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b Instituto de Conservaç ão de Animais Silvestres (ICAS), Rua Licuala 622, 79046150, Campo Grande, Mato Grosso do  Sul, Brazil
c Instituto de Pesquisas Ecológicas (IPÊ), Rodovia Dom Pedro I, km 47, 12960-000, Nazaré Paulista, São  Paulo, Brazil
d Royal Zoological Society of Scotland (RZSS), Murrayfield, Edinburgh, EH12 6TS, United Kingdom

h  i g  h  l  i  g  h  t  s

• Few  studies  empirically  estimated

the impact  of  roadkill  on wildlife  pop-

ulations.
• Giant anteaters  inhabiting road vicin-

ity  areas  have  lower  survival  rates.
• 20%  of the anteaters  inhabiting  road

vicinity  areas are  road-killed.
• Roads  are sink  areas for  giant

anteaters.

g r a  p  h  i  c a  l  a b  s  t  r a  c t

a  r t  i  c  l e  i  n f o

Article history:
Received 3 January 2022

Accepted 27 May  2022

Available online 13 July 2022

Keywords:
Population viability analysis

Population persistence

Road ecology

Transportation infrastructures

Myrmecophaga tridactyla

a b  s  t  r a  c t

Human  activity is  depleting  biodiversity,  and road networks are  directly contributing  to this trend due to

roadkill.  Nevertheless,  few studies  empirically  estimated the  impact of roadkill on wildlife populations.

We integrated  information on  roadkill  rates, population  abundance, and  animal movement to estimate

the  survival  rates and  the proportion  of the  population  likely to be  extirpated  due to roadkill, using  giant

anteater  (Myrmecophaga  tridactyla) as  model  species. We  then  assessed the  consequent  implications

of  roadkill  on population persistence  using population viability  analysis  (PVA).  The yearly  survival  rate

of resident  anteaters  inhabiting road vicinity areas (0.78;  CI:  0.62−0.97)  was considerably lower than

for those  living far from  roads  (0.95;  CI:0.86–1.00). The real  number  of  anteaters  being road-killed  is

considerably  higher than  the  one  recorded  in previous studies  (by  a factor  of 2.4),  with  ca. 20% of  the

population  inhabiting  road  vicinity  areas being  road-killed  every  year.  According  to PVA  results,  roadkill

can  greatly affect the persistence  of the giant anteater populations  by reducing  the  growth  rate  down

to  null  or  negative values.  This  study confirms  that  roads  have  significant impacts on local population

persistence.  Such impacts  are  likely  to be common to other  large  mammals,  calling  for  effective mitigation

to reduce roadkill rates.
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Introduction

Billions of animals of various species are killed every year in
wildlife vehicle collisions (WVC), with impressive estimates reach-
ing 2.2 million mammals on Brazilian roads (González-Suárez et al.,
2018)  and 29 million mammals in Europe (Grilo et al., 2020). Vir-
tually all species inhabiting road vicinity areas can be impacted by
WVC, and such pervasive impact is reflected in  the growing number
of roadkill studies across the globe (Barrientos et al., 2021; Schwartz
et al., 2020). However, to date there is still scarce information
regarding the effects of roadkill on wildlife population persistence
(Barrientos et al., 2021), and the key question remains: can the
added mortality from WVC  represent a  threat that may  lead to local
population extinctions?

To correctly assess the impact of WVC  on wildlife population
persistence, one requires a  detailed knowledge of local species
abundance and on roadkill rates (Visintin et al., 2016). However,
compiling such information for the same species has seldom been
achieved (e.g., D’Amico et al., 2015; Santos et al., 2016), preclud-
ing our understanding on the roadkill impact on wildlife species
(Barrientos et al., 2021). Here, we used the giant anteater (Myrme-
cophaga tridactyla) as a  model species to  assess the real impact of
WVC on local populations of a  large-sized mammal. This species
has a body mass of 33 kg, low recruitment, with about one pup
per year (Gaudin et al., 2018), and low densities of <1 in./km2

(Bertassoni et al., 2021), traits that make them particularly vul-
nerable to additional non-natural mortality (Fahrig and Rytwinski,
2009; Rytwinski and Fahrig, 2012). Despite its wide distribution
throughout Central and South America, this species is  listed as “Vul-
nerable to Extinction”, and one of the recognized threats is  being
recurrently involved in WVC  throughout its distribution (Miranda
et al., 2014), namely in the Brazilian state of Mato Grosso do Sul
(Ascensão et al., 2021,  2017).

