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a b s t r a c t
Understanding how roads affect connectivity of wildlife populations is one of the challenges in road ecology. Road avoidance behavior in animals may fragment populations,
whereas lacking of road avoidance behavior in animals presumably result in high mortality
due to wildlife-vehicle collisions. Small mammals are of great interest on account of their
value as indicators of environmental impacts and their key role in ecosystems. Applying
mark-recapture method, we conducted trapping experiment and artificial translocation
to assess how different types of roads affect the small mammals in Mt. Kalamaili Nature
Reserve in northern Xinjiang, China. The results show that of the two small mammal species that were most commonly trapped, the abundance of great gerbils (Rhombomys opimus) increased near unpaved road and decreased at paved road sites, as opposed to
Mongolian five-toed jerboas (Allactaga sibirica); road crossing events of great gerbils were
primarily influenced by the paved road, rather than the unpaved road, in contrast to
Mongolian five-toed jerboas were unaffected by road types (no matter paved- or unpaved
roads). Therefore, our results indicated that great gerbils avoided paved road, while paved
road had no influence on Mongolian five-toed jerboas. The interspecific difference implied
that microhabitat use preferences, life-history strategies and road substrate help to predict
how species responses to barrier of different road types, but traffic volume may have little
effect. However, since higher traffic levels were not coincided with the peak periods for
activity of the nocturnal species, further investigations are needed to be continued.
Ó 2016 Published by Elsevier Ltd.

1. Introduction
Roads, are an essential element in the economic development of humans’ society, whose distribution and development
are of unparalleled large range and high speed compared to other artificial constructions (Forman et al., 2003). Along with
rapid economic growth, road constructions are spreading in a rapid manner nowadays, and even encroach the periphery and
inner part of some nature reserves (Liu et al., 2001; McDonald and St. Clair, 2004b). Thus, roads are a large threat to some
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wild animal populations (Forman et al., 2003). Most studies focus the effects of roads on animal-vehicle collisions and habitat fragmentation if individuals avoid crossing roads as complete or partial barriers (Lodé, 2000; Rondinini and Doncaster,
2002; Jaeger et al., 2005; Barrientos and Bolonio, 2009; Fahrig and Rytwinski, 2009; Porto Peter et al., 2013). Such an avoidance can lead to genetic subdivision of populations or isolated subpopulations, which may, in turn, decrease population persistence by reducing recolonization of empty habitats and/or limiting immigration (Ford and Fahrig, 2008; McGregor et al.,
2008).
Many previous studies were conducted mostly on a single type of road (McDonald and St. Clair, 2004b; Shine et al., 2004;
McGregor et al., 2008; Ruiz Capillas et al., 2013), only a few researchers incorporated more than one road types in their studies (Rondinini and Doncaster, 2002; Whittington et al., 2004). Roads are highly variable, ranging from rarely traveled country
roads to multilane highways with heavy traffic. Correspondingly, the responses of animals to different road types are
expected to be highly variable. To address variation in animal responses to different road attributes and traffic patterns,
Jaeger et al. (2005) incorporated three types of road-specific avoidance: (1) road surface avoidance that animals treat the
road itself as an unnatural object to avoid; (2) noise avoidance, as Jaeger et al. (2005) explains, is the phenomenon as that
traffic emissions (e.g. fumes, light, noise or pollutants) drive animals away from the road; and (3) animals will not approach
or cross roads when vehicles are passing by (called traffic avoidance), until there is traffic break. As for wildlife conservation,
the responses of small mammals to different types of roads require corresponding mitigation strategies. Even so, few studies
have conducted multiple road types to ascertain how animal communities respond to these linear features of the landscape
(Brehme et al., 2013).
As for model species to study the impact of roads on animals, it is relatively difficult to conduct the experiments on large
and medium-sized mammals due to their small population size, loose distribution and random locomotion (Rytwinski and
Fahrig, 2011; Leblond et al., 2013). In contrast, small mammals possess the advantages like short generation, high sensitivity
on environmental changes and feasibility to be captured, making them ideal species for study road impacts on mammals
(McDonald and St. Clair, 2004a,b; Rico et al., 2009; Kuykendall and Keller, 2011; Ruiz Capillas et al., 2013). McDonald and
St. Clair (2004a) hold the point that the researches on the impact of different types of roads on the small mammals can function as reference to other species. Moreover, small mammals are key organisms in the trophic webs and their abundance and
distribution influence the population dynamics of both prey and predators along the roads (Mortelliti and Boitani, 2008; Ruiz
Capillas et al., 2013).
Our study was to determine whether the roads have negative impacts on small mammals and which types of road are
responsible for the abundance and road-crossing behavior of small mammals. We also examined whether animal responses
to roads differed among species with different life-history strategies and whether species’ microhabitat-use preferences
could be used to predict their responses to roads. We hypothesized that different small mammals responded distinctly to
roads of different types. To test this hypothesis, we analyzed density of small mammals and their return rates in different
types of roads (countryside roads, county roads and national highways). Our study quantitatively analyzed the responses
of small mammals to different road types, and provided some scientific advices to resolve the conflict between road engineering projects and wildlife conservation in nature reserve. We hope the results could promote solutions for roads that have
already been built, and to give recommendations for the design of roads and highways under construction. Such researches
are valuable and practical in the field of road ecology.

