampled to a coarser resolution when
needed) and used Pearson’s correlation test to identify collinearity between pairs of variables. For any
combination of covariates with a correlation coefficient > 10.7|, we retained the one considered to
have greater ecological relevance to the species [34]. The final variables selected for modelling
included: Annual Mean Temperature (Worldclim code BIO01), Mean Diurnal Temperature Range
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(BIO02), Isothermality (BIO03, which is equal to Mean Diurnal Temperature Range/Temperature Annual [ 5 |
Range), Annual Precipitation (BIO12), Precipitation Seasonality (BIO15, which is the coefficient of
variation of Annual Precipitation), Precipitation of Warmest Quarter (BIO18) and land cover.
Although climate can directly affect species distributions, it may also act indirectly through its
influence on the vegetation [35]. Climate variables are the average for the years 1970-2000, with
temperature data in degree Celsius and precipitation data in millimetres. To our knowledge, more
recent climate variables with comparable resolution were not available for the Amazon region.

For land cover, we used the GlobCover layer, which represents land cover in the year 2009 in 22
classes defined by the United Nations Land Cover Classification System (LCCS) [36]. We acknowledge
that records post-2009 may have been from areas that our land cover dataset characterizes as forested
that were, in fact, deforested after 2009. Most of the post-2009 records (65%) were from protected
areas that are unlikely to have experienced deforestation. For Brazil, where more recent forest cover
maps are available, only two post-2009 records fell into a recently deforested area. We are, therefore,
confident that the 2009 land cover information adequately reflects forest cover for the considered
records. Prior to modelling, we reclassified the GlobCover layer classes into forest, non-forest and
deforested (for reclassification details, see electronic supplementary material, table S2), making it
comparable to the simulated future Amazon basin forest cover [25], which we used to predict future
short-eared dog distribution (see below). Soares-Filho et al. [25] predicted yearly deforestation patterns
across the Amazon basin from 2002 to 2050 according to two alternative conservation scenarios,
‘Business as Usual’ and ‘Governance’. Both scenarios considered the ongoing deforestation trends, but
the Business as Usual scenario added the effect of paving a set of major roads. On the other hand, the
Governance scenario imposed a 50% limit for deforested land within each basin’s sub-region and
assumed that 100% of the forests within protected areas were preserved intact (for details on the
scenario description, refer to [25]). When contrasting Amazon basin forest cover modelled by Soares-
Filho et al. [25] against current maps of deforestation in Brazil [2], these models have performed well
in predicting deforestation, at least for Brazil, the country that encompasses most of the short-eared
dog’s distribution (see electronic supplementary material, figure S1).

We used the selected climate variables and the reclassified GlobCover layer (hereafter, current forest
cover) to model the species’” current habitat suitability and estimate its potential distribution. Then, we
replaced the current forest cover layer with simulated future Amazon basin forest cover modelled by
Soares-Filho et al. [25] to predict future short-eared dog habitat suitability and distribution.

One of the criteria used by the IUCN Red List to assess threatened species categories is reduction in
population size over the last 10 years or three generations (whichever is longer). This reduction can be
estimated or inferred from the decline in area of occupancy, extent of occurrence and/or quality of
habitat [37]. As a consequence of being one of the least studied canids in the world, there is a lack of
information on the biology of the short-eared dog, particularly on its demography and reproduction.
Leite Pitman & Williams [23] proposed a 4-year generation length for the short-eared dog in the
TUCN Red List assessment. Two years later, Leite Pitman & Beisiegel [10] updated the generation
length to 6 years. Other canid species of similar body size have assumed generation length of 3—4
years (see the JUCN Red List assessment for species of the South American Lycalopex genus). In a
tamed male short-eared dog, Leite Pitman observed no display of sexual features (e.g. testicles
descended and complex call) until 3 years of age [38], which is late for a dog/fox. Here, we decided
to use a 6-year generation length for predicting species future distribution as this is the most current
expert estimate [10]. From a conservation perspective, adopting a longer generation length is a
conservative approach, because opting for a shorter generation length implies that individuals are
successful in reproducing earlier in life. Based on this generation time, we predicted its distribution
under both (Business as Usual and Governance) conservation scenarios for the years 2027 and 2045,
representing three and six short-eared dog generations into the future from 2009 (year of our current
forest cover layer). We projected the predictive models for the extent of the Amazon basin region,
except for the Guiana and Jad-Negro interfluves, for which there are no short-eared dog records
(electronic supplementary material, figure S2), in spite of existing wildlife research efforts.
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2.1.3. Modelling procedures

We used the maximum entropy algorithm implemented in Maxent 3.4 [39,40] to estimate short-eared dog
habitat suitability. This algorithm is a robust and widely used modelling framework that seeks out non-
random relationships between a set of explanatory environmental variables and species occurrence
records by using presence-only data, which are compared to a sample of random background



locations where presence is unknown [30]. This relationship is parametrized using Bernoulli generalized [ 6 |
linear models with a complementary log-log (cloglog) link function [41]. One important assumption for
Maxent is that sampling is representative of environmental conditions in the modelled area. Even though
our presence-only species data were not collected using systematic surveys, we believe we meet this
assumption, given that covariate values at species record locations cover most of the distribution of
covariates across our area of inference (see electronic supplementary material, figure S3).

We used 70% of the dataset for training and 30% for testing the model. We generated subsets by
applying bootstrapping methods with 10 random partitions with replacements [42]. For all runs, we
used Maxent default setting with 500 iterations and 10 000 background points [43]. We used the area
under the receiver operating characteristic curve (AUC) to measure the predictive performance of the
model, which ranges from 0.5 for models that are no better than random to 1.0 for models with the
perfect predictive ability [42]. Model performance is considered acceptable when AUC > 0.7 [44]. Also,
we evaluated the omission rate (false negative predictions by the model) for the threshold selected
(see details on threshold selection below), the statistical significance of the omission rate, the relative
contributions (%) of the environmental variables to our models and the response curves of the most
influential environmental variables (accounting for more than 50% of the relative importance of
variables) for the Maxent prediction.

Species distribution models predict a continuous value of habitat suitability (ranging from 0,
unsuitable, to 1, highly suitable) for every pixel within the area of modelling inference, taking into
account a set of environmental variables. However, to estimate species distribution area, it is
necessary to convert continuous habitat suitability values into a binary variable of unsuitable (0) or
suitable (1) by using a threshold. There are many approaches to determining thresholds, and based on
Liu et al. [45], we selected three approaches: minimum training presence logistic threshold =0.1061;
10 percentile training presence logistic threshold =0.3102; and maximum test sensitivity plus
specificity logistic threshold =0.3994 from the Maxent output of the average model (out of 10 runs).
We generated current distribution models using these three thresholds and invited 10 Amazon
carnivore experts to indicate which model best represented the short-eared dog’s current distribution,
without knowing the habitat suitability threshold values. The majority of the experts (60%) selected
the model based on the minimum training presence logistic threshold. Hence, we adopted the expert
validated threshold to estimate the current and future distribution of the short-eared dog.

