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Abstract Road-killed mammals, birds, and reptiles were
collected weekly from highways in southern Brazil in 2002
and 2005. The objective was to assess variation in esti-
mates of road-kill impacts on species richness produced by
different sampling efforts, and to provide information to
aid in the experimental design of future sampling. Richness
observed in weekly samples was compared with sampling
for different periods. In each period, the list of road-killed
species was evaluated based on estimates the community
structure derived from weekly samplings, and by the
presence of the ten species most subject to road mortality,
and also of threatened species. Weekly samples were suf-
ficient only for reptiles and mammals, considered sepa-
rately. Richness estimated from the biweekly samples was
equal to that found in the weekly samples, and gave sat-
isfactory results for sampling the most abundant and
threatened species. The ten most affected species showed
constant road-mortality rates, independent of sampling
interval, and also maintained their dominance structure.
Birds required greater sampling effort. When the compo-
sition of road-killed species varies seasonally, it is neces-
sary to take biweekly samples for a minimum of one year.
Weekly or more-frequent sampling for periods longer than
two years is necessary to provide a reliable estimate of total
species richness.
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Introduction

Highways are important for socioeconomic development
(Perz and others 2007). For the maintenance of biodiver-
sity, however, highways have negative effects, involv-
ing habitat fragmentation (Forman and Deblinger 2000;
Soares-Filho and others 2004), hydrological changes (Jones
and others 2000), sound pollution (Reijnen and others
1995), introduction of exotic species (Forman and others
2003), and road accidents (Bager 2003). Road mortality
has been shown to be one of the main causes of biodi-
versity loss of several vertebrate species (Coffin 2007;
Trombulak and Frissell 2000), exceeding other impacts
such as hunting (Forman and Alexander 1998). Other
species are affected indirectly, through changes in rates of
movement (McGregor and others 2008), which may seg-
regate populations and alter their structure.

Studies that monitor highway mortality of the fauna use
different sampling designs. Kleist and others (2007) used
weekly intervals, Gomes and others (2009) and Grilo and
others (2009) used biweekly samplings, Coelho and others
(2008) used monthly intervals, and Smith-Patten and Patten
(2008) used varied and irregular intervals. Other investi-
gators did not report the intervals used (Brockie and others
2009). In Brazil, the majority of studies on highway mor-
tality of the fauna have been descriptive, resulting merely
in lists of species, without any standardization of the
methods used or a clear definition of sampling effort
(Bager and others 2007).

Identification and quantification of the fauna killed on
roads is required by environmental agencies in different
countries, in order to evaluate the impact of highways on
biodiversity. The reliability of estimates of the impact of
highway mortality on the wild fauna is often compro-
mised by limitations of time and financial resources.
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Consequently, critical areas (roadkill hotspots) cannot be
identified; threatened species, which are normally rare, do
not appear on the list of affected species; and costly
apparatuses intended to mitigate roadkill impact are pro-
posed and installed with little effect on conservation.

The aims of the present study were: (1) to test the effect
of different sampling efforts on the estimation of richness
of road-killed species; (2) to evaluate the extent of sam-
pling necessary for reptiles, birds, and mammals; and (3) to
analyze the variation in abundance and composition of the
species that are most often killed on roads, using different
sampling intervals.

Methods
Study Area

Sampling was carried out along 117 km of federal high-
ways (BR 392 and 471) in extreme southern Brazil. The
study area extended from the municipality of Pelotas
(52°20'37" W; 31°47'34" S) to a federally protected area,
the Taim Ecological Station (ESEC Taim) (52°35'42" W;
32°40'36" S) (Fig. 1). The region lies on the coastal plain
of the state of Rio Grande do Sul. The low-relief terrain
contains restingas (coastal dune forests) and extensive
temporarily or permanently flooded areas, together with
fresh- and brackish-water ponds (Carvalho and Rizzo
1994). The climate is subtropical (Cfa; Kéeppen 1948) and
rainfall is evenly distributed throughout the year. Between
January 1991 and July 2002 the mean monthly rainfall was
125 mm, and the mean monthly temperature was 18°C in
the region.

Sampling Design

We monitored the roads weekly from January through
December in the years 2002 and 2005, always in the
direction from Pelotas to the ESEC Taim, at a speed of
50 km/h. The highway is one lane in each direction, which
allows road-killed animals (reptiles, birds, and medium and
large-sized mammals) to be seen over its entire width. The
sample of mammals included species as large as Lutreolina
crassicaudata (~300 g). For birds and reptiles, all the
specimens observed were included in the analyses. Each
animal found was identified, and geographical position
(determined with a GPS) was noted.