2. Materials and methods
2.1. Ethics statement
All animals in this study were under animal research protocol IOZ-2006 approved by the Animal Care Committee of the
Institute of Zoology, Chinese Academy of Sciences and cared for these animals in accordance with the principles and guidelines of the Ethics Committee of the Institute of Zoology, Chinese Academy of Sciences and the Chinese Wildlife Management
Authority.

2.2. Study area
Our study area was located in Mt. Kalamaili Nature Reserve, northeastern part of the Dzungarian Basin, Xinjiang, China
(Referred to as KNR thereafter) (Fig. 1). The reserve was established in 1982, with an area of 18,000 km2 (88°300 90°030 E and
44°360 46°000 N). The landscape is predominately the Gobi desert and desert steppe and an arid continental climate is prevalent. Average annual temperature is 2 °C, with an average of 20.5 °C in July and 24.3 °C in January (Xu et al., 2012). Average
annual precipitation is as low as 159.1 mm, with an average annual evaporation of 2090 mm (Chu, 2008). Vegetation cover is
sparse and consists mostly of desert shrubs and dwarf shrubs from the families Chenopodiaceae, Ephedraceae, Tamaricaceae,
and Zygophyllaceae. The most common desert tree is the saxaul Haloxylon ammodendron. Common shrubs are Anabasis salsa,
Atraphaxis frutescens, Calligonum mongolicum, Ceratocarpus arenarius, Ceratoides latens. Species from the genera Sterigmostemum, Alyssum, Scorzonera are common here (Xia et al., 2014). In addition, the reserve also has the rewild Przewalski’s horse
(Equus przewalskii), khulan (Equus hemionus), goitered gazelle (Gazella subgutturosa), the Altai argali (Ovis ammon ammon),
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Fig. 1. The current distribution of three road types in study area.

