
Global Ecology and Conservation 38 (2022) e02207

Available online 24 June 2022
2351-9894/© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Impacts of linear transport infrastructure on terrestrial vertebrate 
species and conservation in China 

Yun Wang a,d,*,1, Jiapeng Qu b,d,1, Yongshun Han c, Lixia Du e, Mingyue Wang a,c, 
Yangang Yang a, Guanghua Cao a, Shuangcheng Tao a, Yaping Kong a,** 

a Research Center for Environment Protection and Water and Soil Conservation, China Academy of Transportation Sciences, Beijing 100029, China 
b Key Laboratory of Adaptation and Evolution of Plateau Biota, Northwest Institute of Plateau Biology, Chinese Academy of Sciences, Xining 810008, 
China 
c Hunan University of Science and Technology, Xiangtan 411201, China 
d Qinghai Province Key Laboratory of Animal Ecological Genomics, Xining 810008, China 
e World Wide Fund for Nature Beijing Office, Beijing 100037, China   

A R T I C L E  I N F O   

Keywords: 
Roadkill 
Barrier effect 
Road-effect zone 
Wildlife crossing structure 
Road ecology 

A B S T R A C T   

Two strategic documents issued by the Chinese Central Government projected that, by the mid- 
21st century, the linear transport infrastructure (LTI) network of China will rank at the fore-
front of ecological and sustainable transport networks globally. With this goal, it is urgent to 
summarize existing research, benchmark international research levels, and propose development 
directions and strategies for terrestrial vertebrate species protection around LTI in China. In this 
study, we searched for peer-reviewed papers before 2020 in both Chinese and international da-
tabases. A total of 170 academic articles were collected. Most focused on roads, but some focused 
on railways, of which the Qinghai-Tibet Railway occupied half. The most researched taxa were 
mammals, including the Tibetan antelope (Pantholops hodgsonii), Siberian tiger (Panthera tigris), 
and Asian elephant (Elephas maximus), the number of bird research papers was less than half that 
of mammal research papers, and fewer amphibian and reptile studies. The impact of LTI on 
wildlife was classified to habitat effects, roadkill, behavioral influences, and barrier effects. 
Wildlife preservation efforts included wildlife and habitat surveys, route selection, subgrade and 
pavement design, and the design and monitoring of wildlife crossing structures. Studies were 
concentrated in five zoogeographical regions, i.e., the Qinghai-Tibet, South China, Central China, 
Northeast China, and Southwest China regions. Conservation suggestions, knowledge gaps, and 
future research directions for China were identified through comparisons with the state of in-
ternational research. These focal priorities will help guide the development of road ecology in 
China. Multi-disciplinary, cross-departmental, and national level research is necessary. Based on 
this review, a national data integration platform should be established and efforts to cooperate 
with international research teams to mitigate the adverse effects of LTI should be made.   
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1. Introduction 

The biodiversity of China is one of greatest in the world. China has 673 mammal, 1372 bird, 408 amphibian, and 461 reptile 
species, representing about 12 %, 13 %, 4 %, and 4.5 % of their respective groups worldwide, among which 150 mammal, 77 bird, 272 
amphibian, and 143 reptile species are endemic to China (Jiang et al., 2016). However, the biodiversity of China is also one of the most 
threatened in the world (Liu et al., 2003). Some of the most critical threats facing the natural ecosystems of China are habitat loss and 
fragmentation caused by linear transport infrastructure (LTI) (Zang et al., 2016). 

By the end of 2018, more than 5,280,700 km of highways had been built in China, with 117,000 km national expressways and 
40,000 km high-speed railways (Ministry of Transport of China, 2022). Based on current plans, the lengths of high-speed railways and 
expressway will reach 70,000 km and 160,000 km by 2035, respectively (Xinhua News Agency, 2021). Thus, it is necessary to study the 
effects of LTI on biodiversity. 

Biodiversity loss is a global problem commonly linked to habitat degradation and fragmentation (Laurance, 2018; Hilty et al., 
2020). LTI is a primary driving force behind habitat degradation and fragmentation (Ibisch et al., 2016). Global road networks have 
reached over 29 million km and have fragmented the terrestrial ecosystems into around 600,000 patches, more than half of which are 
under 1 km2, which poses serious challenges to ecosystem integrity and wildlife (Ibisch et al., 2016). Road networks are ubiquitous, 83 
% of US land areas is < 1 km from roads and 50 % of Europe land areas is < 1.5 km from roads (Riitters et al., 2003; Torres et al., 2016). 
LTI has had some positive effects, such as creating habitats and promoting movement in certain animals; however, its negative impacts 
are much greater (Forman et al., 2003; Van der Ree et al., 2015). Besides habitat loss, degradation, and fragmentation, LTI can result in 
roadkill, barrier effects, population endangerment, and extinction. China is still in the preliminary stages of researching how wildlife 
are affected by and interact with LTI (Chen et al., 2017). With the initiation of major national construction projects, such as 
Qinghai-Tibet Railway, Simao-Xiaomengyang Expressway, and Beijing-Xinjiang Expressway, the protection of rare and endangered 
species like the Tibetan antelope (Pantholops hodgsonii), Asian elephant (Elephas maximus), and Giant panda (Ailuropoda melanoleuca) 
has attracted global attention (Wang et al., 2019a). 

In 2019 and 2021, the Chinese central government issued two strategic documents regarding national transportation planning, 
entitled “Strategy on High-Level Transport Development” and “Layout of Comprehensive National Transport Network”, that prioritize 
the protection of wildlife in the design and construction of LTI (Xinhua News Agency, 2021). The documents project that, by the 
mid-21st century, the LTI network of China will rank at the forefront of ecological and sustainable transport networks worldwide. 

As the largest infrastructure project in the world, China’s Belt and Road Initiative (BRI) will cross terrestrial and marine biodi-
versity hotspots which contain over 4138 animal species, which means that studies on the impacts of LTI on wildlife and effective 
countermeasures are urgently needed (Lechner et al., 2018; Hugher, 2019). In January 2022, guidelines on ecological protection of 
foreign infrastructure construction and investment was issued by the Chinese government, which indicated that Chinese enterprises 
should adopt international standards or much stricter standards to protect ecological environments during infrastructure construction, 
which includes roads and railways (Ministry of Ecology and Environment of China, 2022). 

To best identify the priorities of research going forward, it is necessary to first summarize the existing research, benchmark in-
ternational research levels, and propose future development directions and strategies for wildlife protection regarding LTI in China. 
Therefore, in this paper, we summarized the research on the impacts of LTI on terrestrial vertebrate species and the existing protection 
measures in China, then identified research gaps through comparisons with developed western countries, and finally we identified the 
most promising developmental directions for China. 

2. Materials and methods 

2.1. Literature review 

We retrieved peer-reviewed papers from both Chinese and international databases, including China National Knowledge Infra-
structure (CNKI), Springer, Elsevier, Wiley-Blackwell, and the Web of Science. The search deadline was 2020. We specifically searched 
for the following words in keywords and titles: (“Road” OR “Highway” OR “Expressway” OR ”Railway”) AND (“Wildlife” OR 
“Vertebrate” OR “Mammal” OR “Bird” OR “Amphibian” OR “Reptile”) AND (“道路”或者“公路”或者“高速公路”或者“铁路”和“野生动 
物”或者“脊椎动物”或者“兽类”或者“鸟类”或者“两栖类”或者“爬行类”). We only searched for research conducted in areas located 
within in China, including China mainland, Taiwan, Hongkong, and Macau. In addition, we checked the references of all peer- 
reviewed papers to add any papers that might have been missed during our search, especially for certain species. 