Data Analysis
For the analysis of the effect of sampling effort on the

richness of road-killed species, we considered the richness
observed in the weekly monitoring as the maximum
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Fig. 1 Study area between the municipality of Pelotas and the Taim
Ecological Station in southern Brazil

impacted richness. The sampling effort consisted of 35
samples in 2002 and 42 in 2005. We then carried out re-
samplings that used biweekly, monthly, bimonthly, and
seasonal samples. Each resampling resulted from the mean
of ten randomizations. The analysis was done for the years
2002 and 2005 individually, and for both years together.
The analyses of individual years were done in order to
identify temporal changes in the roadkill rates. For annual
samplings we used 24 monitoring events for the biweekly
samplings, 12 for monthly, 6 for bimonthly, and 4 for
seasonal; for the combined years, the number of monitoring
events was doubled. The roadkill rates refer to the number
of road-killed animals per sampling day (number of ani-
mals killed on the 117 km).

Using each day of monitoring as the sampling unit
(Sample-Based), the species accumulation curve was ana-
lyzed using the species richness estimator Chao 1, in the
program EstimateS 7.5 (Colwell 2005), calculating the
estimated richness and the standard deviation for each of
the intervals (Chazdon and others 1998; Colwell and
Coddington 1994). We considered that the sampling effort
of the resamplings was reached when the estimated rich-
ness plus one standard deviation was equal to or greater
than the richness observed by weekly sampling. The
comparison of observed richness between the years 2002
and 2005 was carried out with rarefaction analyses, using
the program Ecosim 7 (Gotelli and Entsminger 2007), with
10,000 iterations and a significance level of 0.05.

For each species, the abundance of road kills in 2002
and 2005 was summed, identifying the 10 most affected
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species in the weekly samples (Reptiles: Helicops infra-
taeniatus—water snake; Trachemys dorbigni—Orbigny’s
slider turtle; Phrynops hilarii—Hilaire’s side-necked turtle;
Philodryas patagoniensis—Patagonia Green Racer; Mam-
mals: Myocastor coypus—Nutria; Didelphis albiventris—
White-eared Opossum; Hydrochaeris hydrochaeris—Cap-
ybara; Conepatus chinga—Molina’s hog-nosed skunk;
Cerdocyon thous—Crab-eating fox, Bird: Chrysomus rufi-
capillus—Chestnut-capped blackbird). These ten species
were analyzed in the different resampling periods, with
respect to (1) the minimum number of samplings that was
necessary so that they would be represented in the affected
community, (2) the percentage of species present, and (3)
the variation in roadkill rates. Using ten resamplings, we
calculated the mean sample number that was necessary for
all ten species to be included in the list of affected species
(1). The percentage of species present (2) was used to
establish which resampling period was capable of identi-
fying all ten species, and which resulted in the absence of
one or more species. When all the species were present in
the ten resamplings, we considered this as 100% success;
the absence of one species from one of the resamplings
represented 90% success; and so on. We evaluated the
existence of variation in the road-mortality rate of each
of the ten species between the different resampling periods
(3) by means of Friedman’s ANOVA, using a signifi-
cance level of 0.05. Complementarily, we assessed the

association of roadkill rate of each of the ten species
between the different sampling intervals with Kendall’s
coefficient of concordance. Both analyses were executed
with Biostat 5.0 (Ayres and others 2007).

We evaluated the presence of the two threatened species
that were affected by road mortality (Leopardus geoffroyi—
Geoffroy’s cat, and Lontra longicaudis—Neotropical River
Otter) in the different resampling intervals, using the same
method of percentage of species present (2). Finally, we
tested the effect of short sampling periods (n = 10 weeks)
on the determination of roadkill rates. We calculated the
mean rate in the first 10 weeks, then we eliminated the first
week and calculated the mean rate between the second and
11th week, and so on until the 35th or 42nd week, for 2002
and 2005 respectively.

