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Abstract

:

Although Central America is one of the most biologically diverse regions in the world, booming road construction is driving roadkill mortality that threatens to alter the demography, genetic diversity, and viability of wild mammalian populations. Costa Rica has the highest road density in Central America, but the effectiveness of wildlife crossings in mitigating roadkill mortality has not been assessed with controlled experimental studies. Hacienda Baru National Wildlife Refuge is located along a critical biological corridor bisected by one of the busiest highways in the country. The first wildlife underpasses in Costa Rica were built here in 2010 as part of the expansion of Route 34 and subsequently documented by camera-trap and roadkill surveys. Using a control-impact design, we demonstrate a considerable reduction in wildlife mortality in the presence of the crossing structures compared with controls, with the underpasses and overpasses eventually used by 21 mammalian species. Some species made use of the structures right away, while others took over a year to learn to use them. This is the first controlled study in Central America to document the effectiveness of wildlife crossings and provides evidence that well-designed mitigation structures can contribute to wildlife-friendly roadways.
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1. Introduction


At present, road construction is expanding across the globe at an unprecedented rate [1,2]. It is projected that 25 million km of new paved roads will be constructed by 2050 at a cost of over USD 70 trillion dollars, with approximately 90% of new roads to be built in the developing world. Relatively undisturbed tropical areas are now increasingly impacted by roads built near protected areas, leading to pollution of the air, soil, and water; habitat destruction and fragmentation; impediments to wildlife movement; and increased road traffic resulting in animal mortalities [3,4,5]. It is common to observe dead and decomposing animals on national highways that cross tropical rural areas. Vehicle collisions can alter the demographics, genetic diversity, and viability of populations by removing vigorous animals with the highest reproductive potential [6]. Even without mortality, when animals cannot cross roads, they are prevented from dispersing and become isolated in populations that may be impacted by stochastic extinction with little chance of demographic rescue [7]. With the dramatic proliferation of road systems, a new subdiscipline of “road ecology” has emerged to study the ecological impacts of roads on wildlife and ecosystems [8]. Recent reviews point out that the vast majority of road ecology studies originate in North America and Europe; in the developing world, 89% of Neotropical studies are from Brazil, and only 11% from Central America [5,9]. This bias highlights the need for more road ecology research in Central America.



Animals have been victims of high-speed vehicles ever since chariots were invented in the ancient Middle East over 5000 years ago [10]. Animal-vehicle collisions dramatically accelerated as motorized vehicles became common in the 1920s [11]. In North America, the mortality of mammals through vehicle collisions increased 400% as traffic volume tripled during 1965–2017 [6]. In the Neotropics, 475 million vertebrates become roadkill annually in Brazil alone [10]. Although Latin America is one of the most biologically diverse regions in the world, booming road construction is driving habitat fragmentation, land conversion, connectivity loss, and roadkill mortality of wildlife [9,12]. Tropical regions with high biodiversity are emerging as an “epicenter” for road proliferation [1]. As a consequence, transportation planners are looking to roadway design features to mitigate the conservation and economic impacts created when vehicles collide with large mammals [13]. Studies are increasingly examining the potential benefits of mitigation actions, including effective underpasses for jaguar Panthera onca in Mexico [14], the use of highway signage and public awareness campaigns to reduce traffic speeds and collision mortality of Baird’s tapir Tapirus bairdii in Belize and Costa Rica [15,16], and canopy bridges that enable slow lorises Nycticebus javanicus to expand their home range and increase habitat connectivity in Java [17].



Costa Rica encompasses an area of 51,100 km2 and a population of almost 5.2 million inhabitants [18,19]. Geographically, Costa Rica is positioned on the isthmus that unites North and South America, acting as a land bridge in which continental species migrate, coexist, compete, and reproduce. Biologically, Costa Rica holds a special position, containing over 500,000 species that represent 6.5% of global biodiversity, and with 26% of the national territory under protected status [18]. Costa Rica’s growing economy requires an extensive road network to provide transportation, services, communication, and development to all regions. The rapid development of ecotourism in Costa Rica [20] has also contributed to an expanding road network with consequent increases in traffic around protected areas [21]. Despite its small territorial size, the Costa Rican road network is one of the densest in the world, with a total of 47,905 km of highways [18]. The vehicle fleet grew by 80% during 2007–2016, increasing from 797,000 to 1.43 million vehicles, including a cargo truck fleet that increased from 14,484 to 37,397 trucks over the 10-year period [22]. A recent analysis identified 600 km of national highways that represent a high risk for wildlife, half of which are in protected areas [23] (Figure 1A).