2.2. Impact of linear transport infrastructure on terrestrial vertebrate species 

After reviewing the existing research in China, the impacts of LTI on wildlife were analyzed in terms of habitat, roadkill, behavioral 
activity, and barrier effects. Wildlife preservation efforts included: wildlife and habitat surveys, route selection, subgrade and pave-
ment design, and design and monitoring of wildlife crossing structures (WCS). According to China’s zoogeographical regionalization 
based on terrestrial vertebrates, China can be divided into 7 regions: Northeast China, North China, Neimenggu-Xinjiang, Qinghai- 
Tibet, South China, Central China, and Southwest China (He and Gao, 2018). In this paper, we described the impacts of LTI on ver-
tebrates and related preservation approaches in terms of zoogeographical regions. 
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3. Results 

3.1. Research and preservation efforts on the effects of LTI on terrestrial vertebrate species 

A total of 170 papers were retrieved, including 54 papers in English and 116 papers in Chinese. The earliest paper was published in 
2003, the annual number of papers published in Chinese was significantly higher than that of English papers, except in 2011 (Fig. 1; 
Appendix-1). Overall, published research on the effects of LTI on animals has been increasing since 2003. 

In terms of China’s zoogeographical regions, the published papers focused on the Qinghai-Tibet region most (43), followed by 
South China (26), Central China (24), Northeast China (19), Southwest China (18), and finally North China with the least (4) (Fig. 2; 
Appendix-2). 

In terms of LTI focus, 139 of the papers focused on roads, 41 papers focused on railways, and 17 papers considered both roads and 
railways. Among the 41 studies involving the railways, the Qinghai-Tibet Railway made up more than half (23 articles). 

The research taxa included mammals, birds, reptiles, and amphibians. There were 126 papers related to mammals, which included 
endangered and rare species such as the Tibetan antelope, Siberian tiger (Panthera tigris), and Asian elephant. There were 56 bird 
papers and fewer amphibian and reptile papers, 37 and 30, respectively. 

3.2. Impacts of linear transport infrastructure on terrestrial vertebrate species 

3.2.1. Habitat effect 
Chinese road networks have caused extensive loss and fragmentation of ecosystems, and around 18.37 % of the national land area 

is affected by LTI. The area affected by substandard roads (rural roads with traffic volume < 100 vehicle/day) was largest (Li et al., 
2004). LTI and urbanization has led to landscape fragmentation, and some eastern Chinese provinces and bio-geographic zones have 
become highly fragmented, while the landscape integrity of western provinces and bio-geographic zones are relatively well preserved 
(Li et al., 2010). In Xishuangbanna in Yunnan Province of South China, landscape connectivity levels decreased after road construction 
and species with lower dispersal abilities were more affected by the subsequent habitat fragmentation (Liu et al., 2014). 

Many publications have evaluated the impacts of road networks on habitats of rare and endangered species, including the Asian 
elephant, snow leopard (Panthera uncia), Amur leopard (Panthera pardus orientalis), Amur tiger (or Siberian tiger), North Chinese 
leopard (Panthera pardus japonensis), Cabot’s tragopan (Tragopan caboti), Przewalski’s gazelle (Procapra przewalskii), black snub-nosed 
monkey (Rhinopithecus bieti), crested ibis (Nipponia nippon), sable (Martes zibellina), and giant panda (Ailuropoda melanoleuca) (Zhang 
et al., 2015; Kang et al., 2015, 2020; Liu et al., 2017; Zheng, 2018; Jiang et al., 2014; Li et al., 2014; Celine et al., 2015; Xing et al., 

Fig. 1. Number of publications on research in China by year.  
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2019; Yang et al., 2012; Xiao et al., 2019). From these studies it could be seen that the snow leopard, Cabot’s tragopan, and Prze-
walski’s gazelle are seriously affected by habitat fragmentation (Zhang et al., 2015). 

3.2.2. Roadkill 
Studies on roadkill in China have generally been concentrated in three areas, Changbai Mountain in Northeast China, Ruogai 

wetland in Qinghai-Tibet, and Taiwan in South China. In addition, several studies were scattered in Yunnan, Xinjiang, and other 
locations. 

In the Changbai Mountain area, from 2008 to 2012, 3475 vertebrates (belonging to 59 species) were killed by traffic on 80 km road, 
with a roadkill rate that averaged 61.6 individuals per 100 km, of which amphibians had the highest mortality (2996 individuals) 
(Wang et al., 2013a,b). Of mammal roadkill, 69.4% occurred on roads with load of 1–40 vehicles/h, and the highest roadkill happened 
on roads with loads of 30–40 vehicles/h (Piao et al., 2012). Bird roadkill was associated with bird flying height and positively 
correlated with roadside abundances (Piao et al., 2016). 

In the Ruoige wetland, many amphibians were killed by road traffic, with the highest mortality occurring in April (Zhang et al., 
2018). The roadkill hot-spots occurred close to breeding waters and road mortality was significantly associated with traffic volume at 
night (Zhang et al., 2018). The proportion of wetland within 1000–2000 m of highways was strongly associated with the road mor-
tality of three amphibian species (Dai and Wang, 2011). 

Taiwan has one of the largest roadkill databases based on citizen science in the world, the Taiwan Roadkill Observation Network 
(TaiRON) (Hsu et al., 2018; Yue et al., 2018). Based on the TaiRON data, one study quantified taxonomic, seasonal, and temporal 
trends in roadkill, and revealed that snakes were the most common animals killed by road traffic (35 %), and 26 % of snake roadkill 
were protected species (Chyn et al., 2019). In Taiwan, risks of roadkill for venomous, semiaquatic and aquatic snakes, turtles were 
highest in montane regions, coastal lowlands, southwestern coast, and central areas, respectively (Chyn et al., 2019). Roadkill pro-
jection models integrating this data performed well across ecological levels and spatial scales, which can be applied anywhere with 
sufficient roadkill and environmental data and is scalable to address the ecological question of interest (Lin et al., 2019). 

A scattering of studies were conducted across other parts of China. For instance, 5 Przewalski’s horses (Equus ferus) were killed by 
traffic along the G216 over 3 months in the Kalamaili National Nature Reserve of Xinjiang (Zhang et al., 2008). Asian elephants crossed 

Fig. 2. Map showing zoogeographical regions in China and number of associated publications.  
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the Sixiao expressway 44 times over 7 months after the expressway started operating, leading to 2 accidents (Pan et al., 2009). 

3.2.3. Impacts of linear transport infrastructure on animal behavior and activity 
LTI affects wildlife behavior and activity rhythms. Road traffic has been shown to affect bird behaviors, for instance, the retreat 

behavior of thrushes was affected by traffic noise (Liu et al., 2018). In the Three Parallel Rivers of the Yunnan Protected Areas of 
Southwest China, there were significant correlations between noise at the road shoulder up to 100 m from the roadside, speed and size 
of vehicles, and behavioral reactions of birds (Wang et al., 2012). The behavioral reactions of the black-necked crane were correlated 
with vertical distance from highways (Wang et al., 2011). In Hainan Province of South China, the nesting of scaly-breasted munias in 
trees lining an arterial road was identified as a potential anti-predation strategy (Zhou et al., 2020). The behavior of black-faced 
spoonbills in the Taipa-Coloane Wetland Reserve in Macao did not appear to be affected by traffic noise (Zhang et al., 2012). In 
the Qinghai-Tibet region, both alert and flush distances significantly decreased with increasing human disturbance, and larger species 
had longer alert times and flush distances along the Qinghai-Tibet railway (Ge et al., 2011). 