We assessed the current and future total area predicted to be occupied by the short-eared dog per
country (including all countries in which the species has been recorded), per interfluve (Amazon
basin subregions limited by the main rivers, see electronic supplementary material, figure S4) and
within/outside protected areas and indigenous land (hereafter collectively referred to as protected
areas). We used country-level spatial data from the Global Administrative Area (www.gadm.org),
spatial data for protected areas from the World Database of Protected Areas [46] and interfluve
boundaries from Ribas et al. [47]. Considering only the areas currently thought to be occupied by the
short-eared dog that remain occupied in the future, we assessed the total area expected to have a
decline higher than 50% on the habitat suitability per country, per interfluve and within/outside
protected areas.
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2.2. Habitat use (local scale)
2.2.1. Study area

The local scale study area covers 70 000 km? in the Arc of Deforestation in the Southern Brazilian Amazon
(60°48' W, 7°22’S; 60°25’ W, 10°51’S), in the states of Amazonas, Rondonia and Mato Grosso. The
landscape consists of a mosaic of land cover types, comprising pristine Amazon forest, patches of
natural savannah and fragmented forested areas. The climate in the region is tropical humid, with
average monthly temperatures between 24 and 28°C. Average annual precipitation varies from 2060 to
2890 mm, with a rainy season from October to March and a dry season from April to September [48].

2.2.2. Camera trap survey and environmental variables

We compiled data from four camera trap surveys, adding up to 180 sites surveyed within the study area
between February 2016 and June 2017. We allocated the camera trap sites to represent a range of land
cover including continuous forest, open savannahs, transitional forest-savannah areas and forested
patches under the anthropogenic impact (figure 1). Each site had one unbaited camera trap (models
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Figure 1. Map of the study area surveyed to investigate short-eared dog (A. microtis) habitat use in the Southern Brazilian Amazon,
with camera trap locations and different vegetation covers.

PC800 Hyperfire, Reconyx or HD Essential/Aggressor, Bushnell; randomly assigned to sites)
continuously active for at least 30 days (mean = 48, range = 32-92), totalling 8698 camera trap days. At
each site, we set up the camera trap in locations with signs of medium- and large-sized mammals, at
a height of approximately 30 cm above the ground. Camera traps operated 24 hd™!, with no delay
between subsequent potential triggers, and on average 3640 m (range = 815-40 547 m) between sites.

We used independent short-eared dog records (photos at the same site at least 24 h apart) to create a
detection history (a site-by-occasion matrix; 0 for non-detection, 1 for detection). We investigated the
effect of three site covariates on short-eared dog habitat use: mean of forest cover, forest edge density
(total perimeter of forest patches divided by area) and forest patchy density (number of forest patches
divided by area). The latter two variables are metrics of forest fragmentation. Because they were
calculated based on a binary layer (forest/non-forest), they do not differentiate between deforested
and naturally open habitats. We were unable to include habitat type (i.e. savannah versus forest) as a
predictor variable, because short-eared dogs were very rarely recorded in open savannahs. Because
species may respond to different landscape characteristics at different scales [49], we measured all site
covariates at six different radii (0.5, 1, 1.5, 3, 5 and 10 km) around each camera trap. We used the
Global Forest Change (GFC, [50]) layer for year 2016 to represent forest cover. In the GFC layer, pixel
values are percentage forest cover (0-100%) in 1 arc-second (approx. 30 m) resolution, where forest is
defined as canopy closure for all vegetation taller than 5 m. We calculated the fragmentation metrics
edge density and patch density using the ‘r.li’ module in GRASS GIS 7.0 [51]. We used a binary
forest/non-forest layer based on the reclassified 2016 GFC forest cover layer (pixels greater than or
equal to 75% were considered forested; [52]) as the input layer to calculate fragmentation metrics (as
performed by Tan et al. [52]). We opportunistically tested the effects of distance to water, distance to
roads, elevation and human footprint index on the short-eared dog habitat use. However, we report
these results in electronic supplementary material, table S8 because our main interest was
understanding the effects of forest composition and configuration. We considered camera trap effort
(i.e. number of days camera traps were active during each 20-day sampling occasion) as a survey
covariate.

2.2.3. Modelling procedures

We modelled short-eared dog habitat use using occupancy models. Because short-eared dogs are mobile
individuals and our sample units (camera trap locations) are probably smaller than the presumed home
range size of the species, we adopted the terminology ‘site use’ or ‘habitat use’ instead of ‘site
occupancy’. Prior to the analysis, we collapsed the detection history into 20-day sampling occasions.
Collapsing sampling periods increased temporal independence among occasions and overall detection
probability, which can prevent model convergence if too low [53]. Covariates were usually correlated
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Figure 2. Short-eared dog (A. microtis) record locations compiled by this study and three alternative proposed species distributions:
the IUCN distribution [23], the latest proposed distribution [10] and the current distribution predicted by this study based on Maxent
model with land cover and climate covariates.

across different buffer sizes. Therefore, for each site covariate, we ran single-species, single-season, single-
covariate occupancy models for each buffer size and retained the site covariate for the buffer size with the
lowest AIC value (scale-optimization; [9]). If the null model performed better than any buffer size for a
given variable, we did not include that variable in the next modelling steps. Then, we used covariates at
their best performing buffer size to run multi-covariate occupancy models for all possible combinations
of selected variables. We included the camera trap effort as a detection covariate for all competing
models. We conducted all spatial data processing in Quantum GIS (QGIS) v. 2.14.19 [54] and ran
occupancy models in the R package ‘unmarked” v. 0.10-6 [55] in R v. 3.1.2 [56].

3. Results
3.1. Species distribution

We assembled 307 short-eared dog occurrence records (electronic supplementary material, appendix S1),
of which 191 were previously unpublished records. Our dataset populates and expands previously
proposed global distributions for the species, as some of the compiled records fall outside the
distribution adopted by the IUCN [23] or proposed by Leite Pitman et al. [57] (figure 2).

The current species distribution model performed well (AUC =0.785 + 0.039 s.e., omission =5%, p <
0.001) and predicted the species to be distributed over an area of 4 302 532 km? (table 1), of which 1882
654 km* (43.8%) were within protected areas. The most influential variables for the species’ current
distribution were land cover (28.78%), annual precipitation (BIO12, 19.84%) and precipitation
seasonality (BIO15, 19.01%) (figure 3). Within the predicted current distribution area, the annual
precipitation varied between 130 and 7096 mm (mean = 2590, s.d. =547 mm), precipitation seasonality
(its coefficient of variation) ranged from zero to 79 (mean =44, s.d.=16) and approximately 98% was
covered by forest.

The predicted future short-eared dog distributions showed reductions in the area relative to the current
distribution from 13.8% to 17.7% by 2027, and from 14.8% to 21.2% by 2045, considering the Governance
and Business as Usual scenarios, respectively (figure 4). The predicted reduction in the short-eared dog
distribution area outside protected areas was at least twice as high as the reduction within protected
areas, regardless of the conservation scenario (electronic supplementary material, table S3).