The geographical, biological, and economic factors driving road development has resulted in relentless roadkill mortality of wild mammals, putting at risk rare and endangered species (e.g., the bush dog Speothos venaticus [24], jaguar Panthera onca [14], and Baird’s tapir Tapirus bairdii [15]). In response, Costa Rica has begun to incorporate wildlife-crossing structures into its road expansion plans [25]. The first wildlife-crossing structures in Costa Rica were built at the Hacienda Baru National Wildlife Refuge (hereafter ”Hacienda Baru”) as part of the expansion of Route 34 from a secondary gravel road to a primary national highway in 2010 (Figure 1A,B). National Primary Route 34 (officially “Carretera Pacífica Fernández Oreamuno”, popularly the “Costanera Sur”) is one of the 19 main routes that make up the national primary road network and is situated along the Pacific coast [26]. Connecting popular tourism and commercial sites, thousands of vehicles travel this route every day, including trucks transporting cargo from the north to the central valley and south to the border with Panama. With support from Hacienda Baru staff, two research studies were conducted at Hacienda Baru after the installation of the crossing structures in 2010: the first was based on citizen science and involved community monitoring of roadkill mortality [27], and the second was a thesis project [4] examining the use of the crossing structures via camera traps. Following these studies, Hacienda Baru has continued to monitor wildlife use of the crossing structures with camera traps.



The purpose of this study is to contribute quantitative and qualitative data to assess the effectiveness of wildlife-crossing structures as a means to mitigate the negative impacts of highways in the tropics. We document the history, effectiveness, and lessons learned from the wildlife crossing structures at Hacienda Baru from 2010–2022. According to the guidelines for the development of wildlife-friendly roads, mitigation structures should be accompanied by a program to monitor the effectiveness of wildlife crossings by (a) documenting the extent to which wildlife species utilize the structures, and (b) comparing the frequency of roadkill mortality with and without the structures [25,28]. To assess the effectiveness of wildlife crossings, the “before-and-after impact” design compares roadkill mortality in the presence of the crossing structures with mortality at the same road location before the crossings were present, with the same site serving as its own control [29]. When it is not possible to study the impact of a site prior to the construction phase, the “control-impact” design provides the alternative with the best inferential strength [29]. In this design, roadkill mortality at the crossing structure vicinity is compared simultaneously with nearby control sites on the same road. Because Route 34 was enlarged at the same time as the crossings were built, it was not possible to create a true before-and-after study design (traffic before construction would have been much less than after the highway was enlarged), and we chose instead to employ the control-impact design, comparing wildlife mortality to control segments of the same highway using data obtained from [27]. Significantly, although many wildlife-crossing investigations have been conducted in Costa Rica since 1996, e.g., [8,30,31,32,33], none have assessed the use and effectiveness of mitigation measures utilizing a controlled study design such as the control-impact approach.



Because the wildlife crossings at Hacienda Baru were specifically designed to mitigate collisions with mammalian wildlife, and camera traps work best for documenting the passage of medium- to large-sized mammals, we limited the scope of our investigation to wild species of mammals and did not include other vertebrates or domestic animals. To provide additional information and context, we also offer a direct narration of author J.E.E. who has managed Hacienda Baru since 1972 [34,35], first proposed wildlife crossings, and continues to live on the site, along with co-author R.V.-H., who participated in the installation and monitoring of the crossings before and after their construction. This study represents the first documented observations in Costa Rica of the use and effectiveness of subterranean and aerial passageways by wildlife in which it is possible to compare roadkill mortality in the presence versus the absence of wildlife-crossing structures.