Road traffic has also been shown to affect mammal behavior. In the Shennongjia National Nature Reserve of Hubei Province in 
Central China, the diurnal activities of the tufted deer and goral changed significantly with proximity to tourist roads; while tourist 
roads had no effects on sika deer or boar (Li et al., 2015). Roads had negative effects on seed-dispersal function of rodents, which could 
ultimately cause profound changes in the structure of plant communities (Chen et al., 2019a, 2019b). In the Qinghai-Tibet region, 
highways around Qinghai Lake caused the abnormal variation in the diurnal activity of Przewalski’s gazelle, which tended to keep 
away from the highway when the traffic flow was high (Li et al., 2009). By comparing differences in behavioral time budgets before 
and after the operation of Qinghai-Tibet railway, it was seen that male Tibetan antelopes were initially affected by the Qinghai-Tibet 
railway, but gradually adapted to its presence (Miao et al., 2020). 

Roads also affected amphibian behavior. In the Northeast China region, for example, Chinese brown frogs (Rana chensinensis) 
demonstrated a clear tendency to cross culverts, while the Asiatic toad (Bufo gargarizans) tended to avoid culvert passages, and both 
species tended to cross culverts more frequently if they connected water bodies or had higher vegetation cover at the entrance (Lan 
et al., 2020). 

3.2.4. Barrier effect 
Following habitat loss and degradation LTI can act as barriers to wildlife movement, causing fragmentation, in addition to directly 

causing roadkill and altering animal behavior. Barrier effects can be assessed by field investigations involving infrared cameras, GPS 
telemetry collars, DNA analyses, and GIS. The barrier effects of LTI have been observed in a variety of rare and endangered species, 
including snow leopard, Siberian tiger, Siberian leopard, North Chinese leopard, black-necked crane (Grus nigricollis), Tibetan ante-
lope, and Asian elephant, among others. The consequences of the barrier effects include reduced number of movement corridors, 
increased migration time/route distance, intensified human and animal conflict, restricted breeding pools, formation of road-effect 
zones, etc. 

In the Qinghai-Tibet region, the Qinghai-Tibet highway and railway delayed the migration of Tibetan antelope, which potentially 
led to increased mortality of offspring and increased spread of disease (Buho et al., 2011). Delays may also be species specific, the time 
taken by Tibetan antelope to cross the road (156 s) was higher than the Tibetan gazelle (Procapra picticaudata) (28 s) and kiang (Equus 
kiang) (18 s) (Yin et al., 2006, 2007). The WCS across the Qinghai-Tibet railway was built at a non-optimal location that requires an 
86 km detour off the optimal migration route (Xu et al., 2019). The Qinghai-Tibet highway and railway also have barrier effects on 
mammals which restrict genetic exchange, leading to genetic differentiation (Zhou et al., 2006; Yu et al., 2017). 

In the Central China region, the gene flow among giant panda populations was blocked by the G108 in Sichuan province (Zhu et al., 
2011). In the South China region, the Sixiao Expressway reduced the number of Asian elephant crossing corridors from 28 to 23 and the 
Kunman expressway blocked some of the herd’s migration corridors (Pan et al., 2009). Asian elephants were also affected by barriers 
due to road traffic, and 82 % of human-elephant conflicts occurred along roads (Huang et al., 2019). In the Northeast China region, 
roads had negative effects on the distributions of Siberian tigers and their prey (Li et al., 2017). 

Highways have been shown to act as relatively significant barriers towards ungulates such as kiang, Tibetan gazelle, and red deer 
(Cervus canadensis), among others (Zhou, 2014; Wang et al., 2020). The main factors that determine the degree of the barrier effects 
were: highway grade (Zhang et al., 2016; Feng et al., 2013), traffic volume (Yin et al., 2006; Zhang et al., 2016), location of WCS (Buho 
et al., 2011; Xu et al., 2019), distance between LTI (Wang et al., 2017a), etc. In addition, artificial disturbances along the roadside, 
including road construction and land use changes, can affect wildlife movement. 

The ‘road-effect zone’ is defined as the area of the adjacent landscape into which the ecological effects of roads and traffic extend 
(Forman and Deblinger, 2000). Identifying the road-effect zone is important to better understand the conflicts between LTI and wildlife 
(Forman and Alexander, 1998). Road-effect zones vary considerably among different wildlife species, and can range from 50 to 5000 m 
in China. However, road-effect studies have mainly focused on mammals and birds, with very few studies on amphibians and reptiles 
(Appendix-3). 

Some wildlife are highly adaptable or tolerant to barrier effects. For example, Mongolian five-toed jerboas displayed edge 
attraction along roads in the Mt. Kalamaili Nature Reserve (Ji et al., 2017) and the Gonghe-YuShu expressway has had trivial effects on 
lynx (Lynx lynx) (Wang et al., 2020). Along the Qinghai-Tibet railway, Tibetan antelope gradually became adapted to the WCS and 
retention time before crossing the WCS was reduced over time (Bu et al., 2013). The secondary highway in Changbai mountain area 
had no obvious impact on large and medium-sized animals, and the Siberian weasel (Mustela sibirica) even preferred to move close to 
the roadside (Wang et al., 2010, 2016). 
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3.3. Wildlife conservation and linear transport infrastructure 

3.3.1. Wildlife and habitat survey 
The distributions of wildlife, habitats, migration, or movement corridors along LTI are fundamental to proposals of various pro-

tection measures (Li et al., 2010). In the Central China region, when selecting the optimal giant panda corridors, key indicators such as 
habitat features, topography, construction cost, and feasibility were considered. Two optimal positions for a giant panda corridor were 
identified along the 306 km provincial highway in Sichuan Province (Gong et al., 2014). Using line and belt transect methods, surface 
water surveys, sign-tracking investigations, MaxEnt models, Linkage Mapper models, etc., hot-spots and movement corridors of 
wildlife were identified (Wu et al., 2020; Guan et al., 2020; Zhang et al., 2019; Wang et al., 2014; Zheng et al., 2017; Lian et al., 2012a, 
2012b; Liang et al., 2016; Wu et al., 2020). This provided guidance for optimizing the locations of WCS. Similarly, in Xishuangbanna in 
the South China region, seven potential corridors were identified that linked different nature reserves, which should be considered 
stepping-stones for elephant movement and genetic communication (Liu et al., 2017). 

3.3.2. Route selection 
From the perspective of route selection, avoiding wildlife habitat is always the best solution, and Chinese engineers do endeavor to 

avoid wildlife habitats when designing routes (Chen et al., 2017). For example, newly built highways should avoid black-necked crane 
habitats by at least 135 m (Wang et al., 2011), new expressways should avoid existing highways and railways by at least 1500 m to 
mitigate disturbance to ungulates on the Tibetan plateau (Wang et al., 2017a). The new concept of “habitat cost” was proposed to 
quantify the impacts of road construction on wildlife habitats to ensure that the requirements of the habitat are considered during 

Fig. 3. Several typical monitoring pictures of wildlife crossing structure demonstration projects. a. Siberian Tiger approaching a culvert in Tiger and 
Leopard National Park, Northeast China; b. Pallas’ cat using a culvert along G7 expressway, Neimenggu-Xinjiang region; c. Asian elephant using the 
habitat on top of the tunnel along Sixiao expressway, South China; d. Tibetan antelopes crossing under a bridge along Qinghai-Tibet highway, 
Qinghai-Tibet region. 
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route design and selection process (Gong et al., 2014). 