We integrated and updated different sources of empirical and
bibliographic information on giant anteaters, namely roadkill rates,
local population, and telemetry data. We  aimed to obtain credi-
ble estimates on (i) the probability of survival of giant anteaters
inhabiting road vicinity areas in  comparison to those living far from
roads; and on (ii) the proportion of animals that are annually road-
killed on main roads. We then used this information on population
viability analysis to (iii) assess the consequences of roadkill for
anteater population persistence in road vicinity areas. We  hypoth-
esized that those anteaters living near  paved roads have lower
survival rates, given the high roadkill rates, and consequently a
large proportion of anteaters was expected to be road-killed. Also,
we expected to estimate a  high proportion of individuals that are
annually road-killed, overall having a significant impact on the per-
sistence of anteaters by  lowering their population growth rate, and
consequently their resilience to overcome stochastic events includ-
ing natural catastrophes.

Methods

Study area and datasets

The empirical data analyzed here was collected by the ‘Anteater
& Highways Project’ (www.giantanteater.org), which has been run-
ning for the past six years in  the state of Mato Grosso do Sul (MS),
in the Cerrado biome (savannah) of Brazil. The project has focused
on four highways sections (all two-lane roads, total 1160 km)  and
adjacent areas (Fig. 1A). Traffic volumes of studied roads range
approximately between 600 vehicles per day in MS040 (Fig. 1D;
pers. obs) and 4300 vehicles per day in  BR267 (Fig. 1E) (DNIT, 2020).
In BR262, the traffic volume is ca. 3350 vehicles per day in the
west section (Fig. 1B) and 3850 vehicles per day in  the east sec-

tion (Fig.  1C)  (DNIT, 2020) (see for further details on study area in
Ascensão et al., 2021 and Noonan et al., 2021).

Roadkill rates
Roadkill data has been systematically collected throughout the

four road sections (Fig. 1B–E) (Ascensão et al., 2017, 2019b,  2021).
Here, we  used the dataset from Ascensão et al. (2021). Briefly, road-
kill surveys were carried out by car (40−60 km/h), on the four roads,
searching for road-killed animals on both lanes and shoulders, for
three years, on a  fortnightly basis. A total of 420 survey events were
performed, totaling 84,673 km  of survey effort. During this study,
608 road-killed giant anteaters were recorded, which represented a
mean annual roadkill rate of ∼0.19 in./km/year (raw values) across
surveyed roads. In  parallel with roadkill surveys, the dataset also
has information on carcass persistence experiments, carried out to
estimate the roadkill rate more accurately by accounting for carcass
persistence and detectability bias (Ascensão et al., 2021). Exper-
iments were performed on three of the surveyed road sections,
one with low traffic volume (MS040) and two  with higher traf-
fic volume (BR267 and BR262-east), with daily surveys for 15–30
days (mean 25.9 days). Monitoring ended when the carcass was
not visible or after the survey period (see Ascensão et al., 2021
for further details). The carcasses persistence information from 21
anteaters plus of 96 individuals pertaining to medium and large
mammal  species (including 67 Cerdocyon thous, 21 Hydrochoerus
hydrochaeris, 7 Tapirus terrestris and 1 Mazama gouazoubira) were
used to correct the roadkill rates (see  Ascensão et al., 2021 for more
details on analytical procedures for estimating the number of road
kills).

Animal movement information
Movement data of giant anteaters has been collected for the

past five years (2017–2021) in the vicinity of three of the paved
roads (Fig. 1C–E) (Noonan et al., 2021);  currently totaling 46 adult
wild giant anteaters (25 females and 21 males). In this dataset, four
anteaters (ca. 9%) are known to have dispersed during their track-
ing period, of which two died while dispersing (one road-killed on
a dirt road and one from unknown cause), and the other two  set-
tled in  a new territory after dispersing. Other seven (all resident)
individuals were also road-killed during the tracking period, one of
which inhabited a  territory far from paved roads but was  hit on a
dirt road. Overall, of 46 animals monitored, at least eight (17%) died
due to vehicle collisions, with two collisions occurring on dirt roads
(far from paved roads), and six on paved roads. The anteaters were
tracked on average 395 ± 235 days (range: 46–1089, fixes obtained
every 20 min). All  details about capture and movement data are
provided in Noonan et al. (2021).