2. Materials and Methods


2.1. Study Site


The Path of the Tapir Biological Corridor (PTBC) is located on the Pacific slope of Costa Rica and connects the coastal ecosystems of the Osa Peninsula in the southeast, with the montane forests of the Talamanca mountain range to the north [36,37]. One of the main objectives of the PTBC is to facilitate the movement of fauna between the Osa Peninsula and the Talamanca mountains [36,37]. The corridor is named after the endangered Baird’s tapir, which lives in the Talamanca mountains and the Osa Peninsula, but was extirpated from the intervening area of the corridor in 1957 [35]—it is hoped that tapirs will soon inhabit the PTBC once again. A major threat to the biodiversity and functional integrity of PTBC’s connectivity routes are the highways that cross the corridor and result in frequent roadkill when animals attempt to cross them [37]. One of the greatest threats occurs where the PTBC intersects with National Route 34. Since its completion in 2010, Route 34 has been responsible for a large number of roadkill mortalities [27,37]. The Hacienda Barú National Wildlife Refuge is located in the critical section of connectivity where Route 34 bisects the reserve within the PTBC (Figure 1A,B).



Hacienda Barú is a private nature reserve located on the Pacific coast in southwestern Costa Rica near the town of Dominical (9°16′31.41″ N, 83°52′20.36″ W). Bounded by mature forest to the east, pasture and secondary forest to the north, the Pacific Ocean to the west, and the Baru River to the south, it is comprised of 330 hectares of primary, secondary, gallery, and swamp forests, mangrove wetlands, and beach front (Figure 2A). About half of the area is flat lowland and half is hilly, reaching a maximum altitude of 325 m. Hacienda Barú has been actively involved in the restoration and conservation of tropical nature and protection of wildlife since the mid-1970s when it was still a cattle ranch [34,35]. It was officially designated a national wildlife refuge in 1995. Located approximately in the middle of the 80 km long Path of the Tapir Biological Corridor, it is one of only three locations where the natural vegetation extends from the main body of the corridor in the highlands all the way to the beach. Hacienda Baru protects a high level of biodiversity and has identified 40 species of terrestrial mammals, many that appear on the IUCN Red List of threatened species [37].




2.2. History of the Wildlife-Crossing Structures


When a major enlargement of the road bisecting Hacienda Baru (hereafter Route 34) was in the advanced planning stage by MOPT (Ministry of Public Works and Transports), the staff of Hacienda Baru became concerned about the impact that the enlarged highway would have on wildlife. An unintended wildlife overpass had been erected many years earlier over what was then a 4 m wide gravel road. Plastic water pipes had been used for decades to bring water from a spring on the hillside on one side of the road to houses on the other side. For a number of years, the pipes had crossed under the road, but this created a problem every time heavy machinery damaged the pipe. After one such incident in 1989, a half-inch plastic hose was suspended above the road to avoid having to replace it every few years. From where the hose was attached to a tree on one side of the road to a tree on the other side was a distance of approximately ten meters. This was not intended to be an animal crossing, but over the next 20 years at least 5 arboreal species crossed the road on the hose: common opossum Didelphis marsupialis, northern tamandua Tamandua mexicana, white-faced capuchin monkey Cebus capucinus, kinkajou Potos flavus, and olingo Bassaricyon gabbii. It was thus known that wildlife would use an overpass structure to cross the road.



In the mid-2000s, Hacienda Baru staff expressed their concern to MOPT about the increase in roadkill that would occur with the advent of high-speed traffic. Subsequently, Hacienda Baru and the professionals elaborating the Environmental Impact Study (EIS) agreed to build a series of wildlife overpasses and underpasses to address the concerns. The locations for the structures were determined by first ascertaining where the animals were already accustomed to cross the narrow, gravel road. Many of these wildlife crossings were familiar to those who lived on Hacienda Barú and who had often observed animals crossing in certain places; other crossings could be inferred from game trails present on both sides of the road. There were 13 customary crossings, and the EIS specified 13 square or rectangular underpasses designed specifically for wildlife (Figure 3A,B). The smallest was 1.5 m square and the largest was 1.5 m wide by 2.5 m high because it was designed for the use of tourist groups. In addition to the 13 wildlife underpasses, the EIS specified 16 culverts designed for drainage, for a total of 29 tunnels. Nine of the drainage culverts were to be square or rectangular, and seven were to be round. It was unknown whether wildlife would use the culverts, but since water only flows through the culverts during heavy rains, most of the time they were available for wildlife.