3.3.3. Subgrade and pavement design 
The impacts of LTI on wildlife can be reduced by optimizing the design of the subgrade and pavement, which can take many 

different forms. For example, in the Qinghai-Tibet region, minimizing pavement width has been shown to benefit amphibians in the 
Zoige wetland (Gu et al., 2011). Similarly, reducing the slope of highways facilitated safe crossing of the Qinghai-Tibet highway by 
Tibetan antelope (Wu et al., 2009). In the Central China region, noise reduction pavements are widely used to reduce the impact of 
road traffic noise on birds in the East Dongting Lake National Nature Reserve (Dong et al., 2008). In giant panda habitats, the bridge 
and tunnel ratios of highways can be increased to retain more habitat integrity (D. Wang et al., 2013). In the South China region, 
minimizing pavement widths and limiting vehicle speeds have reduced the impacts of traffic on movement of Francois’s langur 
(Trachypithecus francoisi) (Dong et al., 2018). In addition, building roadside ditch walls with gradients < 45◦ effectively facilitated the 
escape of amphibians in XiKeng reservoir (Zhang et al., 2010) and Changbai Mountain area in Northeast China region (Wang et al., 
2019b). 

3.3.4. Design of wildlife crossing structures 
Most WCSs are built for mammals, and relatively few for birds, amphibians, and reptiles (Appendix-4). Most WCSs are underpasses 

and few are overpasses (traffic tunnels) or canopy crossings. The design of WCS for mammals must consider location, type, density, 
size, attractive habitat, and auxiliary facilities (Zhang et al., 2019; Wang et al., 2018; Han, 2014). China has designed many WCS in 
different areas, including in the Qinghai-Tibet region (Wu et al., 2009), Changbai Mountain in Northeast China (Wang et al., 2017b), 
tropical forests in South China (Pan et al., 2009), dry and semi-arid areas in Neimenggu-Xinjiang (Zhang et al., 2019), among others. 
These WCSs facilitate the movement of animals and connect habitats for endemic and endangered species, including Asian elephants, 
giant panda, Tibetan antelope, etc. 

The design of WCS for amphibians should consider location, attractive habitat (small-scale pond groups and migration corridors), 
utilities for protecting migration corridors (fences, structures for easy entry and exit, alert signs), and evaluations of efficiency (Wang 
et al., 2017c). The first amphibian crossing structure was established in the Northeast China region (Wang et al., 2017c). 

The attractiveness of habitats can be determined based on vegetation, water bodies, terrain, and available micro-habitats. 
Attractive habitats can be used to entice wildlife across WCS and prevent wildlife from entering paved areas and being killed by 
vehicles. Attractive habitats are mainly designed for mammals and amphibians, such as the giant panda (D. Wang et al., 2013), Rhesus 
macaque (Macaca mulatta) (Zhou, 2014; Li et al., 2019), Chinese brown frog, Asiatic toad (Z.C. Wang et al., 2017), etc. Cases of 
attractive habitat design and implementation are rare in China, and consequently, effective evaluations are lacking. 

Auxiliary facilities include alert signs (Zheng et al., 2017; Zhou, 2014; Li et al., 2019), speed reduction belts (Xing et al., 2019; 
Zhou, 2014; Zheng et al., 2017; Luo et al., 2015), noise reduction measures (Zheng et al., 2017; Wang et al., 2018; Dong et al., 2008), 
shading measures (Wang et al., 2018), bird roadkill prevention structures (Zhou, 2014; Zhao, 2019), traffic flow control (Piao et al., 
2016; Gu et al., 2011), tourist behavior control structures (Wang et al., 2013a), road closures (Jiang et al., 2014), etc. As the costs of 
these measures are relatively low, they have been widely utilized on road crossings in nature reserves, however, there have been very 
few studies evaluating their effectiveness. 

3.3.5. Monitoring wildlife crossing structures 
At the time of this review, there were 19 active WCS demonstration projects in 7 zoogeographical regions, but only 8 projects were 

being monitored (Appendix-4; Fig. 3). At the monitored WCS projects, monitoring time ranged from 14 days to 5 years. The monitoring 
methods included infrared cameras, snow tracking methods, and on-site observation, among others. Often, rare and endangered 
species such as the Tibetan antelope, Siberian tiger, and crested ibis were monitored specifically. 

In the Qinghai-Tibet region, thirty-three WCSs have been established along the Qinghai-Tibet railway. The Tibetan antelopes have 
adapted well to the WCS. The utilization rate of the WCS reached 100 % in 2007, and the lingering and detention times while crossing 
the WCS have become shorter (Li et al., 2008; Yang and Xia, 2008). Tibetan antelope, kiang, and Tibetan gazelle have become 
accustomed to using small bridges to cross railways (Zhang et al., 2009). Canine predators prefer small bridges and culverts, while 
herbivores prefer large and middle-sized bridges (Wang et al., 2020; Feng et al., 2013). 

In the Central China region, WCS are used by takin (Budorcas bedfordi), Chinese serow (Capricornis milneedwardsi), Reeve’s muntjac 
(Muntiacus reevesi), and wild boar (Sus scrofa). The takin and Chinese serow tend to choose stone-substrate WCS, Reeve’s muntjac 
prefer soil-based WCS, and wild boar had no obvious preference based on WCS substrate (Zhang et al., 2016). The ratio between 
crossing over and under a railway bridge was about 7:3 for crested ibises, while egrets (Ardea alba) were more likely to cross the 
railway below the bridge (Hu et al., 2020). 

In the South China region, twenty-five Asian elephant corridors are continuously monitored along the Simao-Xiaomengyang 
expressway where it passes through the Xishuangbanna National Nature Reserve. The corridor utilization rate was only 44 % at the 
beginning of expressway operation, but the utilization rate reached 72 % after 10 years of operation, and the elephants exhibited 
preference for the corridors that overlapped with their original migration routes (Pan et al., 2009; Guan et al., 2020). 

In the Northeast China region, thirteen medium and large animal species have been observed to cross highways using tunnels, 
bridges, and culverts. The utilization rates of bridges and culverts were 88 % and 44.2 %, respectively. Vegetation type, human 
interference, and size of WCS all significantly impacted utilization (Wang et al., 2013a, 2017b). Siberian tiger tracks were found above 
the highway tunnel in Changbai Mountain, indicating that the highway tunnel was benefiting the tigers (Jiang et al., 2014). 

In the Neimenggu-Xinjiang region, at least 5 species of mammals and 14 species of birds were actively using WCS along the Beijing- 
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Xinjiang expressway, including wildcat (Felis silvestris) and Pallas’ cat (Otocolobus manul). Based on the utilization rates of mammals 
and birds, bridges were superior to culverts. Furthermore, water and vegetation played important roles in guiding the movement of 
wildlife through the WCS (Li et al., 2019). 

4. Discussion 

4.1. Lack of research on the impact of LTI on terrestrial vertebrate species 

Although research on the impacts of LTI on wildlife has been carried out in different regions of China, compared to international 
efforts, large knowledge gaps still exist. 1) Although LTI has been shown to greatly impact rare and endangered species (Xiao et al., 
2019), comprehensive studies on the impact of LTI on populations, behaviors, and movements of animals are lacking. 2) The impact of 
roadkill on wildlife cannot be assessed at the national level because existing roadkill data are only available in scattered datasets that 
cover short time periods and small areas. Global assessments of vulnerability of mammals to roadkill are needed to guide roadkill 
related research (Grilo et al., 2021). 3) DNA methods and GPS collars are scarcely used in China, thus the barrier effects of LTI on 
wildlife are generally not evaluated satisfactorily. 4) The dynamics and mechanisms of changes in animal behavior caused by LTI are 
rarely studied. 5) Few studies have systematically and comprehensively considered the habitat, roadkill, behavioral, and barrier effect 
impacts of LTI. Furthermore, the cumulative effects of LTI on wildlife populations are unclear. 