Results

Species richness was higher for 2002 than for 2005
(Table 1). The rarefaction curve identified a difference in
richness between the 2 years, and was lower than expected
in 2005 (S. = 76 £ 4). This difference was related to
birds, which in 2002 showed a richness of 53 species but
only 21 in 2005, whereas for reptiles and mammals, rich-
ness was similar between the two years (Table 1).
Observed richness was 56.5% of that estimated by Chao 1,

Table 1 Observed and

. . Days 2002 2005 Both years
estimated numbers of species
for the different sampling years, SObs SEst SD SObs SEst SD SObs SEst SD
classes, and time intervals
All Classes 7 83.0 1490 3297 520 920 2868 920 1115 9.90
15 65.0 752% 763 409  483* 658 715 85.7%  8.88
30 522 729% 1264 334 410 6.78 56.8 682 759
60 37.6 50.2 859 264 355 794 422 540 852
90 26.9 36.2 9.80 226 264 3.89 402 522 832
Reptiles 7 15.0 21.0 721 16.0 17.0 182 220 270 554
15 13.1 143* 189 132 144% 192 159 173 219
30 12.1 144% 295 103 112 143 14.6 163 225
60 10.0 11.8 268 105 137 398 119 145 325
90 8.0 9.6 224 89 10.8 266 108 123 214
Days indicate the time between ~ Birds 7 53.0 111.0 3083 210  87.0 3992 540 66.7 751
samplings. S Obs—observed 15 38.0 48.6% 754 150 197 498 434 51.9% 626
mean richness using 10 30 254 375 912 118 182% 650 342  473% 897
randomizations. S Est—
estimated richness. Values with 60 16.4 26.9 934 79 10.8 3.65 215 285  5.87
asterisk represent estimated 90 13.9 21.2 6.66 8.6 15.2 6.66  20.0 30.8 9.56
righﬂessd"éh;es that reachlfld Mammals 7 15.0 150 000 150 150 048 160 160 025
ODSEIVEC TIChNESS 1 weekly 15 144 145% 023 142 143% 047 153 15.6%  0.85
sampling. Values shown for the
weekly interval (7) are the result 30 13.8 1475 149 136 13.9% 081 147 152%  0.86
of original sampling, and all 60 12.7 13.0 0.86 11.0 11.9 1.69 134 13.7 0.80
others represent resampling of 90 120 134 206 104 111 115 133 140 1.33

the original data
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independently of the year. The lowest sampling success
was obtained for birds, but for mammals, sampling suffi-
ciency was 100% in both years (Table 1).

The richness obtained with weekly samples was reached
in the estimates calculated for biweekly and monthly re-
samplings in 2002, and for biweekly resamplings in 2005.
Similar results were found when the classes were analyzed
separately (Table 1). The combination of the 2 years con-
firmed the necessity for biweekly or monthly samples,
according to the class of animals; however, the richness of
reptiles was not sufficiently estimated in any of the
resampling periods.

The ten species with the highest roadkill rates in the
weekly samples, were also present in all the biweekly and
monthly resamplings, but were absent from some sam-
plings in the other intervals. The distribution of roadkill
rates among the most-affected species remained constant,
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and the pattern identified in the weekly samples was
maintained in all the resampling periods (Fig. 2). This was
more evident in 2002, where the snake H. infrataeniatus
dominated. The only change in the pattern was the absence
of C. thous from the seasonal resamplings. In 2005 the
pattern was repeated, but with changes in the order of the
most-affected species. H. infrataeniatus remained the most
abundant species, except in the bimonthly resamplings,
where it was replaced by D. albiventris. Friedman’s
ANOVA demonstrated that there were no differences in the
roadkill rates of each species in the different resampling
intervals (2002: Fr? (N=29,df =4) =5.207;, P <0.267,
2005: Fr* (N = 10, df = 4) = 2.640; P < 0.620). Ken-
dall’s coefficient of concordance was low, 0.145 and 0.066
for 2002 and 2005, respectively.

Rates of detection of the ten most-affected species varied
significantly between the two years (Table 2). In 2002, all
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Table 2 Analysis of the occurrence of the 10 species most affected by roadkills, and of the threatened species in the years 2002 and 2005 in the

different sampling intervals

Most affected species

50% 75% 100% % Rs L. geoffroyi % Rs L. longicaudis % Rs
2002 Weekly 1 1 3 - 1 - 1 -
Biweekly 1 2 5 100 3 100 4 100
Monthly 2 3 11 100 3 100 6 60
Bimonthly 1 3 5 80 2 70 2 50
Seasonal 1 3 4 50 2 80 2 30
2005 Weekly 1 1 14 - 26 - 6 -
Biweekly 2 3 9 100 4 100 9 90
Monthly 1 2 6 90 2 90 8 70
Bimonthly 1 3 6 30 3 90 4 10
Seasonal 1 2 4 20 2 40 - 0