Even though the confirmed records of the short-eared dog spanned five countries (Brazil, Bolivia,
Colombia, Ecuador and Peru), approximately 80% of the predicted current distribution were in only
two countries: Brazil (65%) and Peru (14.7%). The extent of predicted distribution area loss in Brazil
was one or two orders of magnitude higher than in any other country (electronic supplementary
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Figure 3. Relationship between habitat suitability for the short-eared dog (A. microtis) with the most important environmental
variables, based on Maxent predictions of the species’ current distribution (n =97 presence records).

Table 1. Predicted area (km?) of the short-eared dog (A. microtis) distribution by 2027 and 2045 taking into account two
alternative conservation scenarios, Governance and Business as Usual, for the Amazon basin (following [25]). Distribution areas
were estimated with Maxent using land cover and climatic variables. Areas were calculated within and outside protected areas
(PA), as well as for each country with species records, and for different Amazon basin interfluves.

Governance Business as Usual
current distribution 2027 2027
4302532 3708 668 3669 660 3543121 3389235
1882 654 174279 1737 404 1704370 1638 808
2419877 1965 873 1932 257 1838751 1750 427

Brazil

per interfluve

Para 77769 51321 51278 48 091 47 981
s )(mgu ........................ 232 455 ................................ 205 919 ............ 2.0.3 . 984 .................... 164 744 ................. : 46 221 .
s Tapajo S ....................... 508 . 1 20 ............................. 427 : 967 ........... 420 . 647 .................... 383 . 399 ................... 3 3 8 979 .
e R ondoma .................... 545 231 ............................... 433754 ............ 485370 vvvvvvvvvvvvvvvvvvvv 45”90 ................... . 25143 .
e | namban .................. 1 349 . 9 37 ............................ 1 282 824 .......... 1277 950 ................. 1 282 1 46 ................. 1273 091
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Figure 4. Short-eared dog (A. microtis) predicted distributions based on Maxent model with land cover and climate covariates. The
maps depict the area within the species’ current predicted distribution that is expected to be lost or have a reduction in habitat
suitability greater than 50% by 2027 and 2045, taking into account two alternative deforestation scenarios (‘Governance’ and
‘Business as Usual’ for the Amazon basin (following [25]). Years 2027 and 2045 represent three and six short-eared dog
generations time into the future from the current model (2009).

material, table S4). However, proportionally, Bolivia was expected to have the highest loss of short-eared
dog distribution area in any considered conservation scenario (electronic supplementary material, table
S3). There was a directional pattern of predicted distribution area loss across interfluves. The far eastern
interfluves (Pard and Xingu) are predicted to experience the highest loss of distribution area. This trend
declines from east to west, with the far western interfluves (Inambari and Imeri-Napo) having the
smallest reduction in distribution area (electronic supplementary material, tables S3 and S4).

The proportions of the area expected to have a sharp decline (greater than 50% of the current value) in
species habitat suitability followed a pattern similar to the loss of distribution per country, per interfluve
and whether or not the area is protected (electronic supplementary material, tables S5 and S6). That leads
to drastic consequences to the species when considering the combined effect of distribution area and
habitat suitability reductions. For instance, for any given scenario, more than 30% of the short-eared
dog’s current distribution outside protected area is expected to be affected (distribution area lost or
greater than 50% reduction in habitat suitability) by forest loss. An extreme case is the Para interfluve,
where at least 72% of the species’ current distribution is expected to be lost or experience a sharp
decline in habitat suitability by 2027 (table 2).

3.1.1. Habitat use

The camera trap survey in the Southern Brazilian Amazon produced 29 independent records of short-
eared dogs at 19 different sites, resulting in a trapping success of 0.33 independent records per 100
trap days and naive occupancy of 0.1.

Based on the AIC values of the single-covariate models, the best performing buffer radius was 0.5 km
for forest cover, and 1 km for edge density. For patch density, the null model (no patch density variable
included as state variable predictor) performed best. Therefore, we did not include patch density in the
next modelling steps (results of single-covariate models can be found in electronic supplementary
material, table S8).

When combining the two selected site covariates, the best-ranked models (models with AAIC < 2)
included forest cover and edge density, indicating that both variables are important to predict the
species’ habitat use (table 3). Therefore, we report the results for the model that included both covariates.
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Table 2. Proportion of area (%) of short-eared dog (A. microtis) distribution expected to be lost or have a reduction of habitat [}
suitability greater than 50% by 2027 and 2045 under two conservation scenarios, Governance and Business as Usual, for the
Amazon basin (following [25]). Distributions were estimated with Maxent using land cover and dimatic variables. Values were
calculated within and outside protected areas (PA), as well as for each country with species records, and for different Amazon
basin interfluves. Values above 30% are marked with “’, and above 50% are highlighted in bold. Estimated areas in km?
(instead of proportions) are available in electronic supplementary material, table S7.
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Table 3. Results of AlC-based model selection for short-eared dog occupancy models in the Southern Brazilian Amazon. AAIC is the
relative difference in AIC values compared with the top ranked model. The site covariates tested were forest cover in a 0.5 km buffer
(FOR0.5), and forest edge density in a 1 km buffer (ED1). Effort (EFF) was a survey covariate included in all models.

model parameters AIlC AAIC
(EFF) 5|(F0R05) 4 178.7 000
CpEpsGOROS+EO) s w6 %
p(EFF) psi(ED1) 4 184.8 612
PLEF) psi() 3 W62 0

Short-eared dog site use was positively associated with forest cover and negatively associated with
forest edge density (figure 5). Detection probability varied from 0.19 to 0.22 depending on effort, and
the mean predicted probability of site use was 0.21 (range: 0.01-0.36; s.d.: 0.12). The parameter
estimates for the selected model are available in electronic supplementary material, table S9.

4. Discussion

Combining the most comprehensive dataset on short-eared dog occurrence with species distribution and
occupancy models, our results make clear that forest loss poses a serious threat to the conservation of this
species, even on a relatively short time scale. Previous short-eared dog distribution limits have been
developed based on the best available information and expert consensus. However, we believe that
the distribution proposed here (figure 2) improves on previous versions [10,18] and supports previous
distributions for the Bolivian portion of the range [20,21]. Our analyses are based on a much larger
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Figure 5. Relationship between estimated short-eared dog (A. microtis) site use probability and per cent of forest cover in a 0.5 km
buffer (a) and forest edge density in a 1 km buffer (b) in the Southern Brazilian Amazon. Parameters were estimated with single-
season occupancy models using camera trap data.

number of records, many of which were not available in the past, in combination with modelling
procedures that account for biologically meaningful environmental variables and expert judgements.
Moreover, natural features limit the borders of this newly proposed distribution: the Andes to the
west, the Amazon River to the north and the absence of forest cover in the south and east. All recent
short-eared dog records that fall outside the previously proposed species distribution were
encompassed within the revised distribution that our model suggests.

According to our predicted current distribution model, the short-eared dog potentially occurs over an
extensive (4 302 532 km?) and continuous area, through most of the Amazon region south of the Amazon
River. Despite reliable reports of the species swimming in rivers [23], and some recent records on the
edge of the right margin of the Solimdes River, the short-eared dog has not been confirmed on the left
margin of the Amazon River. Even if individuals can occasionally cross the Amazon River, there is no
evidence that the short-eared dog has established a population on the left margin, since long-term
camera-trapping monitoring projects along the left margin have never detected the species (E.R. and
A.A. 2018, personal communication).