4.2. Efficiency of wildlife preservation measures in LTI are largely unknown 

Though there are studies on the wildlife protection measures surrounding LTI in China, they are scattered across various provinces 
and are generally more geared toward qualitative analyses rather than quantitative. There are several specific protection methods that 
need to be further researched and reassessed. 1) Routes are selected to avoid crossing nature reserves according to legal requirements, 
but wildlife are often active outside their reserves because suitable habitats may be located outside of the reserves; so it is insufficient to 
only consider reserves. Furthermore, route selection does not fully consider wildlife habitat connectivity in terms of road network 
layout. Based on the latest international work, the unimpeded movement of species and the flow of natural processes are vital to 
sustaining biodiversity. Ecological connectivity is endorsed by the Convention on Migratory Species, and is a hot topic in road ecology 
research (Hilty et al., 2020). 2) Few studies have focused on the design of WCS for amphibians and reptiles and case studies of canopy 
crossings and overpasses are lacking. 3) At present, efforts to monitor WCS have been insufficient, with too few monitoring sam-
ples/sites, short monitoring times, few monitored species, and a lack of studies at the genetic level. Long-term monitoring is widely 
conducted in North America and Europe (Clevenger et al., 2009; Bhardwaj et al., 2020) and is vital to scientific evaluations of the 
effectiveness of WCS (Clevenger and Huijser, 2011). 4) With the development of natural protection systems in China, there is a lack of 
comprehensive research regarding wildlife conservation surrounding LTI (Wang et al., 2019a). These knowledge gaps make it difficult 
to enact specific conservation strategies based on specific conservation needs. 5) There is no published standard code for wildlife 
protection regarding LTI at the national level in China. Road ecology related guidelines have been published in many countries 
worldwide, and China should study successful experiences and compile its own standard code to guide LTI construction going forward. 

4.3. Future research direction 

China should carry out comprehensive, multi-disciplinary, cross-departmental research at the national level. This can be achieved 
by establishing a unified national data integration platform and actively integrating it into international research platforms. 

4.3.1. Fundamental research 
New technologies such as DNA barcoding and GPS collars can facilitate the systematic exploration of the impacts of LTI on wildlife 

at both macro and micro levels. These technologies enable the robust evaluation of habitat fragmentation, the characterization of 
typical wildlife movement and identification of wildlife corridors and movement bottlenecks, the description of road-effect zones and 
their dynamics. In addition, using citizen science to collect roadkill data and construct a national roadkill monitoring platform should 
be an important developmental direction. The knowledge provided by these technologies will help us comprehensively evaluate the 
impact of LTI on wildlife at different scales. 

4.3.2. Preservation measures 
At the route selection and road network level, road network density and spatial structures should be designed around habitat 

connectivity. At the highway design level, new technologies (e.g., GPS collars) should be used to identify wildlife movement corridors 
to guild site selection for WCS. Special research is required regarding WCS, especially amphibian and reptile WCS, canopy crossings, 
and overpasses. Nationwide continuous monitoring programs of WCS should be established to ensure long-term studies with large 
sample sizes and multiple species. Furthermore, other engineered measures designed to protect wildlife (drainage ditches, fence, etc.) 
and attractive habitats should be continuously monitored to determine their effectiveness. Furthermore, gene-level evaluations are 
required to further improve scientific assessments of WCS and ensure they comprehensively characterize the state of animal pop-
ulations affected by roads. 
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4.3.3. Project demonstration 
Most existing WCS were designed to be multi-functional, and specialized WCS are rare. As China starts to construct canopy 

crossings and overpasses, as well as underpasses, it is necessary to build prototype projects of different types of WCS so that their 
effectiveness can be evaluated and optimized. This will allow different types of WCS to be applied strategically to optimize their 
effectiveness and address the needs of natural populations of various scales and compositions. 

4.3.4. Standard specification 
At present, the existing standards and norms regarding wildlife preservation requirements for LTI are set in principle, but specific 

technical requirements and parameter specifications are lacking. Referring to China’s zoogeographical regionalization based on 
terrestrial vertebrates, a variety of WCS designs along with monitoring guides should be established in each region, and the design 
parameters should be clarified with designs that are specialized for regional needs. These efforts will help guide customized wildlife 
protection efforts around LTI in each unique region. Finally, standardized specifications for WCS design and monitoring at the national 
level can be established to ensure that programs nationwide are comparable. 

5. Conclusion 

Although road ecology is relatively new in China, more and more research is being conducted. Synchronously, many kilometers of 
green LTIs will soon be constructed in China. Recently, the Second United Nations Global Sustainable Transport Conference was held in 
Beijing, and the Chinese government issued the “Report on Sustainable Transport in China”, wherein road ecology was an important 
focus. Road ecology will be an important research sector in China as its LTI rapidly expands. In this paper, we provide conservation 
suggestions and directions for future research to best develop road ecology research in China. Furthermore, these suggestions and 
directions, if followed, will contribute to the development of environmental-friendly LTI along BRI corridors in the future. 
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threats from roadkill in the global road network. Glob. Ecol. Biogeogr. 30, 2200–2210. 
Gu, H.J., Dai, Q., Wang, Q., Wang, Y.Z., 2011. Factors contributing to amphibian road mortality in a wetland. Curr. Zool. 57, 768–774. 
Guan, L., Wang, Y., Chen, B., Wang, J., Xu, J.J., Zheng, H.M., Zhao, K., 2020. Activity rhythm of Asian elephants at wild elephant valley section of Simao- 

Xiaomengyang expressway. Transp. Res. 6, 52–59. 
Han, L.H., 2014. Research on how to set up wildlife crossings across railway in the Gobi desert region. Railw. Stand. Des. 58, 63–67. 
He, J.K., Gao, E.H., 2018. Ecological and Geographical Zoning of Terrestrial Wildlife in China. China Science Publishing & Media Ltd. 
Hilty, J., Worboys, G.L., Keeley, A., Woodley, S., Lausche, B., Locke, H., Carr, M., Pulsford, I., Pittock, J., White, J.W., Theobald, D.M., Levine, J., Reuling, M., 

Watson, J.E.M., Ament, R., Tabor, G.M., 2020. Guidelines for conserving connectivity through ecological networks and corridors. Best Practice Protected Area 
Guidelines Series No. 30. IUCN, Gland, Switzerland.  

Hsu, C.H., Lin, T.E., Fang, W.T., Liu, C.C., 2018. Taiwan roadkill observation network: an example of a community of practice contributing to Taiwanese 
environmental literacy for sustainability. Sustainability 10, 3610. 

Hu, H., Tang, J.Q., Wang, Y., Zhang, H.F., Lin, Y.C., Su, L.N., Liu, Y., Zhang, W., Wang, C., Wu, D., 2020. Evaluating bird collision risk of a high-speed railway for the 
crested ibis. Transp. Res. Part D: Transp. Environ. 87, 102533. 

Huang, C., Li, X.Y., Khanal, L., Jiang, X.L., 2019. Habitat suitability and connectivity inform a co-management policy of protected area network for Asian elephants in 
China. PeerJ 7. 