Data analyses

Estimating survival rates
We used the GPS-tracking data to estimate giant anteater

survival rates. We considered two  groups of resident anteaters,
distinguishing those anteaters whose centroid of the home range
was  far (>2 km)  from paved roads (G1,  n =  20) and near (<2 km)
paved roads (G2,  n =  24). This distance threshold was selected based
on Noonan et al. (2021),  in  which we observed that animals that
lived >2 km  from a  paved road did not interact with roads over the
course of the tracking period, making it unlikely that they would be
impacted by roadkill. For our calculations, we did not consider the
dispersal periods but included the data of the two  anteaters that
settled in  new territories (1 month after stopping the dispersal).
Previous research showed that there are  no significant differences
in habitat between roadsides or  across roads (Noonan et al., 2021).
Estimates of survival were performed using the Kaplan–Meier esti-
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Fig. 1. Location of the Brazilian state Mato Grosso do  Sul and the main road network (A). Highlighted road sections (thick white lines) indicate the road sections where roadkill

data  has been collected (B–E), and squares indicate where movement data was  collected (C–E), within the research project ‘Anteater and Highways’ (www.giantanteater.org).

Green areas correspond to  native forest patches and yellow areas are mostly pasture areas. In B–E,  the white lines indicate the roads BR-262 (west), BR-262 (east), MS-040,

and  BR-267, respectively. In F  is  shown the  home ranges of 12  anteaters tracked in MS-040 (D). A photo of a release of one collared giant anteater is shown (©A.D.).

mator (Rich et al., 2010)  through the R  package ‘survival’ (Therneau,
2021).

Estimating the proportion of the population being road-killed
To estimate the proportion of the population that is road-killed

annually, we calculated the real number of roadkills and the num-
ber of anteaters inhabiting road vicinity areas.

Estimating the real number of roadkills. In Ascensão et al. (2021),
we provided an estimate of real roadkill numbers corrected for
persistence and detectability biases, using the GENEST framework
(Dalthorp et al., 2018). Therein, we used values for the ‘density
weighted proportion’ (DWP) i.e., the proportion of total mortal-
ity expected to be within the searched corridor area — pavement
and shoulders (ca. 12 m width), ranging between 0.80 and 0.95,
which seemed reasonable according to our  experience in  roadkill
surveys. Here, we  updated these estimates for giant anteater using
less-conservative values for DWP. Based on  our  ongoing movement
data collection, we were able to  obtain new data on the fate of
anteater carcasses location after being hit by  a  vehicle. Three out
of the six confirmed anteaters being tracked that  were road-killed
on paved roads were still able to  move away from the paved road
(up to 100 m),  which represents a DWP of 0.50 (i.e., half of the car-
casses would not be found within the search corridor area). This
data suggests that a larger proportion of anteaters can move away
from the road after colliding with a vehicle on a  paved road. Hence,
we relaxed the DWP  parameter and produced estimates of giant
anteater roadkill rates using a  DWP =  0.50. For comparison pur-
poses, we also calculated the roadkill rates when using DWP =  0.80
(Ascensão et al., 2021).

Estimating the population abundance. To estimate the population
size prone to be affected by roadkill, we needed to  estimate the
population density and to delimit the road vicinity area i.e., the area
in  which resident anteaters were more likely to cross the roads.
For  the population density parameter, we  performed a system-
atic review of the published literature to obtain values for giant
anteater population density. We searched the ISI Web  of  Knowl-
edge and Google Scholar databases, using the search string “ALL
FIELDS: (G̈iant anteaterÖR ¨Myrmecophaga tridactylaÖR T̈amanduá-
bandeiraÖR ¨Tamanduá bandeira)̈ AND ALL FIELDS: (Density OR
Abundance OR Densidade OR Abundância)”, for the timespan
2000−2021. This resulted in  22 scientific articles in ISI Web  of
Knowledge, and ca. 1750 results in Google Scholar from which we
screened the first 10 pages. We  reviewed all abstracts and retained
only studies that provided some measure of giant anteater density.
The reference list of each article was  also checked for other relevant
publications.