Hacienda Baru proposed an overpass (bridge) design that was accepted by the EIS committee. The bridges were made of two 5/16 inch cables with space bars to hold them about 40 cm apart; the space between the two cables was to be covered with green shade cloth used to cover nursery plants, which is highly resistant to sunlight. Later, when construction was in progress in early 2010, a third cable was added; this cable was placed about 30 cm above the bridge so that the monkeys could grasp it with their tails (Figure 3C,D). There was one other difference from the original design. Rather than covering the bridges with the shade cloth, the bridges were covered with a plastic mesh similar to netting but not as flexible. After 7–8 years of exposure to sunlight, this material deteriorated considerably and currently pieces can be observed hanging from the cables, no longer providing a secure surface for animals to walk on. This has not diminished the use of the bridges as the animals tend to walk on the cables rather than the netting.



The locations for the overpasses were determined by (a) the availability of healthy trees strong enough to support the bridge, and were (b) located in places where there was a shorter distance between the forest canopies on the uphill and downhill sides of the highway. By chance, suitable trees were found in the only two areas that had been internal biological corridors used by wildlife since the mid-1980s when most of the rest of the land was still pasture (what was once pasture is currently all secondary forest). The two shortest bridges were placed on either side of the location where the water pipe once spanned the road. Bridge #1, the farthest south, measured 48 m from anchor tree to anchor tree, and bridge #2 measured 26 m from anchor tree to anchor tree (Figure 2B). Because the anchor trees on the uphill side are set back into the forest rather than being right at the edge, the part of the bridge that is suspended in open air above the highway is only about 13 m for each bridge. Animals have no other option but to stay on the bridge for the open-air segment, but may leave the bridge and move onto the branch of a tree once they have that option. About one kilometer north of bridges #1 and #2 are two longer bridges (#3 and #4), which are 73 and 43 m between anchor trees, respectively. They were located near a place where branches from trees on either side of the road had overlapped and formed a natural overpass for the wildlife. The open-air measurements of these bridges were 26 m and 36 m, respectively (Figure 2B). During the actual construction of the bridges, Hacienda Barú guides with experience in tree climbing helped with the attachment of the cables. To prevent them from falling in a windstorm, the anchor trees were themselves anchored using 3/8 inch cables tied to two large trees. To prevent the cables from cutting into the trees, the parts that made contact with the trunk were covered with plastic hose. All of the bridges were erected to the legal minimum of 5.5 m above the middle of the highway.




2.3. Literature Search


To provide context for road ecology research in Costa Rica, we searched for road ecology studies conducted in Costa Rica by searching in Google Scholar and Google search engines using a wide variety of search words, including “roadkills”, “road ecology”, and “wildlife crossings”, in both English and Spanish. We included journal articles, technical reports and theses (gray literature), conference presentations, and news articles. Some sources were provided by colleagues working in the Costa Rica conservation and road ecology community.




2.4. Quantitative Studies


We utilized two quantitative studies conducted at Hacienda Baru:



2.4.1. PRASCOSUR


PRASCOSUR is the acronym for “PRotejamos los Animales de la COstanera SUR” (We Protect the Animals of the Southern Coastal Highway), a citizen science organization that conducted a 1-year study to assess the impact of the highway along a 42 km segment of Route 34 from the northern limit of Hacienda Barú National Wildlife Refuge south to the boundary of the Térraba Sierpe National Wetlands [27]. With the help of local and international volunteers, PRASCOSUR conducted biweekly monitoring surveys between 6:00–9:00 AM on foot or by bicycle along 14 three-kilometer transects of Route 34 from 1 January to 31 December 2014. All roadkill was documented, located with GPS, and identified by taking photos before removing them from the highway (if dead) or taking them to a veterinarian (if injured). This study was never formally published, but was shared through several presentations, posters, and technical reports that were disseminated locally. The raw data from the study were shared with us by Susana Garcia-Blanco (personal communication), allowing us to conduct additional analysis and to prepare new graphs from the raw data.