Hugher, A.C., 2019. Understanding and minimizing environmental impacts of the Belt and Road Initiative. Conserv. Biol. 33, 883–894. 
Ibisch, P.L., Hoffmann, M.T., Kreft, S., Pe’er, G., Kati, V., Biber-Freudenberger, L., DellaSala, D.A., Vale, M.M., Hobson, P.R., Selva, N., 2016. A global map of roadless 

areas and their conservation status. Science 354, 1423–1427. 
Ji, S.N., Jiang, Z.G., Li, L.L., Li, C.W., Zhang, Y.J., Ren, S.E., Ping, X.G., Cui, S.P., Chu, H.J., 2017. Impact of different road types on small mammals in Mt. Kalamaili 

Nature Reserve. Transp. Res. Part D 50, 223–233. 
Jiang, G.S., Sun, H.Y., Lang, J.M., Yang, L.J., Li, C., Lyet, A., Long, B., Miquelle, D.G., Zhang, C.Z., Aramilev, S., 2014. Effects of environmental and anthropogenic 

drivers on Amur tiger distribution in northeastern China. Ecol. Res. 29, 801–813. 
Jiang, Z.G., Li, L.L., Luo, Z.H., Tang, S.H., Li, C.W., Hu, H.J., Ma, Y., Wu, Y., Wang, Y.X., Zhou, K.Y., 2016. Evaluating the status of China’s mammals and analyzing 

their causes of endangerment through the red list assessment. Biodivers. Sci. 24, 552–567. 
Kang, D.W., Wang, R., Yang, H.W., Duan, L.J., Li, J.Q., 2015. Habitat use by giant pandas (Ailuropoda melanoleuca) in relation to roads in the Wanglang Nature 

Reserve, People’s Republic of China. Can. J. Zool. 93, 155-155.  
Kang, D.W., Zhao, Z.J., Chen, X.Y., Lin, Y.C., Wang, X.R., Li, J.Q., 2020. Evaluating the effects of roads on giant panda habitat at two scales in a typical nature reserve. 

Sci. Total Environ. 710. 
Lan, J.Y., Wang, Y., Guan, L., Wang, Y., Guan, L., Zhou, H.P., Kong, Y.P., 2020. Experimental study on the crossing behavior of highway culverts by amphibians in 

Changbai Mountain. Asian Herpetol. Res. 45, 95–98. 
Laurance, W., 2018. If you can’t build well, then build nothing at all. Nature 563, 295–296. 
Lechner, A.M., Chan, F., Campos-Arceiz A, K.S., 2018. Biodiversity conservation should be a core value of China’s Belt and Road Initiative. Nat. Ecol. Evol. 2, 

408–409. 
Li, C.W., Jiang, Z.G., Feng, Z.J., Xiaoboyang, Yang, J., Chen, L.W., 2009. Effects of highway traffic on diurnal activity of the critically endangered Przewalski’s gazelle. 

Wildl. Res. 36, 379–385. 
Li, J., Cong, J., Liu, X., Zhou, Y.Y., Wang, X.L., Li, G.L., Li, D.Q., 2015. Effect of tourist roads on mammal activity in Shennongjia National Nature Reserve based on the 

trap technique of infrared cameras. Chin. J. Ecol. 34, 2195–2200. 
Li, S.C., Xu, Y.Q., Qiao, F.Z., Wang, L., 2004. Statistical analysis of the relationship between China’s road network and ecosystem fragmentation. Progress Geogr. 23, 

78–85. 
Li, T., Shilling, F., Thorne, J., Li, F., Schott, H., Boynton, R., Berry, A.M., 2010. Fragmentation of China’s landscape by roads and urban areas. Landsc. Ecol. 25, 

839–853. 
Li, Y.T., Liu, L.M., Wang, Z.X., Liang, J., 2019. Design and application of macaque animal passage for Hechi-Baise expressway. Front. Environ. Prot. 6, 171–174. 
Li, Y.Z., Zhou, T.J., Jiang, H.B., 2008. Utilization effect of wildlife passages in Golmud-Lhasa section of Qinghai-Tibet railway. China Railw. Sci. 29, 127–131. 
Li, Z.L., Kang, A.L., Gu, J.Y., Xue, Y.G., Ren, Y., Zhu, Z.W., Liu, P.Q., Ma, J.Z., Jiang, G.S., 2017. Effects of human disturbance on vegetation, prey and Amur tigers in 

Hunchun Nature Reserve, China. Ecol. Model. 353, 28–36. 
Li, Y.H., Wu, W., Xiong, Z.P., Hu, Y.M., Chang, Y., Xiao, D.N., 2014. Effects of forest roads on habitat pattern for sables in Da Hinggan Mountains, Northeasten China. 

Chin. Geogr. Sci. 24, 587–598. 
Lian, X.M., Li, X.X., Xu, T., 2012a. Avoidance distances of four ungulates from roads in Kekexili and related protection suggestions. Chin. J. Ecol. 31, 81–86. 
Lian, X.M., Li, X.X., Zhou, D.X., Yan, P.S., 2012b. Avoidance distance from Qinghai-Tibet Highway in sympatric Tibetan antelope and gazelle. Transp. Res. Part D- 

Transp. Environ. 17, 585–587. 
Liang, J.C., Ding, Z.F., Xiao, R.B., Zhou, J.J., Hu, H.J., 2016. Location design of wildlife corridors based on animal movement path identification: a case study of the 

Wuhan-Shenzhen Highway. Acta Ecol. Sin. 36, 8145–8153. 
Lin, Y.P., Anthony, J., Lin, W.C., Lien, W.Y., Petway, J.R., Lin, T.E., 2019. Spatiotemporal identification of roadkill probability and systematic conservation planning. 

Landsc. Ecol. 34, 717–735. 
Liu, G., Liu, F.B., Lu, S.W., 2018. The quantitative relationship between road traffic noise and retreat rate of thrush. Chin. J. Ecol. 37, 3685–3690. 
Liu, J.G., Ouyang, Z.Y., Pimm, S.L., Raven, P.H., Wang, X.K., Miao, H., Han, N.Y., 2003. Protecting China’s biodiversity. Science 300, 1240–1241. 
Liu, S.L., Dong, Y.H., Cheng, F.Y., Zhang, Y.Q., Hou, X.Y., Dong, S.K., Coxixo, A., 2017. Effects of road network on Asian elephant habitat and connectivity between 

the nature reserves in Xishuangbanna, Southwest China. J. Nat. Conserv. 38, 11–20. 
Liu, S.L., Deng, L., Chen, L.D., Li, J.R., Dong, S.K., Zhao, H.D., 2014. Landscape network approach to assess ecological impacts of road projects on biological 

conservation. Chin. Geogr. Sci. 24, 5–14. 
Luo, Y.M., Piao, Z.J., Wang, Z.C., Wang, C., Zhui, Y.C., 2015. Road around water environment habitat selection analysis of amphibians during breeding season in 

Changbai Mountains. Sichuan J. Zool. 559–564. 

Y. Wang et al.                                                                                                                                                                                                          

http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref10
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref10
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref11
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref12
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref12
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref13
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref13
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref14
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref15
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref16
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref17
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref17
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref18
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref19
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref19
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref20
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref20
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref21
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref22
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref22
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref23
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref24
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref25
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref25
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref25
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref26
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref26
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref27
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref27
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref28
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref28
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref29
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref30
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref30
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref31
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref31
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref32
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref32
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref33
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref33
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref34
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref34
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref35
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref35
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref36
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref36
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref37
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref38
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref38
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref39
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref39
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref40
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref40
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref41
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref41
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref42
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref42
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref43
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref44
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref45
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref45
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref46
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref46
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref47
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref48
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref48
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref49
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref49
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref50
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref50
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref51
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref52
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref53
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref53
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref54
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref54
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref55
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref55


Global Ecology and Conservation 38 (2022) e02207

11

Miao, Z.Y., Wu, T., Chen, J.P., Wang, D., Li, H.Q., Lian, X.M., 2020. Effect of the Qinghai-Tibet Railway on diurnal behavioural time budgets in male Tibetan 
antelopes. Acta Theriol. Sin. 40, 135–142. 