Forest cover was the most influential environmental variable for short-eared dog habitat suitability in
our model, confirming the species’ reputed association with forested areas [19]. Unfortunately, high-
resolution spatial layers that depict different forest structures are not available for the Amazon.
However, variation in climate variables might indicate variation in forest structure. Two precipitation
variables were important in our model. Short-eared dog habitat suitability is expected to be close to
zero where annual precipitation is below 1500 mm and in areas with highly variable annual
precipitation (which implies the presence of a severe dry season). Habitat suitability tended to peak at
annual precipitation around 3000 mm, and at intermediate levels of precipitation variability (figure 3).
Precipitation in Amazonia has declined during the past century [58], increasing the length and
intensity of the dry season [59]. Some global climate models project significant further drying of the
Amazon in the future. Our results suggest that this change in climate might add to the predicted
range loss of the short-eared dog due to forest loss.

Our predictions indicate that forest loss could cause significant reductions in species distribution range
and habitat suitability. The two alternative conservation scenarios differed considerably in the intensity of
their effects. As expected, the Business as Usual scenario had stronger negative impacts than the
Governance scenario, such that distribution losses predicted for 2045 under the Governance scenario are
comparable with the distribution losses predicted in 2027 under the Business as Usual scenario.

Both scenarios modelled by Soares-Filho et al. [25] are conservative as they do not consider climate
change effects that are expected to cause substitution of forests by savannah-like vegetation in the
Amazon by the end of this century [60,61] or earlier [62]. For jaguars (Panthera onca), for example,
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Figure 6. Short-eared dog (A. microtis) predicted habitat suitability based on Maxent model with land cover and climate covariates,
according to the deforestation Business as usual scenario for the Amazon basin (following [25]) for year 2009 (current model), 2027
and 2045, which represents three and six short-eared dog generations time into the future from the current model.

Torres et al. [63] predicted a reduction in habitat suitability in the Amazon due to climate change. Also,
these conservation scenarios do not consider forest degradation through logging and fire [25], which are
severe threats to the Amazon forest [62]. Moreover, in the Governance scenario, deforestation rates are
assumed to decline over time in response to external incentives and carbon market initiatives.
However, after almost a decade of decline (2004-2012), annual deforestation rates in the Amazon
started to climb again in 2013 [2], and so even the Business as Usual scenario might be too optimistic.
In 2011, the Brazilian Federal Law of Forest Protection [64] was drastically relaxed, allowing
reductions to the amount of forest that must be preserved on private lands, suspending the obligation
of having any preserved areas for small-sized properties and offering amnesty from penalties for
previous illegal cuts [65]. Such regulatory changes are already affecting deforestation rates [66] and
were not accounted for in the models of Soares-Filho et al. [25]. Our model predictions are also on the
conservative side, as the species’ current distribution is based on a low habitat suitability threshold.
Higher thresholds would predict even greater short-eared dog distribution losses (electronic
supplementary material, figure S5). Therefore, hereafter we will discuss the results based on the less-
conservative Business as Usual scenario predictions (figure 6).

The reductions in distribution area and habitat suitability were considerably lower within protected
areas, even for the Business as Usual scenario, which allows deforestation within protected areas. This
might be because protected areas in the Amazon have some success in decreasing deforestation
within their boundaries when compared with unprotected areas [67]. In addition, protected area
locations worldwide are often biased towards places that are less likely to face land conversion
pressures even in the absence of protection [68].

Among the countries where the short-eared dog is present, Peru and Brazil had the highest
proportions of forest loss between 2000 and 2016 ([50], see summary in electronic supplementary
material, table S10). These two countries were estimated to contain 80% of the short-eared dog
distribution. Consequently, more than 1.2 million km? of the species’ distribution are expected to be
lost or have a drastic reduction of habitat suitability by 2027. This means that, within three
generations, approximately 30% of the short-eared dog’s current distribution is expected to be affected
by forest loss. This proportion might reach 40% of the species’ distribution in non-protected areas and
exceed 60% in some interfluves. By 2045, more than 40% of the current species distribution is
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expected to be affected by deforestation, and all interfluves, except the Imeri-Napo, will have at least 30% [ 14 |
of the species distribution area lost or with drastic habitat suitability reduction. These estimates are based
on a 6-year generation length, and there is considerable uncertainty about that quantity due to lack of
biological data. If the generation length used here is overestimated, our predictions of habitat loss and
degradation within three generations may be somewhat pessimistic. Thus, if short-eared dog’s
generation length is shorter than assumed in this study, our future prediction horizons would also be
shorter and a smaller proportion of the species’ distribution would be expected to be impacted by
deforestation. However, predicted deforestation within the current distribution of the short-eared dog
based on the Business as Usual model by Soares-Filho et al. [25] for an 18-year time frame (i.e. using a
6-year generation length) compared to a 12-year time frame (i.e. using a 4-year generation length) are
very similar, with 24% and 21%, respectively. This suggests that even under a shorter generation
length, the species can be expected to lose comparable amounts of its range over the course of
three generations.

Forest cover also had an important effect on species space use at the local scale. The results of
the occupancy model indicated that in addition to the positive effect of the presence of forest, the
short-eared dog was negatively affected by the density of forest edges. Our estimate of this
negative effect may be conservative, as our analysis does not distinguish between natural edges (open
habitats) and anthropogenic edges, which are expected to be more detrimental. This relationship is
concerning as deforestation and logging combined create more than 50 000 km of new forest edges
every year in the Amazon [69]. Our local-scale analysis also indicated that the species seems to be
responding to forest cover on a very fine scale, as variables performed better when calculated for
small buffer radii (0.5 and 1 km, rather than 5 or 10 km). Overall, the estimated probability of site use
and probability of detection were low for the species at our study site, confirming that the species is
elusive and probably occurs at low density [19]. None of the other covariates we explored
opportunistically (electronic supplementary material, table S8) were important predictors of short-
eared dog space use; however, our study was specifically designed to assess effects of forest
configuration, and therefore we cannot make strong inference on other potential drivers of the species’
space use.

The estimated negative effects of forest loss on the short-eared dog’s habitat suitability, distribution and
space use will probably lead to a reduction in the overall population size, and possible fragmentation and
isolation of small (sub-)populations. This process is likely to be ongoing already, as it has been reported for
other species in the Arc of Deforestation [70]. Additionally, as human-dominated areas expand throughout
the short-eared dog’s distribution, the risk of human-induced mortality due to diseases from domestic
animals [71] and direct killing increases. The species has been recorded scavenging on human refuse
and some of the short-eared dog records reported here were roadkill or hunted individuals. Finally,
habitat changes may favour more generalist canid species like the crab-eating fox [72], and resulting
interspecific competition could put additional pressure on the short-eared dog.