the grey wolf (Canis lupus), the fox (Vulpes vulpes and V. corsac), and various birds and small mammals (Chu et al., 2009;
Zhang et al., 2015).
In 2002 and 2004, KNR failed to upgrade its protection level due to the ongoing human activities inside the core reserve
areas, many of which areas are fragmented by urbanization, disturbed, or permeated with various types of roads (Xia et al.,
2014). We chose three road types in our field study: (1) 80 km of low-use unpaved muddy or gravel paved roads with an
average width of 8.4 m and traffic volume of 10–40 vehicles/day; (2) a 72-km of low-use, secondary, 2-lane paved road
(county road) with an average width of 10 m and traffic volume of 20–80 vehicles/day; and (3) a heavy-use, primary, 2lane paved national highway (National Highway No. 216) transects KNR with a 172 km length and an average width of
11.6 m and traffic volume of 1260–1940 vehicles/day (Xinjiang Department of Transportation) (Table 1; Figs. 1 and 2).
National highway No. 216 is an important transportation route between Urumqi City and Altay City, and divides KNR into
two parts. The highway No. 216 has become a dangerous barrier to the animals lived in KNR since it was upgraded to a
national highway in 2005 (Xia et al., 2014). Native soil or vegetation extended to the road edge for all road types.
2.3. Experimental design
2.3.1. Trapping experiment
Trapping experiments were conducted to survey the densities of small mammals along each type of road, respectively.
We established 9 trapping sites randomly at 6 km intervals. Each site included a 100 m length of road without culverts. Each
trapping site consisted of three square trapping grids, containing 36 traps at 10 m spacing (six traps were laid on each line)
(Fig. 3a). Two grids were set on the either side of the road (‘roadside grids’) and the third grid (‘interior grid’) was set further
from one side of the road. All grids were set at 30 m intervals. We used baiting trapping steel cages of Tomahawk brand, with
fried peanuts and cooked dried tofu as baits. We checked the trapping during 8:00–10:00 a.m. and 16:00–17:00 p.m. in each
site for continuous 6 days. Captured animals were ear-tagged and released at point of capture.
2.3.2. Artificial translocation experiment
The road-crossing behavior of small mammals was seldom observed (McGregor et al., 2008), except for some special periods like the dispersal after their maturation (Rico et al., 2009; Porto Peter et al., 2013). Therefore, we adopted the method of
artificial translocation to measure the return rate (road crossing event is necessary if they return to the capture point).
We established 18 sites randomly at 2 km intervals for the artificial translocation, standardized in the same rules as trapping experiment. Six experiment sites were set for each road type, and each site included a 200 m length of road without

Table 1
Information of the three types of road in study area.
Types of road

Road structure

Road width (m)

Daily traffic volume (vehicles/day)

Countryside road
County road
National highway No. 216

Gravel paved road; no lane
Paved road covered with asphalt and coal tar; 2-lane
Paved road covered with asphalt and coal tar; 2-lane

8.4
10
11.6

10–40
20–80
1260–1940
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Fig. 2. Three types of road in study area (a) Countryside road. (b) County road. (c) National highway No. 216.

culverts. The condition that the artificial translocation sites were on the same road segments as in the trapping experiment
was avoided. At each site, a square plot was set at the distance of 15 m away along one side of the road, and 36 trapping cages
were evenly distributed in this plot at 10 m intervals (six traps were laid on each line) (Fig. 3b). When we checked the cages,
captured animals were ear-tagged, and put them in nylon net bags, we then translocated them to either of two release points
which were 35 m away from the plot to test. We checked the trapping during 8:00–10:00 a.m. and 16:00–17:00 p.m. at each
site for continuously 6 days after the relocation. When the marked and recaptured individuals were re-captured then they
were re-translocated in another release point different from the previous treatment to enlarge the sample size.
2.3.3. Vegetation cover survey
To determine whether the vegetation affect the density of small mammals, we used three 1 m  1 m quadrats set at 10 m
intervals for systematically sampling vegetation cover at each grid. Digital cameras were used for taking photo of the veg-
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Fig. 3. Illustration of experiment designs: (a) Trapping experiment: one trapping site for the trapping study. (b) Artificial translocation: animals were
trapped and translocated 35 m from the edge of the trapping grid, either across the road or further into the desert steppe.

etation cover over short distance, which is recently considered to be a reliable tool for measuring vegetation cover (White
et al., 2000; Chi et al., 2007). Photoshop 6.0 (Ó1990–2002, Adobe Systems Incorporated) was used to analyze the digital photos and measure vegetation cover of the chosen 1 m2 wood quadrats. The vegetation cover was calculated as below.