Ministry of Transport of China, 2022. 〈https://xxgk.mot.gov.cn/2020/jigou/zhghs/202205/t20220524_3656659.html〉. 
Ministy of Ecology and Environment of China, 2022. 〈https://www.mee.gov.cn/xxgk2018/xxgk/xxgk05/202201/t20220110_966571.html〉. 
Pan, W., Lin, L., Luo, A., Zhang, L., 2009. Corridor use by Asian elephants. Integr. Zool. 4, 220–231. 
Piao, Z.J., Jin, Y.H., Li, S.L., Wang, C., Piao, J.H., Luo, Y.M., Wang, Z.C., Zhui, Y.C., 2012. Mammal mortality caused by highways in the Changbai Mountain National 

Nature Reserve of Jilin Province. China Acta Theriol. Sin. 32, 124–129. 
Piao, Z.J., Wang, Y., Wang, C., Wang, Z.C., Luo, Y.M., Jin, Y.H., Sui, Y.C., 2016. Preliminary report of bird road kills in the Changbai Mountain Nature Reserve in 

China. North-West. J. Zool. 12, 178–183. 
Riitters, K.H., Wickham, J.D., 2003. How far to the nearest road? Front. Ecol. Environ. 1, 125–129. 
Torres, A., Jaeger, J.A.G., Alonso, J.C., 2016. Assessing large-scale wildlife responses to human infrastructure development. Proc. Natl. Acad. Sci., vol. 113, pp. 

8472–7. 
Van, D.R.R., S.D, J., Clara, G., 2015. Handbook of Road Ecology. John Wiley & Sons. 
Wang, D., Li, J.C., Gao, M.Y., 2013. Ecological restoration techniques in Qinling area along Beijing to Kunming Highway. Highway 189–193. 
Wang, Y., Guan, L., Chen, X.P., Li, Q.L., Feng, R., Jiang, R., Kong, Y.P., 2012. The effects of Liuku-Pianma highway operation on bird behaviors in the Three Paralled 

Rivers of Yunnan Protected areas. Sichuan J. Zool. 31 (1), 158–164. 
Wang, Y., Guan, L., Chen, J.D., Kong, Y.P., Lang, S., Shah, A., 2017a. The overlapping impact of Qinghai-Tibet highway and railway on ungulates. Pak. J. Zool. 49, 

1507–1510. 
Wang, Y., Guan, L., Piao, Z.J., Wang, Z.C., Kong, Y.P., 2017b. Monitoring wildlife crossing structures along highways in Changbai Mountain, China. Transp. Res. Part 

D: Transp. Environ. 50, 119–128. 
Wang, Y., Guan, L., Piao, Z.J., Kong, Y.P., 2016. Barrier effect of ring Changbai Mountain Scenic Highway on middle and large sized mammals. Chin. J. Ecol. 35, 

2152–2158. 
Wang, Y., Guan, L., Yang, Y.G., Zhou, H.P., Wang, Y.D., Cao, G.H., Kong, Y.P., 2019. A review of highway wildlife crossing structures. Transp. Res. 5, 79–87. 
Wang, Y., Guan, L., Zhou, H.P., Chen, X.P., Kong, Y.P., 2020. Protection to wildlife along Xingxinghai Nature Reserve Section of Gonghe-Yushu Expressway. Highw. 

Eng. 45, 88–91. 
Wang, Y., Guan, L., Zhou, H.P., Wang, Y.D., Kong, Y.P., 2018. Research on the setting method of highway mammal passage. Highway 4, 253–257. 
Wang, Y., Lan, J.Y., Zhou, H.P., Guan, L., Wang, Y.D., Han, Y.S., Qu, J.P., Shah, S.A., Kong, Y., 2019. Investigating the effectiveness of road-related mitigation 

measures under semi-controlled conditions: a case study on Asian amphibians. Asian Herpetol. Res. 10, 62–68. 
Wang, Y., Li, Q.L., Guan, l, Fang, Jiang, R, R., 2011. Effect of traffic noise around Napahai wetland highway on birds. Chin. J. Zool. 46, 65–72. 
Wang, Y., Piao, Z.J., Guan, L., Kong, Y.P., 2013. Influence of ring Changbai Mountain Scenic Highway on wildlife. Chin. J. Ecol. 32, 425–435. 
Wang, Y., Piao, Z.J., Guan, L., Kong, Y.P., 2014. A review for methods of studying road wildlife ecology. Sichuan J. Zool. 33, 778. 
Wang, Y., Piao, Z.J., Li, Q.L., Kong, Y.P., Chen, J.D., Liu, L., Zhao, S.Y., 2010. Research on yellow weasels’ road side activities along Changbaishan mountain tourist 

highway in Jilin Province. Sichuan J. Zool. 29, 66–169. 
Wang, Y., Piao, Z.J., Guan, L., Wang, X.Y., Kong, Y.P., Chen, J.D., 2013. Road mortalities of vertebrate species on Ring Changbai Mountain Scenic Highway, Jilin 

Province, China. North-West. J. Zool. 9, 399–409. 
Wang, Y., Zhou, H.P., Wang, Y.D., Guan, L., Kong, Y.P., 2017c. Methods of designing amphibian corridors crossing highway. Transp. Res. 3, 16–21. 
Wang, Z.C., Chen, Q.H., Wang, C., Luo, Y.M., Sui, Y.C., Piao, Z.J., 2017. Influence of water area of roadside on Rana chensinensis breed. J. Beihua Univ. 18, 30–33. 
Wu, X.M., Gao, M.Z., Li, Q.L., Gu, M.C., Zhang, H.F., Ji, Z., 2009. Behavioral adaptation and protection of Tibetan antelope migration on Qinghai Tibet Highway. 

Transp. Constr. Manag. 9, 113–116. 
Wu, M., Chen, J., Zhao, C.C., Zhai, R., Su, Y.Q., Zheng, J.X., 2020. Site selection of animal passage on Quanzhou-Sanming expressway: a case study of Neofelis 

nebulosa. Acta Ecol. Sin. 40, 2360–2366. 
Xu, Wenjing, Huang, Qiongyu, Stabach, Jared, Buho, Hoshino, Leimgruber, Peter, 2019. Railway underpass location affects migration distance in Tibetan antelope 

(Pantholops hodgsonii) 14 (2), e0211798. https://doi.org/10.1371/journal.pone.0211798. 
Xiao, L.Y., Cheng, C., Wan, H.W., Zhang, D.H., Wang, Y.C., Tsedan, Hou, P., Li, J., Yang, X., Lü, Z., 2019. Defining conservation priority areas of snow leopard habitat 

in the Sanjiangyuan Region. Biodivers. Sci. 27, 943–950. 
Xinhua News Agency, 2021. 〈http://www.gov.cn/zhengce/2021-02/24/content_5588654.htm〉. 
Xing, W.Z., Xiao, W., Hai, Z.Q., Ming, H.C., Lian, H.H., Bao, W.J., Pan, N.D., Tao, L.Y., 2019. The influence of road barrier on Trachypithecus leucocephalus migration. 