Considering the magnitude of the predicted negative effects of forest loss on the short-eared dog, we
suggest re-assessment of the species” current IUCN status (Near Threatened) throughout its distribution,
as an upgrade of its threat category seems warranted. Our study provides evidence that the ongoing
forest loss across the Amazon will negatively affect more than 30% of the species” distribution. This
suggestion reinforces the most recent Brazilian national assessment for the short-eared dog, which
categorized the species as ‘Vulnerable’ [10]. Once again, we highlight that our suggestion to re-assess
the short-eared dog’s IUCN status is based on a 6-year generation length. Shorter generation lengths
might result in distribution/habitat loss that do not satisfy IUCN criteria for upgrading the species
threat category.

Often, particularly in diverse forested ecosystems, individual studies yield sparse data on rare or
elusive species. This study exemplifies how data can be integrated across sources and modelling
procedures to improve our knowledge on understudied species, by providing important information
on ecological aspects for one of the most understudied canids in the world and highlighting main
threats to its persistence. This much needed information should be used to re-assess the species’
threat category at national and global scales, to underpin land use planning and management that
will contribute towards short-eared dog conservation in the increasingly developed and human-
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dominated Amazonian landscapes. The situation of the short-eared dog is no exception: the
distributions of other Amazonian carnivores, such as ocelot (Leopardus pardalis) and jaguar, are
significantly affected by forest cover in Amazonia [73,74], and the same patterns have been observed
in other tropical forests [52,75]. Many other mammals, particularly primates, are also notably
susceptible to forest loss and degradation [76,77]. For those species, the future is bleak and they all



share the urgent need to reduce deforestation, which requires political will and commitment at local,
national and international levels [8].

Data accessibility. The dataset used in this study is available in the electronic supporting material.

Authors” contributions. D.G.R., KM.PM.BF, L.G.S.,, CKW.T,, EG.L, C.O., D.M. and R.S. were involved in writing the
manuscript and conducting analysis. All other authors provided data and revised the manuscript.

Competing interests. The authors have declared that no competing interests exist.

Funding. D.G.R. received a scholarship from the CAPES/Doutorado Pleno no Exterior (grant no. 88881.128140/2016-
01). KM.PM.BF. received a productivity fellowship granted by the National Council of Technological and
Scientific Development (grant no. 308632/2018-4). E.V. received support from CNPq (grant no. 308040/2017-1).
E.M.v.M. received support from Fundagdo Grupo Boticario de Protecdo a Natureza and Fundagdo de Amparo a
Pesquisa do Estado do Amazonas. L.G.S. received support from CNPq and FACEPE. M.A. received support from
School of Environmental Science at University of East Anglia (UEA), the Explorers Club, Idea Wild, and The
Alongside Wildlife Foundation. T.H. received support from Research Council of Norway and the Norwegian
University of Life Sciences. R.L.P. received support from Wildlife Materials, Idealwild, Conservation Food and
Health, Disney Conservation Fund, Frankfurt Zoological Society, Amazon Conservation Association, Conservation
International, World Wildlife Fund, and National Geographic. C.A.P. received support from Darwin Initiative for
the Survival of Species grant. A.P.A. received support from the Brazilian Council of Technological and Scientific
Development (CNPq). D.M.B. was supported by National Geographic Society, Universidad San Francisco de Quito,
Tiputini Biodiversity Station, University of Missouri-St. Louis, University of Florida, and Walton Expeditions.
Acknowledgements. We are grateful to many field assistants that helped with data collection. This study would not be
possible without their hard work. We also thank S. Alves and T.J.D. Ranzi for collaborating with data and R.M.
Rabelo and EP. Silva for advice on the analysis. We are grateful for the support of many institutions, including
Mamiraud Institute of Sustainable Development, Wildlife Conservation Society, Campos Amazonicos NP
Mapinguari NF, Consércio Hidrelétrico Teles Pires and Biota—Projetos e Consultoria Ambiental, Pousada Cumaru,
the Bolivian Biodiversity and Protected Area Directorate, Secretaria de Estado de Meio Ambiente do Acre, National
Institute of Natural Resouces — Peru (INRENA), National Forest Service — Peru (SERFOR), Areas Protegidas da
Amazonia (ARPA) and Instituto de Pesquisas Ecolégicas (IPE).

References

1. Krebs CJ. 1972 Ecology: the experimental
analysis of distribution and abundance. New
York, NY: Harper and Row.

2. PRODES. 2017 Projeto PRODES: monitoramento 10.
da floresta amazonica brasileira por satélite.

modeling: a review and outlook. Landsc. Ecol. 16.
31, 1161-1175. (d0i:10.1007/510980-016-

0374-x)

Leite Pitman R, Beisiegel BdeM. 2013

Avaliagdo do risco de extin¢do do cachorro-do-

G6émez H, Wallace RB, Ayala G, Tejada R.
2005 Dry season activity periods of some
Amazonian mammals. Stud. Neotrap.
Fauna Environ. 40, 91-95. (doi:10.1080/
01650520500129638)

http:/www.obt.inpe.br/prodes/index.php
(accessed 1 December 2016).

Fearnside PM. 2016 Tropical dams: to build or
not to build? Science 351, 456—457. (doi:10.

mato-de-orelhas-curtas Atelocynus microtis 17.

(Sclater, 1883) no Brasil. Biodiversidade Bras.
3, 133-137. (doi:10.5007/2175-7925.2013v
26n3p203)

Payan E, Escudero S. 2015 Densidad de jaguares
(Panthera onca) y abundancia de grandes
mamiferos terrestres en un drea no protegida
del Amazonas colombiano. In Conservacin de

1126/science) 1. Sillero-Zubiri C, Hoffmann M, Macdonald DW. Grandes Vertebrados Fn Areas No Protegidas de
Ferrante L, Fearnside PM. 2018 Amazon 2004 Canids: foxes, wolves, jackals, and dogs: Colombia, Venezuela y Brasil (eds E Paydn, CA
sugarcane: a threat to the forest. Science 359, status survey and conservation action plan. Lasso, C Castafio-Uribe), pp. 225-242. Bogotd,
1476. (doi:10.1126/science.aat4208) Gland, Switzerland: IUCN, IUCN/SSC Canid DC: Instituto de Investigacion de Recursos
Laurance WF, Albernaz AKM, Fearnside PM, Specialist Group, Bioldgicos Alexander von Humboldt.
Vasconcelos HL, Ferreira LV. 2004 Deforestation 12.  Cisneros-Heredia DF, Mosquera D. 2010 18.  Leite Pitman MRP, Williams RSR. 2004 The

in Amazonia. Science 304, 1109-1111. (doi:10. First record of a canid (Atelocynus microtis) short-eared dog (Atelocynus microtis). In Canids:
1126/science.304.5674.1109b) predating on a caecilian amphibian. Avances 2, species status and conservation. Action plan (eds
Gomes VHF, Vieira 1CG, Salomao RP, ter Steege 5-6. C Sillero-Zubiri, JR Gingsberg, D Macdonald), pp.
H. 2019 Amazonian tree species threatened by 13. Koester AD, De Azevedo (R, Vogliotti A, Duarte 26-31. Gland, Switzerland: IUCN.