We also included our own estimate using the tracking data. The
density estimation was based on the data from one of  the study
areas (MS040), in an area where an effort was made to  attempt
to  capture all resident individuals (Fig. 1F). Therein, there were 12
resident giant anteaters, which home ranges overlapped, arranged
within a  minimum convex polygon of 44.3 km2 area. This repre-
sents ca. 0.3 in.ividuals per km2 (assuming all resident individuals
were captured; see Noonan et al. (2021) for details on calculating
home ranges).

Finally, we estimated the number of anteaters prone to  be
affected by roadkill based on density estimates, using a bandwidth
of 8 km along roads (4 km for each side) as a conservative distance
up to  which resident anteaters were likely to  cross the roads and
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Fig. 2. Survival curves for the three groups of giant anteaters tracked within the

‘Anteater and Highways’ research project (www.giantanteater.org). All anteaters

(n  = 42) were residents throughout the tracking period. G1 — anteaters living far

from  roads (n = 18), G2 — anteaters living near roads (n =  24). Survival was estimated

using  the Kaplan–Meier estimator (Rich et al.,  2010).

be road-killed. This is approximately the longest distance from the
road that we have detected animals being tracked that crossed the
studied roads.

Population viability analysis
We used the Vortex model previously described in  Desbiez et al.

(2020) to assess the impact of roadkill mortality on  population
persistence through Population Viability Analysis (PVA). We  ran
different sets of simulations, varying the initial population size
based on results from previous section (see Results), and the num-
ber of animals removed by roadkill per year (based on estimates
of real number of roadkills using different DWP values). We mod-
eled a total of 14 scenarios: 3 levels of density values (0.2, 0.3,
and 0.4 in./km2), 2 levels of roadkill rates (using DWP  of 0.80 and
0.50) and including/not including catastrophes in  simulations. We
compare the results with the baseline scenario using the minimum
population abundance, with and without catastrophes, but without
harvesting individuals due to roadkill (Supplementary material S1).
All input parameters are shown in Supplementary material S2. We
used the Vortex version 10.5.5 (Lacy and Pollak, 2021)  to generate
the PVA models.

Results

Survival rates

The yearly survival of giant anteaters inhabiting areas far from
the road i.e., with home range centroids distancing >2 km from the
nearest paved road (G1) was estimated to  be 0.95 (CI: 0.86–1.00)
(Fig. 2). For those anteaters inhabiting road vicinity areas (G2),
the estimated survival decreased to  0.78 (0.62−0.97) (Fig. 2). This
suggests that the probability of survival of a  giant anteater is  con-
siderably lower when inhabiting areas close to roads.

Estimating the real number of roadkills

The medians of the estimated real number of collisions involving
anteaters when using DWP  =  0.50 was 1538 (95% CI: 1417–1683),
representing ca. 48 (44–52) anteaters per 100 km per year. For
comparison, the estimates when using DWP  = 0.80 were 965

(894–1046), representing a  roadkill rate of ca. 30 (28–33) anteaters
per 100 km per year. In both cases, estimates were consider-
ably higher than the roadkill rate obtained from raw values
(19 in./100 km/year).

Estimating the population abundance

Seven studies reported population density values or equiva-
lent (Table S3.1 in  Supporting information S3). The density of
giant anteater as found in these studies ranged between 0.1 and
2.9 in./km2.  However, we considered as a reasonable bounding
range the density interval of 0.2−0.4 in./km2 (see our reasoning
in Supporting information S3).  The density of giant anteaters (resi-
dents) inhabiting the vicinity of the surveyed roads would therefore
range between 160 and 320 individuals per 100 km of  roads, when
considering densities of 0.2 to 0.4 in.ividuals per km2,  respectively.
As the median of the estimates across studies in  savanna areas was
0.3 in./km2, which is the same value we found based on the move-
ment data, we considered 0.3  in./km2 to  be the most probable value
of density across the giant anteater distribution range in  savanna
areas.