C ¼ G=A  100%
where C is percentage of vegetation cover in a quadrat, G is the number of green pixels in the quadrat, representing the area
of plant coverage, and A is the number of total pixels in the quadrat.
2.4. Date analysis
Statistical analyses were conducted using SPSS-20 (SPSS, Inc., Chicago, IL, U.S.A.). We used the independent samples t-test
to compare the densities of small mammals distributed near the road and away from the road. The density of small mammals near the road was calculated with the pooled data from roadside plots along both sides of the roads, and that away from
the road was calculated by the data from the interior plots (Fig. 4). We compared the mean number of animals trapped near
the roads (two roadside grids) among three road types applying one-way ANOVA and multiple comparisons. In the analysis,
we divided the small mammals into diurnal type and nocturnal type.
Moreover, we compared the returns of small mammals translocated across the road to those translocated on the same
side of the road using the t-test of paired samples (Fig. 5). We compared the return rates of animals translocated across
the road among three road types using one-way ANOVA and multiple comparisons.
Similarly, we used the independent samples t-test to compare the vegetation coverage near the road and away from the
road. We compared the vegetation coverage near the roads (two roadside grids) among three road types applying one-way
ANOVA and multiple comparison. Probabilities lower than 0.05 were considered to be significant for all tests.
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Fig. 4. Mean numbers (±SE) of great gerbil and Mongolian five-toed jerboa trapped in roadside grids and interior grids of three road types. Error bars
represented the standard error (SE).

3. Results
Two hundred and sixty-five small mammals constituting six species were trapped in the study, among which great gerbils (Rhombomys opimus) accounted for 30.57% and five-toed jerboas (Allactaga sibirica) accounted for 54.72%. These two
small mammals were major species for the whole experiments. They represent two different time periods of activity,
because the former is diurnal while the latter is nocturnal.
3.1. Trapping study
We captured 70 great gerbils and 100 Mongolian five-toed jerboas in 5832 trap nights, and 36 great gerbils and 53 Mongolian five-toed jerboas were recaptured at least once after their initial capture (51% and 53% recapture rate, respectively). 34
small mammals moved among grids; 22 (9 great gerbils and 13 Mongolian five-toed jerboas) moved between roadside and
interior grids, however, only 12 (4 great gerbils and 8 Mongolian five-toed jerboas) moved between the two roadside grids.
Due to the little number of individuals crossing roads spontaneously, we could not evaluate the impact of road types on the
probability of crossing road movement.
There was no significant difference between the number of animals captured in roadside and interior grids (Fig. 4). Animals trapped in countryside roads had no significant difference between roadside and interior grids (for great gerbils:
t = 0.081, df = 7, P = 0.937; for Mongolian five-toed jerboas: t = 1.033, df = 7, P = 0.336). The two small mammal species
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Fig. 5. Proportion of great gerbil and Mongolian five-toed jerboa returning to capture sites of three road types after being translocated either across a road
or at the same distance further into the desert steppe. Error bars represented the standard error (SE).