deforestation and climate change. Nat. Clim. JMB. 2008 Ocorréncia de Atelocynus microtis 19.  Michalski F. 2010 The bush dog Speothos
Change 9, 547-553. (doi:10.1038/541558-019- (Sclater, 1882) na Floresta Nacional do Jamari, venaticus and short-eared dog Atelocynus
0500-2) estado de Ronddnia. Biota Neotrop. 8, 232-234. microtis in a fragmented landscape in southern
Laurance WF, Williamson GB. 2001 Positive (doi:10.1590/51676-06032008000400024) Amazonia. Oryx 44, 300-303. (doi:10.1017/
feedbacks among forest fragmentation, drought, 14.  Peres CA. 1991 Observations on hunting by 50030605309990871)

and dimate change in the Amazon. Conserv. small-eared (Atelocynus microtis) and bush dogs 20.  Wallace RB, Alfaro F, Sainz L, Rios-Uzeda B, Noss A.
Biol. 15, 1529-1535. (doi:10.1046/j.1523-1739. (Speothos venaticus) in central-western 2010 Canidae. In Distribucidn, Ecologia y
2001.01093.x) Amazonia. Mammalia 55, 635-639. (doi:10. Conservacidn de Los Mamiferos Medianos y Grandes
Malhi Y, Malhi Y, Roberts JT, Betts RA, Killeen TJ, Li 1017/50030605309990871) de Bolivia. Centro de Ecologia Difusion Simdn | (eds
W, Nobre CA. 2008 Climate change, deforestation, 15.  Blake JG, Mosquera D, Loiselle BA, Swing K, RB Wallace et al.), pp. 367—400. Santa Cruz de la
and the Fate of the Amazon. Science 319, Guerra J, Romo D. 2012 Temporal activity Sierra, Bolivia: Patifio.

169-172. (doi:10.1126/science.1146961) patterns of terrestrial mammals in lowland 21, Anderson S. 1997 Mammals of Bolivia,

McGarigal K, Wan HY, Zeller KA, Timm BC,
Cushman SA. 2016 Multi-scale habitat selection

rainforest of eastern Ecuador. Ecotropica 18,
137-146.

taxonomy and distribution. Bull. Am. Mus. Nat.
Hist. 231, 1-652.

110061 22 DS tadg 205 -y sosyeuol/bioBusygndisaposeror [


http://www.obt.inpe.br/prodes/index.php
http://www.obt.inpe.br/prodes/index.php
http://dx.doi.org/10.1126/science
http://dx.doi.org/10.1126/science
http://dx.doi.org/10.1126/science.aat4208
http://dx.doi.org/10.1126/science.304.5674.1109b
http://dx.doi.org/10.1126/science.304.5674.1109b
http://dx.doi.org/10.1038/s41558-019-0500-2
http://dx.doi.org/10.1038/s41558-019-0500-2
http://dx.doi.org/10.1046/j.1523-1739.2001.01093.x
http://dx.doi.org/10.1046/j.1523-1739.2001.01093.x
http://dx.doi.org/10.1126/science.1146961
http://dx.doi.org/10.1007/s10980-016-0374-x
http://dx.doi.org/10.1007/s10980-016-0374-x
http://dx.doi.org/10.5007/2175-7925.2013v26n3p203
http://dx.doi.org/10.5007/2175-7925.2013v26n3p203
http://dx.doi.org/10.1590/S1676-06032008000400024
http://dx.doi.org/10.1017/s0030605309990871
http://dx.doi.org/10.1017/s0030605309990871
http://dx.doi.org/10.1080/01650520500129638
http://dx.doi.org/10.1080/01650520500129638
http://dx.doi.org/10.1017/S0030605309990871
http://dx.doi.org/10.1017/S0030605309990871

22,

2.

24,

25.

26.

27.

2.

29.

30.

31

32.

33

34,

35.

36.

37.

38.

Wallace RB, Lopez-Strauss H, Mercado N, Porcel
IR. 2013 Diversity, distribution and conservation
of Bolivian canivores. In Molecular population
genetics, evolutionary biology and biological
conservation of the neotropical carnivores (eds
M Ruiz Garcia, JM Shostell), pp. 659-709.
New York, NY: Nova Science Publisher.

Leite Pitman MRP, Williams RSR. 2011
Atelocynus microtis. IUCN Red List of Threatened
Species 2011 e.T6924A12814890. See http://dx.
doi.org/10.2305/IUCN.UK.2011-2.RLTS.
T6924A12814890.en (accessed 22 April 2016).
Cossios D, Leite Pitman R. 2018 Atelocynus
microtis. In Libro Rojo de La Fauna Silvestre
Amenazada Del Peru, p. 353. Lima, Pert: Serfor
Servicio Nacional Forestal y de Fauna Silvestre.
Soares-Filho BS et al. 2006 Modelling
conservation in the Amazon basin. Nature 440,
520-523. (doi:10.1038/nature04389)

Burton AC, Neilson E, Moreira D, Ladle A,
Steenweg R, Fisher JT, Bayne E, Boutin S. 2015
Wildlife camera trapping: a review and
recommendations for linking surveys to
ecological processes. J. Appl. Ecol. 52, 675-685.
(doi:10.1111/1365-2664.12432)

Macdonald DW, Burnham D, Hinks AE,
Wrangham R. 2012 A problem shared is a
problem reduced: seeking efficiency in the
conservation of felids and primates. Folia
Primatologica 83, 171-215.

Cushman SA, McGarigal K. 2002 Hierarchical,
multi-scale decomposition of species-
environment relationships. Landscape Ecol. 17,
637-646.

MacKenzie DI, Nichols JD, Royle JA, Pollock KH,
Bailey LL, Hines JE. 2006 Occupancy estimation
and modeling. Amsterdam, The Netherlands:
Elsevier.

Elith J, Phillips SJ, Hastie T, Dudik M, Chee YE,
Yates (J. 2011 A statistical explanation of
MaxEnt for ecologists. Divers. Distrib. 17, 43-57.
(doi:10.1111/j.1472-4642.2010.00725.x)
Macdonald DW, Courtenay 0. 1996 Enduring
social relationships in a population of crab-
eating zorros, Cerdocyon thous, in Amazonian
Brazil (Carnivora, Canidae). J. Zool. 239,
329-355. (doi:10.1111/}.1469-7998.1996.
th05454.x)

Fick SE, Hijmans RJ. 2017 WorldClim 2: new
1-km spatial resolution climate surfaces for
global land areas. Int. J. Climatol. 37,
4302-4315. (doi:10.1002/joc.5086)

Jarvis A, Reuter HI, Nelson A, Guevara E. 2008
Hole-filled SRTM for the globe, Version

4. CGIAR-CSI SRTM 90m Database 15. See http/
srtm.csi.cgiar.org.

Ferraz KdB et al. 2015 Predicting the current
distribution of the Chacoan peccary (Catagonus
wagneri) in the Gran Chaco. Suiform Sound. 15,
53-63.

Brovkin V. 2002 Climate-vegetation interaction.
J. Phys. IV (Proc.) 57-72.

Bontemps S, Defourny P, Bogaert EV, Arino O,
Kalogirou V, Perez JR. 2011 GLOBCOVER 2009—
products description and validation report.
IUCN. 2012 JUCN red list categories and criteria,
version 3.1, 2nd edn. Gland, Switzerland: IUCN.
Hance J. 2014 Short-eared dog? Uncovering the
secrets of one of the Amazon’s most mysterious

39.