Numbers represents the number of samples necessary to identify 50 to 100% of the ten species. % Rs indicates the percentage of occurrence in

ten resamplings

the species were identified after three weekly samplings,
whereas in 2005, 14 samplings were necessary. This dif-
ference was related to C. ruficapillus, which was included
after eight samplings of the next-to-last species, H. hydro-
chaeris. C. ruficapillus was the third most-impacted in
2002, but only the tenth in 2005 (Fig. 2). There was also a
difference between years in the percentage of resampling.
In 2002, all ten species were present in 100% of the
biweekly and monthly resamplings, and in 2005 only in the
biweekly samplings. Bimonthly and seasonal samples were
not efficient in either year, with two to eight species absent.

The two threatened species (L. geoffroyi and L. longi-
caudis) showed different results for the resamplings and in
the different years. In 2002, in the weekly samplings, both
species were sampled in the first monitoring event. In 2005,
they were only identified after longer sampling periods
(Table 2). For the resamplings, only the biweekly resam-
pling showed high efficiency in the identification of these
species.

The means for the ten periods of consecutive weekly
samplings demonstrated that short-term sampling can result
in erroneous analyses of the impact of road mortality on
seasonal species (Fig. 3). Pronounced seasonality was
apparent in the roadkill rates of H. infrataeniatus (in sum-
mer and the beginning of autumn) and M. coypus (in the
winter months), and a slight seasonality for D. albiventris.
The roadkill rates of the two species that were most influ-
enced by seasonality were asynchronous in the 2 years.

Discussion

The weekly samplings did not attain sampling sufficiency
in either of the years when all the classes were considered

together, demonstrating that even this sampling effort is
insufficient to identify all of the species affected by road
mortality. The Chao 1 estimator is conservative (Gotelli
2009), and therefore it emphasized the inefficiency of
weekly sampling in evaluations of the entire community.
Weekly sampling was adequate for reptiles and middle and
large-sized mammals, although it was not effective in
sampling all of the bird species. These results reflect the
high richness of bird species in the region, which supports
between 176 and 220 species depending on the area con-
sidered (Dias and Mauricio 1998; Mihler and others 1996).
The observed richness of road-killed avifauna represented
less than one-fourth of the species that occur near the
highways, but the estimated richness indicated that more
than half of the species reported from the region may be
affected.

The total species richness varied between the two
sampling years, and a high proportion of species occurred
in only one of the years. If the samples had been taken only
in 2005, the estimated richness would be 92 species, which
would be an underestimate because the richness observed
in the 2 years was equal to this value and did not reach
sampling sufficiency. This outcome serves as an alert that
the total number of species affected by road mortality can
only be determined with difficulty, and that the curve of
sampling sufficiency will only stabilize after years of
weekly or more-frequent sampling. Esbérard and Bergallo
(2008) stated that an increase in sampling effort reduces the
number of singleton and doubleton species; this was con-
firmed by the significant reduction in the estimated richness
of birds when we analyzed the 2 years together. Sampling
carried out during only one year may increase the pro-
portion of species of low occurrence, because this will
sample seasonal or migratory species that do not repeat in
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subsequent samplings (Gotelli 2009). The effect of
clumped distributions on our analyses must also be con-
sidered, because in this case the rarefaction analyses
inevitably overestimate the expected richness (Gotelli and
Colwell 2001).

Surveys of specific classes require different efforts. For
birds, the biweekly samples resulted in samples that were
similar to those done weekly, but in all cases did not
adequately characterize the estimated bird community. The
effects of highways on the avifauna must be evaluated with
caution and can require intensive monitoring for at least a
year, if the objective is to identify the largest number of
species. However, considering that the percentage of
abundant species is low, the same effort as proposed for the
reptiles results in statistically meaningful data for the road-
killed avifauna. For medium- to large-sized mammals,

which normally have a lower richness and are less influ-
enced by seasonal climate variations (at least in subtropical
and tropical regions) (Caro and others 2000; Coelho and
others 2008; Taylor and Goldingay 2004), year-round
monitoring is not required, and therefore the sampling
effort can be concentrated. The richness of mammals was
little influenced by sampling effort. For the reptiles,
monthly monitoring also resulted in representative sam-
pling of the community affected by road mortality. The
region is dominated by wetlands, and although no popu-
lation studies exist for the majority of the reptile species, it
is known that highways constructed through or near wet-
lands are significant sources of mortality for turtle popu-
lations (Aresco 2003; Ashley and Robinson 1996). Factors
such as recruitment and migration in breeding seasons
increase road mortality of turtles and snakes (Bager 2003;