studied in county road also had no significant difference between roadside and interior grids (for great gerbils: t = 0.607,
df = 7, P = 0.563; for Mongolian five-toed jerboas: t = 0.602, df = 7, P = 0.566). Moreover, similar results were found in
national highway No. 216 (for great gerbils: t = 0.288, df = 2.335, P = 0.797; for Mongolian five-toed jerboas: t = 0.798,
df = 7, P = 0.451).
However, in the roadside grids along both sides of different roads, great gerbils and Mongolian five-toed jerboas had
shown different distribution patterns. On both sides of the countryside road, the number of great gerbils we captured
was significantly higher than that of Mongolian five-toed jerboas, (t = 2.936, df = 7.283, P = 0.021), while on both sides of
county road and national highway No. 216, the number of great gerbils we captured was significantly lower than that of
Mongolian five-toed jerboas (t = 5.212, df = 10, P = 0.000; t = 4.698, df = 10, P = 0.001).
Moreover, by comparing the abundance we captured on these three types of roads of each species, we found that the
number of great gerbils we captured on the countryside road was significantly higher than that on the county road or
national highway No. 216 (MD = 4.000, SE = 1.287, P = 0.047; MD = 4.000, SE = 1.312, P = 0.047), but no significant difference
existed between the number of great gerbils we captured on county road and national highway No. 216 (MD = 0.000,
SE = 0.624, P = 1.000). As for Mongolian five-toed jerboas, the number of this species on the countryside road was significantly lower than that on the county road or national highway No. 216 (MD = 4.000, SE = 0.767, P = 0.000; MD = 2.667,
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SE = 0.767, P = 0.009), while there was no significant difference between the number of this species on the county road and
national highway No. 216 (MD = 1.333, SE = 0.767, P = 0.224) (See Table 2).
3.2. Translocation study
During the artificial translocation study, we conducted 439 translocations of small mammals, and 302 recaptured events
were recorded. Of those, translocated small mammals were captured across-roads 230 times (123 times for great gerbils;
and 107 times translocations for Mongolian five-toed jerboas), and 136 recaptured events were recorded in this case (60
recaptured events for great gerbils and 76 recaptured events for Mongolian five-toed jerboas); while small mammals captured in same-roadside translocations were 209 times (102 times for great gerbils; 107 times for Mongolian five-toed jerboas), and 166 recaptured events were recorded in this case (86 recaptured events for great gerbils; 80 recaptured events
for Mongolian five-toed jerboas).
There was no significant difference of returning rate for great gerbils translocated on the same side of or across the countryside road (Fig. 5; paired- t test, t = 0.892, df = 5, P = 0.413). However, significantly more great gerbils that translocated on
the same side of the county road returned than those translocated across the county road did (paired- t test, t = 8.576,
df = 5, P = 0.000). Similarly, there was a significantly higher return rate of great gerbils translocated on the same side of
the national highway No. 216 than that of those translocated across the national highway No. 216 (paired- t test,
t = 10.311, df = 5, P = 0.000). There was no significant difference of responses by Mongolian five-toed jerboas between those
translocated on the same side of the roads and across the roads, no matter it was a countryside road, county road or national
highway No. 216 (paired- t test, t = 0.485, df = 5, P = 0.648; paired- t test, t = 0.195, df = 5, P = 0.853; paired- t test,
t = 1.962, df = 5, P = 0.107).
Moreover, great gerbils and Mongolian five-toed jerboas had shown different return rates when they crossed the same
kind of road after being translocated. When it comes to the return rate of crossing the countryside road, great gerbils and
Mongolian five-toed jerboas had no significant differences (t = 1.567, df = 6.587, P = 0.164). However, when crossing the
county road and national highway No. 216, the return rate of great gerbils was significantly lower than that of Mongolian
five-toed jerboas (t = 8.994, df = 10, P = 0.000; t = 10.026, df = 10, P = 0.000).
After comparing the return rates of small mammals translocated across the three road types, we found that great gerbils
had higher return rate across the countryside road than that across the county road and national highway No. 216 (countryside road vs. county road: MD = 0.718, SE = 0.064, P = 0.000; countryside road vs. national highway: MD = 0.783,
SE = 0.064, P = 0.000), though there was no significant difference between the return rates of this species across county road
and national highway No. 216 (MD = 0.065, SE = 0.064, P = 0.583). In contrast, there was no significant difference on the
return rate of Mongolian five-toed jerboas across three different types of roads (F = 0.695, df = 2, P = 0.526) (See Table 2).
3.3. Vegetation coverage
The results of vegetation cover survey on roadside grids and interior grids showed that no significant difference in these
grids of 3 road types. Specific results are as followed: countryside road (t = 1.208, df = 25, P = 0.238); county road (t = 0.005,
df = 25, P = 0.996); national highway No. 216 (t = 0.218, df = 25, P = 0.829). Furthermore, the multi-comparison of vegetation
covers along the roadside among different road types illustrated no significant difference as well (F = 1.504, df = 2, P = 0.237).
4. Discussion
Our results suggest that there were species-specific different responses to three types of road. In our study, great gerbils
showed road avoidance to the paved road, while Mongolian five-toed jerboas displayed edge attraction. Specifically, the
number of great gerbils captured in roadside grids along the country road or national highway (both are paved roads),
and its return rate of crossing the road after being translocated were significantly lower than those captured along the countryside road (unpaved road), while the number of Mongolian five-toed jerboas captured in roadside grids along the country
road or national highway was significantly higher than that along the countryside road, and its return rates of crossing the

Table 2
Comparison of the mean number of animals trapped in roadside grids
and return rate of crossing the road among three road types.