4.

4.

8.

45,

47.

49,

50.

51,

52.

53.

54.

mammals. A place out time trop. rainforests
perils they face. Mongabay.com. See http:/
www.mongabay.com/2014/07/short-eared-dog-
uncovering-the-secrets-of-one-of-the-amazons-
most-mysterious-mammals/ (accessed

23 October 2019).

Phillips SJ, Anderson RP, Schapire RE. 2006
Maximum entropy modeling of species
geographic distributions. Ecol. Modell.

190, 231-259. (doi:10.1016/j.ecolmodel.2005.
03.026)

Phillips SJ, Dudik M. 2008 Modeling of species
distributions with Maxent: new extensions and
a comprehensive evaluation. Ecography (Cop.)
31, 161-175. (doi:10.1111/j.0906-7590.2008.
5203.x)

Phillips SJ, Anderson RP, Dudik M, Schapire RE,
Blair ME. 2017 Opening the black box: an open-
source release of Maxent. Ecography (Cop.) 40,
887-893. (doi:10.1111/ecog.03049)

Pearson RG. 2007 Species’ distribution modeling
for conservation educators and practitioners.
Synth. Am. Mus. Nat. Hist. 1, 1-50.

Ferraz KMPM de B, Ferraz SFdeB, de Paula RC,
Beisiegel B, Breitenmoser C. 2012 Species
distribution modeling for conservation purposes.
Nat. Conserv. 10, 214-220. (doi:10.4322/natcon.
2012.032)

Swets JA. 1988 Measuring the accuracy of
diagnostic systems. Science 240, 1285-1293.
(doi:10.1126/science.3287615)

Liu G, Berry PM, Dawson TP, Pearson RG. 2005
Selecting thresholds of ocurrence in the
prediction of species distributions. Ecography
(Cop.) 28, 385-393. (doi:10.1111/}.0906-7590.
2005.03957.x)

IUCN, UNEP-WCMC. 2017 The World Database
on Protected Areas (WDPA). www.
protectedplanet.net (accessed 9 May 2017).
Ribas CC, Aleixo A, Nogueira ACR, Miyaki CY,
Cracraft J. 2012 A palaeobiogeographic model
for biotic diversification within Amazonia over
the past three million years. Proc. R. Soc. B 279,
681-689. (doi:10.1098/rspb.2011.1120)

|CMbio. 2011 Plano de Manejo-Parque Nacional
dos Campos Amazonicos. Brasilia-DF.
Macdonald DW et al. 2018 Multi-scale habitat
selection modeling identifies threats and
conservation opportunities for the Sunda clouded
leopard (Neofelis diardi). Biol. Conserv. 227,
92-103. (doi:10.1016/j.biocon.2018.08.027)
Hansen MC et al. 2013 Hansen/UMD/Google/
USGS/NASA Tree Cover Loss and Gain Area.
University of Maryland, Google, USGS, NASA.
www.globalforestwatch.org (accessed 16 May
2018).

GRASS_Development_Team. 2016 Geographic
resources analysis support system (GRASS)
Software.

Tan (KW et al. 2017 Habitat use and predicted
range for the mainland clouded leopard Neofelis
nebulosa in Peninsular Malaysia. Biol. Conserv.
206, 65-74. (doi:10.1016/j.biocon.2016.12.012)
Otis DL, Burnham KP, White GC, Anderson DR.
1978 Statistical inference from capture data on
closed animal populations. Wildl. Monogr. 62,
3-135.

QGIS Development Team. 2014 QGIS geographic
information system.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

n.

Fiske I, Chandler R, Miller D, Royle A, Kery M, m

Hostetler J, Chandler MR. 2015 Package
‘unmarked”.

R Core Team. 2014 R: a language and
environment for statistical computing. Vienna,
Austria: R Foundation for Statistical Computing.
See https://www.R-project.org/.

Pitman RL, de Mello Beisiegel B. 2013 Avaliagdo
do risco de extingdo do cachorro-do-mato-de-
orelhas-curtas Atelocynus microtis (Sclater, 1883)
no Brasil. Biodiversidade Brasileira 1, 133-137.
Marengo JA. 2004 Interdecadal variability and
trends of rainfall across the Amazon basin.
Theor. Appl. Climatol. 78, 79-96.

Li W, Fu R, Dickinson RE. 2006 Rainfall and its
seasonality over the Amazon in the 21st century
as assessed by the coupled models for the IPCC
AR4. J. Geaphys. Res. D Atmospheres 111
(doi:10.1029/2005JD006355)

Cox PM, Betts RA, Jones (D, Spall SA, Totterdell
1J. 2000 Acceleration of global warming due to
carbon-cycle feedbacks in a coupled climate
model. Nature 408, 184-187. (doi:10.1038/
35041539)

Cramer W et al. 2001 Global response of
terrestrial ecosystem structure and function to
(0, and climate change: results from six
dynamic global vegetation models. Glob. Chang.
Biol. 7, 357-373. (doi:10.1046/j.1365-2486.
2001.00383.x)

Nepstad D et al. 2001 Road paving, fire regime
feedbacks, and the future of Amazon forests.
for. Ecol. Manage. 154, 395—407. (doi:10.1016/
$0378-1127(01)00511-4)

Torres NM, De Marco P, Diniz-Filho JAF, Silveira
L. 2008 Jaguar distribution in Brazil: past,
present and future. CAT News 4, 4-8.

Federal Law 12.727. 2012 See http:/www.
planalto.gov.br/ccivil_03/_at02011-2014/2012/
lei/112727.htm.

Soares-Filho B, Rajao R, Macedo M, Carneiro A,
Costa W, Coe M, Rodrigues H, Alencar A. 2014
Cracking Brazil's forest code. Science 344,
363-364. (doi:10.1126/science.1246663)

Roriz PAC, Yanai AM, Fearnside PM. 2017
Deforestation and carbon loss in southwest
Amazonia: impact of Brazil's revised forest code.
Environ. Manage. 60, 367-382. (doi:10.1007/
500267-017-0879-3)

Nepstad D et al. 2006 Inhibition of Amazon
deforestation and fire by parks and indigenous
lands. Conserv. Biol. 20, 65-73. (doi:10.1111/j.
1523-1739.2006.00351.x)

Joppa LN, Pfaff A. 2009 High and far: biases in
the location of protected areas. PLoS ONE 4,
1-6. (doi:10.1371/journal.pone.0008273)
Broadbent EN, Asner GP, Keller M, Knapp DE,
Oliveira PJ, Silva JN. 2008 Forest fragmentation
and edge effects from deforestation and
selective logging in the Brazilian Amazon. Biol.
Conser. 141, 1745-1757.