J. West China For. Sci. 48, 41–47. 
Yang, L.M., Qi, Z., Qi, H.W., Fang, L., 2012. Geomatics-based analysis of landscape security pattern for wild animals in eastern suburb of Nanjing city–a case study of 

Hydropotes inermis. J. Southwest For. Univ. 32, 70–75. 
Yang, Q.S., Lin, X., 2008. Tibetan wildlife is getting used to the railway. Nature 452, 810–811. 
Yin, B.F., Huai, H.Y., Zhang, Y.L., Zhou, L., Wei, W.H., 2006. Influence of Qinghai-Tibetan railway and highway on wild animal’ s activity. Acta Ecol. Sin. 26, 

3917–3923. 
Yin, B.F., Yu, Z.Y., Yang, S.M., Huai, H.Y., Zhang, Y.L., Wei, W.H., 2007. Effects of Qinghai-Tibetan Highway on the activities of Pantholops hodgsoni, Procapra 

picticaudata and Equus kiang. Chin. J. Ecol. 26, 810–816. 
Yu, H., Song, S.Y., Liu, J.Z., Li, S., Zhang, L., Wang, D.J., Luo, S.J., 2017. Efects of the Qinghai-Tibet railway on the landscape genetics of the endangered Przewalski’s 

Gazelle (Procapra przewalskii). Sci. Rep. 7, 17983. https://doi.org/10.1038/s41598-017-18163-7. 
Yue, S., Bonebrake, T.C., Gibson, L., 2018. Informing snake roadkill mitigation strategies in Taiwan using citizen science. J. Wildl. Manag. 83, 80–88. 
Zang, C.X., Cai, L., Li, J.Q., Wu, X.P., Li, X.G., Li, J.S., 2016. Preparation of the China Biodiversity Red List and its significance for biodiversity conservation within 

China. Biodivers. Sci. 24, 610–614. 
Zhang, F., Hu, D.F., Chen, J.L., Chen, T.T., 2008. Open up a safe passage for the release of wild horses. China Nat. 3, 14–16. 
Zhang, M., Cheong, K., Leong, K.F., Zou, F.S., 2012. Effect of traffic noise on black-faced spoonbills in the Taipa-Coloane Wetland Reserve, Macao. Wildl. Res. 39, 

603–610. 
Zhang, H.F., Che, L.F., Feng, T., Zhu, Y., Cai, Q., Su, L.N., 2016. Design and monitoring of highway wildlife passage in Qinling forest area. Highway 61, 200–204. 
Zhang, H.F., Feng, T., Ji, M.Z., Kong, F., Wu, X.M., 2009. Monitoring research on Qinghai-Tibet railway bridge used by Tibetan antelope and other plateau wild 

animals. Bull. Biol. 44, 8–10. 
Zhang, L., Dong, T., Xu, W.H., Ouyang, Z.Y., 2015. Assessment of habitat fragmentation caused by traffic networks and identifying key affected areas to facilitate rare 

wildlife conservation in China. Wildl. Res. 42, 266–279. 
Zhang, W.Y., Shu, G.C., Li, Y.L., Xiong, S., Liang, C.P., Li, C., 2018. Daytime driving decreases amphibian roadkill. PeerJ 6, e5385. 
Zhang, X.F., Guo, F., Peng, A.H., Dong, S.K., Chen, D.Q., Wen, L., 2019. Monitoring of wildlife crossings in section of Hatengtaohai nature reserve along Beijing- 

Xinjiang expressway. Chin. J. Wildl. 40, 848–854. 
Zhang, Z.X., Yang, H.J., Yang, H.J., Li, Y.X., Wang, T.H., 2010. The impact of roadside ditches on juvenile and sub-adult Bufo melanostictus migration. Ecol. Eng. 36, 

1242–1250. 
Zhao, L.H., 2019. Study on the protective measures for Asian crested ibis along Xi’an-Chengdu high-speed railway. Railw. Stand. Des. 63, 174–177. 
Zheng, G.Y., Wu, Z.B., Ran, J.H., Yan, Y., 2017. Preliminary study on the establishment of wild animal passages in the proposed railway Sichuan-Tibet line. Railw. 

Energy Sav. Environ. Prot. Occup. Saf. Health 7, 1–4. 
Zheng, L.M., 2018. Habitat Evaluation for Reintroduced Crested ibis (Nipponia nippon) in Dongzhai National Nature Reserve, Based on Maximum Entropy Model. 

Henan Normal University, Henan Province, pp. 6–66. 
Zhou, P., 2014. Exploration and practice of ecological restoration of animal habitat crossed by highway. Shanxi Sci. Technol. Commun. 3, 105–107. 

Y. Wang et al.                                                                                                                                                                                                          

http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref56
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref56
https://xxgk.mot.gov.cn/2020/jigou/zhghs/202205/t20220524_3656659.html
https://www.mee.gov.cn/xxgk2018/xxgk/xxgk05/202201/t20220110_966571.html
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref57
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref58
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref58
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref59
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref59
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref60
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref61
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref62
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref63
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref63
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref64
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref64
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref65
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref65
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref66
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref66
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref67
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref68
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref68
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref69
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref70
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref70
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref71
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref72
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref73
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref74
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref74
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref75
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref75
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref76
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref77
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref78
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref78
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref79
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref79
https://doi.org/10.1371/journal.pone.0211798
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref81
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref81
http://www.gov.cn/zhengce/2021-02/24/content_5588654.htm
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref82
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref82
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref83
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref83
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref84
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref85
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref85
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref86
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref86
https://doi.org/10.1038/s41598-017-18163-7
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref88
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref89
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref89
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref90
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref91
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref91
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref92
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref93
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref93
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref94
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref94
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref95
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref96
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref96
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref97
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref97
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref98
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref99
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref99
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref100
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref100
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref101


Global Ecology and Conservation 38 (2022) e02207

12

Zhu, L.F., Zhang, S.N., Gu, X.D., Wei, F.W., 2011. Significant genetic boundaries and spatial dynamics of giant pandas occupying fragmented habitat across southwest 
China. Mol. Ecol. 20, 1122–1132. 

Zhou, L., Yin, B.F., Yang, S.M., Huai, H.Y., Li, S.P., Zhang, Y.L., Wei, W.H., 2006. Effects of Qinghai-Tibet Highway on genetic differentiation of plateau pika (Ochotona 
curzoniae). Acta Ecol. Sin. 11, 3572–3577. 

Zhou, B., Liu, J.M., Liang, W., 2020. Breeding in a noisy world: attraction to urban arterial roads and preference for nest-sites by the scaly-breasted munia (Lonchura 
punctulata). Glob. Ecol. Conserv. 22. 

Further reading 

Wang, Y., Guan, L., Chen, J.D., Kong, Y.P., Zhang, W., 2017. Study on design parameters of wildlife passage in Golmud-Lhasa Section of Qinghai-Tibet Expressway. 
J. Highw. Transp. Res. Dev. 34, 146–152. 

Y. Wang et al.                                                                                                                                                                                                          

http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref102
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref102
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref103
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref103
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref104
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref104
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref105
http://refhub.elsevier.com/S2351-9894(22)00209-8/sbref105

	Impacts of linear transport infrastructure on terrestrial vertebrate species and conservation in China
	1 Introduction
	2 Materials and methods
	2.1 Literature review
	2.2 Impact of linear transport infrastructure on terrestrial vertebrate species

	3 Results
	3.1 Research and preservation efforts on the effects of LTI on terrestrial vertebrate species
	3.2 Impacts of linear transport infrastructure on terrestrial vertebrate species
	3.2.1 Habitat effect
	3.2.2 Roadkill
	3.2.3 Impacts of linear transport infrastructure on animal behavior and activity
	3.2.4 Barrier effect

	3.3 Wildlife conservation and linear transport infrastructure
	3.3.1 Wildlife and habitat survey
	3.3.2 Route selection
	3.3.3 Subgrade and pavement design
	3.3.4 Design of wildlife crossing structures
	3.3.5 Monitoring wildlife crossing structures


	4 Discussion
	4.1 Lack of research on the impact of LTI on terrestrial vertebrate species
	4.2 Efficiency of wildlife preservation measures in LTI are largely unknown
	4.3 Future research direction
	4.3.1 Fundamental research
	4.3.2 Preservation measures
	4.3.3 Project demonstration
	4.3.4 Standard specification


	5 Conclusion
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Appendix A Supporting information
	References
	Further reading