*

Parameter

F

P

(a) Great gerbils
Mean number trapped in roadside grids
Return rate of crossing the road

8.496
90.933

0.011*
0.000*

(b) Mongolian five-toed jerboas
Mean number trapped in roadside grids
Return rate of crossing the road

14.088
0.695

0.000*
0.526

Significant difference at 0.05.
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road after being translocated on 3 road types were relatively constant. The results indicated that the negative effect of road
avoidance of great gerbils creates suitable patches near paved roads for Mongolian five-toed jerboas to recolonize. Goosem
(2002) discovered that the road barrier for one species could result in the increasing population of other species. We think it
is unlikely that the additional width of the county road (1.6 m) or national highway (3.2 m) alone adequately explains their
marked responses to three kinds of roads. Firstly, species-specific habitat preferences may play a role in indicating animal
responses to barriers (Burnett, 1992; McDonald and St. Clair, 2004a). Although these two species both live in open habitat
of desert steppe, great gerbils prefer to move and forage under microhabitats of shrub and sand dune rather than open areas
(Zhou et al., 2000; Smith et al., 2010), in contrast, Mongolian five-toed jerboas are more likely to focus their activities in open
areas (Naumov and Lobachev, 1975; Smith et al., 2010). Previous studies found that roads were more permeable to species
that prefer to forage or bask in open areas of their habitat, rather than live under the cover of shrubs or rocks (Brehme et al.,
2013). That is to say Mongolian five-toed jerboas are more likely to venture out onto the road barriers, as found in this study.
Secondly, the differences in the responses of great gerbils and Mongolian five-toed jerboas probably attribute to some
extent to differences in mobility. This interpretation is consistent with the conclusion that small mammals possessing different movement ability had interspecific differences in road crossing rates, that is, more mobile rodents crossed the roads
more frequently than less mobile ones (Burnett, 1992; Goosem, 2001; Rico et al., 2007). Due to large ears, big eyes, longer
hind legs and higher mobility, Mongolian five-toed jerboas are more capable to defend themselves from predators (Naumov
and Lobachev, 1975; Smith et al., 2010). In contrast, great gerbils hide in specific shelters, in which way it can passively lower
the risk of being preyed (Zhou et al., 2000; Smith et al., 2010). Thus, it is implied that Mongolian five-toed jerboas may perceive the roads as less dangerous than great gerbils for its better anti-predator abilities. Therefore, crossings by Mongolian
five-toed jerboas were unaffected by road types or traffic level.
We had expected a stronger effect of road avoidance in great gerbils than in Mongolian five-toed jerboas, because great
gerbils are diurnal and therefore more exposed to traffic than Mongolian five-toed jerboas, which are nocturnal. Generally,
relatively low levels of vehicular traffic were recorded at night, resulting in minimal penetration of vehicular noise or headlight illumination during that time (Jaeger et al., 2005). Several hours of darkness remained for undisturbed animals to be
attracted by the bait to traps adjacent to the road, restricting the potential for detecting disturbance and edge avoidance
(Goosem, 2002). Our results are consistent with the prediction, which were not confounded by ground vegetation. Dominant
ground vegetation type was similar and percentage of plant cover had no significant difference among three types of roads.
However, since higher traffic levels were not constant throughout the peak periods for activity of nocturnal species, further
investigations are required to determine whether constant nocturnal traffic disturbance may further restrict road crossings
by small mammals and alter community structure adjacent to roads (Goosem, 2002).
In addition, the county road differed from the countryside road with an average additional width of 1.6 m, the material of
road surface, and a slightly increased traffic volume (Table 1). It is unknown which of these factors or combination thereof
resulted in distinct responses of small mammals to the two of roads. However, because of the little difference between the
county road and the national highway (Table 1; 1.6 m difference in road width, pavement with same material, but >30-fold
difference in traffic volumes) for densities of small mammals near roads and return rate after being translocated across
roads, it seems that increased traffic volume did not appear to affect small mammal densities and movements. In consequence, it is likely that road avoidance or edge attraction of small mammals could be attributed to the road pavement.
White-footed mice (Peromyscus leucopus) and eastern chipmunks (Tamias striatus) avoid crossing paved roads regardless
of traffic volume (McGregor et al., 2008). As in a similar study, Goosem (2002) also found little or no effect of traffic amount