Fig. 3 Sazonal variation of 0.5
roadkill rates of Helicops (A)
infrataeniatus, Myocastor
coypus, and Didelphis
albiventris in 2002 (a) and 2005
(b). Each point in X-axis is a
mean roadkill rates for the ten
weekly sampling periods
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Bonnet and others 1999). For the ten species that were most
affected by road mortality, two, a reptile and a mammal,
are strongly influenced by seasonality (H. infrataeniatus
and M. coypus). Helicops infrataeniatus shows high rates
of road mortality in its breeding season and when the
young are born (Aguiar and Di-Bernardo 2005). Myocastor
coypus shows the highest road-mortality rates during rainy
periods, when its burrows are flooded and the nutrias must
seek out dry areas on the highway embankments. Probably
different species, whether or not they are significantly
affected by road mortality, have different degrees of sea-
sonal variation in the rates of roadkill, as well as asyn-
chronies that make it necessary to carry out continuous
sampling for at least one annual cycle.

Except in specific cases, measures to mitigate the impact
of roadkills are directed toward the species whose abun-
dances are most affected (Bager 2003), generally medium
and large-sized animals that cause personal and material
harm to humans (Romin and Bissonette 1996), threatened
species (Philcox and others 1999), or a combination of
these (Huijser and others 2009). Species that are rarely
killed on roads, or those that are rare but important for the
maintenance of ecosystem functions, will not appear in the
samples in sufficient numbers to allow identification of
those localities where the incidence of roadkills is highest
(hotspots), and therefore the proper design of mitigation
measures. For the species that are killed in greater num-
bers, biweekly monitoring for one year gave satisfactory
results, similar to the weekly samples. Thus, in the case of
monitoring for the purpose of placing structures to mitigate
highway mortality, we suggest carrying out at least
biweekly sampling. Therefore, sampling design should be
analyzed with care, because of the possible impact on
threatened species with low population densities, where the
loss of even a few animals can severely impact the long-
term maintenance of the population, principally for species
with a long life cycle and low fecundity (Grelle and others
2006). In this study, L. longicaudis and L. geoffroyi were
present in the biweekly and monthly resamplings, and were
incorporated into the list of affected species after different
sampling periods. Conservation of community structure,
and consequently its influence on the maintenance of
ecological processes, has raised questions about the
importance of the identification and inclusion of rare spe-
cies in studies of community structure. The inclusion of
these species requires a more-detailed treatment and con-
sequently a greater sampling effort in time and frequency.
We must distinguish between what is a rare species among
those killed on the road, and a rare species in the com-
munity surrounding the highway. No existing studies have
demonstrated a relationship between these two “rarities”.

Independently of the sampling effort used, none sam-
pling schemes allows evaluation of the impact of road

mortality on the populations of the species that inhabit the
areas surrounding the highway. Species that are abundant
but that are highly sensitive to effects such as noise,
fragmentation, and alteration of the vegetation structure,
are only occasionally impacted (Fahrig and Rytwinski
2009; Jaeger and others 2005). In this context, the lack of
data on the abundance of the species in the surrounding
area makes it difficult to evaluate the impact of a highway
on the populations and communities affected. Future
studies must give priority to analyses of the selectivity of
road mortality, in order to increase the effectiveness of
their conservation proposals when the objective is to
maintain ecological processes.

Conclusions

Defining an appropriate sampling effort is fundamental in
order adequately to represent the richness of road-killed
species. The sampling design must consider the specific
objective of the proposed study (e.g., total richness, most-
affected species, specific classes). In the case of monitoring
studies focusing on the total vertebrate richness, including
reptiles, birds, and mammals, the minimum effort must
involve weekly or more-frequent samples, for periods
longer than 1 year. In regions with pronounced environ-
mental seasonality, the priority is biweekly samplings for a
period of at least 1 year. When the objective is the iden-
tification of the most-affected species, biweekly monitoring
for 1 year is sufficient.
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