Combining the roadkill estimates with these abundance esti-
mates, we projected that roadkill is  removing annually ca. 20.0%
(5–95% CI: 18.5–21.9%) of the local population in the vicinity of
the road (considering the roadkill estimates using DWP  =  0.50 and
a population density of 0.3 in.ividuals per km2) (Fig. 3A). The esti-
mates using the range of values of DWP  and density varied between
ca.  9.4% (8.7–10.2%), when using DWP  =  0.8  and density = 0.4;
and 30.0% (27.7–32.9%), when using DWP  = 0.4 and density =  0.2
(Fig. 3A).

Population viability analysis

Regarding the results from PVA, the mean±SD stochastic growth
rate (stoch-r) across the baseline scenario without harvest of indi-
viduals from the population by roadkill and in the absence of
catastrophes was 0.59±0.50. When considering the most likely
density value of 0.3  in.ividuals per km2, and a DWP  =  0.50, we
obtained a mean stoch-r of 0.10±0.50 (Fig. 3B). The different scenar-
ios of the proportion of individuals road-killed and of the resident
population size led to stoch-r raging between -0.50±0.50 when
density is  0.2 in./km2 and DWP  =  0.5, and 0.37±0.44 when density
is 0.4 in./km2 and DWP  =  0.8. In all cases, the stoch-r when con-
sidering roadkill harvesting is considerably lower than the one
in the baseline scenario (Fig. 3B). When including catastrophic
events in simulations, all stoch-r values decreased substantially
together with higher amplitude in the confidence intervals, denot-
ing  a higher vulnerability to  local extinctions as well as a  higher
uncertainty on population trend (Fig. 3B). Importantly, all simula-
tions – even without catastrophes – showed a steady reduction in
population size, except the simulations using population densities
of 0.4 in./km2 and DWP  =  0.80  (Fig. S4.1 in  Supplementary material
S4).

Discussion

Our results suggest that the survival of resident anteaters is  con-
siderably reduced when inhabiting road vicinity areas. Moreover,
we  estimated that ca. 20% of the population inhabiting road vicinity
areas is likely to be extirpated due to  vehicle collisions every year.
Finally, when modeling the viability of anteater populations near
paved roads, we obtained a  significant decrease in the stochastic
growth rate, down to  nearly zero (when using density 0.3 in./km2

and DWP  =  0.5). Therefore, our results clearly support that roads
are sink areas, with populations living in road vicinity areas being
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Fig. 3. Estimates on the proportion of the population road-killed (A) and of the stochastic growth rate ± SD (B) according to different density scenarios (0.2–0.4 in./km2)  and

value  for the parameter DWP  (0.5 and 0.8, for calculating total mortality; see text for details). In (B) the grey areas and dotted lines represent the stochastic growth rate and

SD,  respectively, for the  baseline scenario (using a density of 0.2  in./km2).  In panel A, dots are estimates of median and bars the CI 5-95%. In B), dots are mean values across

VORTEX simulations (n  =  1000) and bars  represent SD.

significantly depleted, requiring the continued recruitment of indi-
viduals from other territories (sources).

With the expected expansion and increasing density of the road
network (Meijer et al., 2018), the cumulative effect of the source-
sink dynamics across the region is  likely to  be  translated into a
significant decrease of animal abundance. Moreover, the habitat
of giant anteaters is  being rapidly reduced in the Cerrado, namely
due to the expansion of soja culture and other cash crops (Green
et al., 2019). This means that the source of areas to replenish pop-
ulations in the vicinity of roads is  also decreasing. Such depletion
impact may  further reduce giant anteater population resilience and
ability to withstand or recover from other anthropogenic threats,
such as fires, impact of pesticides and agrochemicals, conflict with
dogs, persecution by  people or  disease outbreak (Bertassoni et al.,
2019;  Garcia et al., 2021; Miranda et al., 2014). Although we focused
our study on this species, it is  reasonable to assume that a  sim-
ilar pattern may  be found for other medium and large mammals,
known to be highly impacted and vulnerable to  roadkill (Fahrig and
Rytwinski, 2009; Rytwinski and Fahrig, 2012). As such, roads must
be accounted in population and landscape conservation manage-
ment of current and future road networks, aiming to reduce roadkill
throughout the road network.