on small mammal road-crossing on narrow, dirt, rainforest roads that ranged in traffic amounts. By comparing roads with
different substrates and traffic volumes, our results support the hypothesis that many small mammal species avoid paved
road substrates (Brehme et al., 2013). The reasons for this are not well understood and deserve further study. However,
mammals are particularly sensitive to odors in their environment. Road pavement surfaces, such as asphalt and coal tar, contain complex mixtures of volatile and non-volatile compounds. Even very minute concentrations of smells and chemicals
that mimic pheromones may elicit instinctive behavioral responses in some species (Leinders-Zufall et al., 2000).
However, the avoidance of pavement is not generalizable to all species of small mammals. The yellow-necked mouse
(Apodemus flavicollis) regularly crossed both dirt and paved roads (Rico et al., 2007). In our study, Mongolian five-toed jerboas went out onto both secondary paved road (county road) and primary paved road (national highway No. 216). The
higher than expected permeability of paved road to movements of this bipedal species is consistent with results of a previous
study on the Dulzura kangaroo rat (Dipodomys simulans) (Brehme et al., 2013). Alternately, we would expect negative effects
from high-traffic road on Mongolian five-toed jerboas. Even though traffic volume was lower at night, traffic noise can still
disrupt communication in Mongolian five-toed jerboas and non-avoidance of these roads would very likely result in
increased mortality rates from vehicular traffic (Shier et al., 2012; Brehme et al., 2013). During the field experiment, this species accounted for the majority of dead animals we observed on the national highway No. 216.
As in our results, paved road did not act as a barrier for Mongolian five-toed jerboas, but limited the movements of great
gerbils. If the roads create barriers to the movement of small mammals, this could reduce the likelihood and/or the speed to
recolonize the extirpated patches in the spring and summer (McGregor et al., 2008), since small mammals are known to suffer high overwintering mortality (Haapakoski et al., 2012). Even worse, networks of roads throughout a landscape may divide
habitat into fragments that are too small to sustain some populations over the long term (McGregor et al., 2008; Brehme
et al., 2013). On the other hand, paved roads would be expected to pose the greatest risk of vehicular mortality for the species
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that are more likely to cross roads, due to the use of roads by both animals and vehicles (Seiler, 2003). That, in a sense, avoidance of paved roads may be a beneficial response in that mortality from vehicular traffic is avoided or minimized.
Finally, given the key role of small mammals in trophic webs, its population dynamic can significantly influence the population persistence of other animals at the higher level of the food chain (Hanski et al., 2001; Mortelliti and Boitani, 2008).
Therefore, we suggest suitable approaches for small mammals’ conservation should be established. Barrier fencing and safecrossing structures may reduce the effects of habitat fragmentation for species that avoid roads and reduce road mortality for
species that do not avoid roads (Boarman and Sazaki, 1996; Dodd et al., 2004). Furthermore, a detailed study is needed to
clarify the indirect consequences of roads on the dynamics and structure of the wildlife populations. Our results also support
the suggestion that natural road existence (e.g., countryside road) should be a priority in the conservation (McDonald and St.
Clair, 2004a).
More research is needed to determine whether road response patterns are consistent across other habitats and small animal species, whether microhabitat-use preferences, life-history strategies and road substrate can also help to predict the use
of road-crossing structures, and to further understand the population-level effects of movement-behavior decisions (Fahrig,
2007; Rytwinski and Fahrig, 2012). If generalizations are found, they will help us to identify vulnerable species and potentially detrimental roads within their habitat, to build population and spatial-movement models, and to inform management
decisions and mitigation measures for both studied and unstudied species (Brehme et al., 2013).
5. Conclusion
(1) Microhabitat use preferences, life-history strategies and road substrate helped predict species’ responses to barrier of
different road types, but traffic volume may have little effect.
(2) Our results suggest that there were species-specific different responses to three types of road. Great gerbils showed
road avoidance to the paved road, while Mongolian five-toed jerboas displayed edge attraction.
(3) Small mammals possessing different movement ability had interspecific differences in road crossing rates, that was,
more mobile rodents crossed the roads more frequently than less mobile ones.
(4) Diurnal species may perform stronger road avoidance than nocturnal ones.
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