De Olveira TG, Ramalho EE, De Paula RC. 2012
Red List assessment of the jaguar in Brazilian
Amazonia. CAT News Spec. Issue 7, 3-8.
Lainson R, Shaw lJ, Silveira FT, De Souza AAA,
Braga RR, Ishikawa EAY. 1994 The dermal
leishmaniases of Brazil, with special reference to
the eco-epidemiology of the disease in
Amazonia. Mem. Inst. Oswaldo Cruz 89,

sos1/JeuInof/6105uiysignd/aposjesos

LLLO6L L DS uadp 0 Y


http://dx.doi.org/10.2305/IUCN.UK.2011-2.RLTS.T6924A12814890.en
http://dx.doi.org/10.2305/IUCN.UK.2011-2.RLTS.T6924A12814890.en
http://dx.doi.org/10.2305/IUCN.UK.2011-2.RLTS.T6924A12814890.en
http://dx.doi.org/10.2305/IUCN.UK.2011-2.RLTS.T6924A12814890.en
http://dx.doi.org/10.1038/nature04389
http://dx.doi.org/10.1111/1365-2664.12432
http://dx.doi.org/10.1111/j.1472-4642.2010.00725.x
http://dx.doi.org/10.1111/j.1469-7998.1996.tb05454.x
http://dx.doi.org/10.1111/j.1469-7998.1996.tb05454.x
http://dx.doi.org/10.1002/joc.5086
http//srtm.csi.cgiar.org
http//srtm.csi.cgiar.org
http//srtm.csi.cgiar.org
http://www.mongabay.com/2014/07/short-eared-dog-uncovering-the-secrets-of-one-of-the-amazons-most-mysterious-mammals/
http://www.mongabay.com/2014/07/short-eared-dog-uncovering-the-secrets-of-one-of-the-amazons-most-mysterious-mammals/
http://www.mongabay.com/2014/07/short-eared-dog-uncovering-the-secrets-of-one-of-the-amazons-most-mysterious-mammals/
http://www.mongabay.com/2014/07/short-eared-dog-uncovering-the-secrets-of-one-of-the-amazons-most-mysterious-mammals/
http://www.mongabay.com/2014/07/short-eared-dog-uncovering-the-secrets-of-one-of-the-amazons-most-mysterious-mammals/
http://dx.doi.org/10.1016/j.ecolmodel.2005.03.026
http://dx.doi.org/10.1016/j.ecolmodel.2005.03.026
http://dx.doi.org/10.1111/j.0906-7590.2008.5203.x
http://dx.doi.org/10.1111/j.0906-7590.2008.5203.x
http://dx.doi.org/10.1111/ecog.03049
http://dx.doi.org/10.4322/natcon.2012.032
http://dx.doi.org/10.4322/natcon.2012.032
http://dx.doi.org/10.1126/science.3287615
http://dx.doi.org/10.1111/j.0906-7590.2005.03957.x
http://dx.doi.org/10.1111/j.0906-7590.2005.03957.x
http://www.protectedplanet.net
http://www.protectedplanet.net
http://dx.doi.org/10.1098/rspb.2011.1120
http://dx.doi.org/10.1016/j.biocon.2018.08.027
http://www.globalforestwatch.org
http://dx.doi.org/10.1016/j.biocon.2016.12.012
https://www.R-project.org/
http://dx.doi.org/10.1029/2005JD006355
http://dx.doi.org/10.1038/35041539
http://dx.doi.org/10.1038/35041539
http://dx.doi.org/10.1046/j.1365-2486.2001.00383.x
http://dx.doi.org/10.1046/j.1365-2486.2001.00383.x
http://dx.doi.org/10.1016/S0378-1127(01)00511-4
http://dx.doi.org/10.1016/S0378-1127(01)00511-4
http://www.planalto.gov.br/ccivil_03/_ato2011-2014/2012/lei/l12727.htm
http://www.planalto.gov.br/ccivil_03/_ato2011-2014/2012/lei/l12727.htm
http://www.planalto.gov.br/ccivil_03/_ato2011-2014/2012/lei/l12727.htm
http://www.planalto.gov.br/ccivil_03/_ato2011-2014/2012/lei/l12727.htm
http://dx.doi.org/10.1126/science.1246663
http://dx.doi.org/10.1007/s00267-017-0879-3
http://dx.doi.org/10.1007/s00267-017-0879-3
http://dx.doi.org/10.1111/j.1523-1739.2006.00351.x
http://dx.doi.org/10.1111/j.1523-1739.2006.00351.x
http://dx.doi.org/10.1371/journal.pone.0008273

72.

73.

435-443. (doi:10.1590/50074-0276199400 74.

0300027)
Beisiegel BDM, Lemos FG, De Azevedo FC,
Queirolo D, Jorge RSP. 2013 Avaliagdo do risco

de extingdo do Cachorro-do-mato Cerdocyon 75.

thous (Linnaeus, 1766) no Brasil. Biodiversidade
Bras. 3, 138-145. (doi:10.2307/3503974)
Desbiez A et al. 2013 Plano de agao nacional
para a conservagao da onga-pintada. Instituto
Chico Mendes de Conservagdo da Biodiversidade.
Brasilia, Brazil: ICMBio.

Wang B et al. 2019 Habitat use of the 76.

ocelot (Leopardus pardalis) in Brazilian
Amazon. Ecol. Evol. 9, 5049-5062. (doi:10.
1002/ece3.5005)

Boron V, Deere NJ, Xo P, Link A, Quinones-

querrero A, Payan E, Tzanopoulos J. 2019 71.

Richness, diversity, and factors influencing
occupancy of mammal communities across
human-modified landscapes in Colombia. Biol.
Conserv. 232, 108—116. (doi:10.1016/j.biocon.
2019.01.030)

Michalski F, Peres CA. 2005 Anthropogenic
determinants of primate and carnivore local
extinctions in a fragmented forest landscape of
southern Amazonia. Biol. Conserv. 124,
383-396. (doi:10.1016/j.biocon.2005.01.045)
Rabelo RM, Goncalves JR, Silva FE, Rocha DG,
Canale GR, Bernardo (SS, Boubli JP. 2018
Predicted distribution and habitat loss for the
endangered black-faced black spider monkey
(Ateles chamek) in the Amazon. Oryx (early
view). (doi:10.1017/50030605318000522)

-
~

sos1/JeuInof/6105uiysignd/aposjesos

LLLO6L L DS uadp 0 Y


http://dx.doi.org/10.1590/S0074-02761994000300027
http://dx.doi.org/10.1590/S0074-02761994000300027
http://dx.doi.org/10.2307/3503974
http://dx.doi.org/10.1002/ece3.5005
http://dx.doi.org/10.1002/ece3.5005
http://dx.doi.org/10.1016/j.biocon.2019.01.030
http://dx.doi.org/10.1016/j.biocon.2019.01.030
http://dx.doi.org/10.1016/j.biocon.2005.01.045
http://dx.doi.org/10.1017/s0030605318000522

	Wild dogs at stake: deforestation threatens the only Amazon endemic canid, the short-eared dog (Atelocynus microtis)
	Introduction
	Methods
	Species distribution (regional scale)
	Dataset compilation
	Environmental variables
	Modelling procedures

	Habitat use (local scale)
	Study area
	Camera trap survey and environmental variables
	Modelling procedures


	Results
	Species distribution
	Habitat use


	Discussion
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	Acknowledgements
	References