To the best of our knowledge, the installation of fencing connect-
ing to existing road passages constitutes the single best roadkill
mitigation measures (Denneboom et al., 2021; Rytwinski et al.,
2016),  promoting the safe crossing movement for many species,
including those vulnerable to roadkill and those posing a  risk for
humans when involved in  wildlife-vehicle collisions (Lesbarrères
and Fahrig, 2012). The implementation of road fencing should pri-
oritize sites of higher mortality i.e., hotspots (Spanowicz et al.,
2020). However, for low density and broad distribution range
species, such as anteaters, detecting hotspots of mortality may
not be feasible given the high dispersion of occurrences along
roads (Ascensão et al., 2017). An  alternative approach is to pri-
oritize places that cross areas of greater connectivity i.e., where
animals are more likely to cross the road in  their daily or sea-
sonal displacements (Ascensão et al., 2019a). Such approach has
the advantage of requiring few base information, while being
unaffected by short-term population dynamics that may  shift the
location of concentration of roadkill (Santos et al., 2017; Teixeira
et al., 2017).

To guarantee its effectiveness, fences must be carefully planned
and properly installed, also requiring regular inspection, mainte-
nance, and repair, which will raise the associated costs. Yet, when
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estimating the mitigation costs, one must consider that large ani-
mals represent a  serious a  threat to humans when involved in
collisions with vehicles (Ascensão et al., 2021; Conover, 2019). The
fact that a large proportion of anteaters are probably unnoticed
in roadkill surveys (this study) also implies that the damage in
vehicles and human injuries is also higher. Collisions with large
species represent a serious risk for human safety material dam-
age (Ascensão et al., 2021; Conover, 2019). For example, in Mato
Grosso do Sul, those collisions involving species with the body size
of the giant anteater were estimated to have a  material (vehicle)
cost of ca. US$ 1150 for cars and US$ 530 for trucks. Using the
updated estimates of real roadkill events, the estimated material
cost on vehicles of collisions involving giant anteaters ascends to
US$ 2400 per km/year, significantly higher than the previous worst
estimate (US$ 985 per km/year; following Ascensão et al., 2021).
Hence, investments to  reduce the number of collisions, namely
proper fencing connecting to existing road passages, are likely to
pay off in less than 10 years instead of the previously estimated
16–40 years reported in  Ascensão et al. (2021).

We note that there are still some uncertainties in  our estimates,
namely on the roadkill rates and population abundance. Here, we
relaxed the parameter DWP  from the GENEST, allowing a  higher
number of undetected carcasses to be  accounted when estimating
the total mortality. The proportion of those anteaters being tracked
and for which we know that the cause of death was  roadkill was
considerably high (17%), and it is remarkable that  half of the ani-
mals hit on paved roads were able to move away from the road.
If confirmed, this pattern suggest that the number of road-killed
anteaters is largely underestimated in roadkill surveys. Moreover,
our study did not focused dirt roads. Yet, the road network of dirt
roads is much more widespread in  the range area of giant anteaters,
and several anteaters are likely to  be killed while moving through
them. In fact, recent research demonstrated that anteaters seem
to actively seek for dirt roads for displacements (Versiani et al.,
2021). Hence, the impact of roadkill is  likely to be  much higher than
our estimates indicate. This implies that the conservation planning
of this species must integrate the main actors of the rural sector,
namely those who plan and build new dirt roads. These stakehold-
ers should be informed of the impact of these roads and should be
invited to participate in  conservation planning.

On the other hand, estimating the population abundance is
always challenging to  accomplish and there is  a high uncertain-
ity on the real density of most species, especially when estimates
are made for such large geographic areas. Our bibliographic revi-
sion, together with our own estimate on giant anteater density,
allowed us to bound the most likely density of this species to
0.2–0.4 in./km2. However, an effort should be made to estimate the
density of giant anteaters and other species equally vulnerable to
WVC, as only with this information we  can provide sound estimates
on the impact of roadkill on population persistence (Barrientos
et al., 2021).

Additional research should be carried out to quantify the impact
of roadkill on the persistence of populations for different species
with diverse traits e.g.,  movement behavior or road avoidance, to
ensure that mitigation strategies are effective for a variety of taxo-
nomic groups. Our study serves as an important baseline for large
mammals in Brazil. If a substantial part of the road networks is  not
mitigated, namely in  developing countries, the occurrence of iconic
species such as the giant anteater will no  longer be possible in much
of its range.
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