2.4.2. Venegas Thesis


Marta Venegas conducted a study in 2015–2016 as her final report for the Bachelor of Science degree at the National University School of Biological Sciences (UNA), a common practice for undergraduate degree completion in Latin America [4]. The Spanish-language thesis was titled “Functionality of underground structures as passageways for wildlife in the Hacienda Barú National Wildlife Refuge, Puntarenas, Costa Rica” (English translation). Her thesis committee included Esther Pomareda, the lead author for the “Environmental Guide to Wildlife-friendly Roads” [25] and director of the Roads & Wildlife Commission that has taken the lead in promoting road ecology studies in Costa Rica. In her study, Venegas placed camera-trap cameras in 23 underpasses (both round culverts and rectangular underpasses) along the section of Route 34 that passes through Hacienda Baru National Wildlife Refuge for nine months, from September 2015 to July 2016. The analysis and results of the camera-trap study are contained in the thesis [4].





2.5. Narrative Case Study


In addition to the quantitative studies of roadkill and wildlife use of crossing structures at Hacienda Baru by [4,27], we prepared a narrative case study that integrated the lifetime knowledge and insights gained by author J.E.E. based on living at Hacienda Baru from the 1970s, when it was managed as a cattle ranch, through the process of ecological restoration, ecotourism development, and scientific research that continues to this day [34,35], and supplemented by the recollections of coauthor R.V.-H., former coordinator of the Hacienda Barú Biological Research Center. The intent of the narrative account was to provide a historical context and fill in the gaps not covered by the PRASCOSUR and Venegas studies [4,27].





3. Results


3.1. Literature Review: Research and Promotion of Road Ecology in Costa Rica


Our literature review indicated a broad interest in studying and promoting road ecology in Costa Rica. We located a total of 50 references on road ecology topics (mortality risk, mitigation) from Costa Rica over the past 25 years. All but one of the references were communicated in Spanish. We located 11 journal articles, all but one published in local Spanish language journals, as well as 16 research reports disseminated in the “gray literature” as thesis papers for Bachelor’s or Master’s degrees and technical reports (Supplementary File S1). An additional 23 conference presentations (posters or video presentations) were also located online. Aside from research reports, news articles and other media reports often presented valuable information on road ecology topics not otherwise documented in the formal literature. Some references that were cited in articles or reports could not be located; thus, our review is doubtless an underestimate. Of the 26 references listed in Supplementary File S1 as journal articles, theses, or technical reports, half examined roadkill mortality (n = 13) and the rest reported on wildlife crossings and other mitigation efforts (n = 13). Although these resources produced a diversity of results, the general conclusion was that (a) highway traffic is responsible for a significant mortality of wild species, and (b) wildlife species use crossing structures when they are available, although the time delay before they are utilized depends on the species and the physical context of the crossing structure.



The “Roads & Wildlife Commission” (Comisión de Vías y Vida Silvestre, hereafter the “Commission”) is an interdisciplinary group formed in 2012 and made up scientists, academics, and representatives of non-profit organizations; universities; wildlife management; and other governmental entities, all with a common interest in transforming the Costa Rican road system into “vias amigables”, roads that are friendly to wildlife. In November 2013, the Commission sponsored a symposium at the National Distance University (UNED) to promote road ecology research that attracted 167 participants and 27 oral presentations plus poster presentations, the majority being research investigations conducted in Costa Rica [38] (oral presentations on YouTube at https://youtu.be/0t72UgtRK1A; accessed on 10 August 2022). In 2014, the Scientific Committee of the Commission produced a 75-page “Environmental Guide to Wildlife-friendly Roads” [25] designed to provide decision makers and activists with the foundational information needed to engage in road ecology research and to promote mitigation measures in the face of an ever-expanding transportation infrastructure. The Commission has also been active in promoting road ecology and maintains a Facebook group with over 2740 members [39]. In 2018, the Commission released nine short television spots for the “Campaign against wildlife roadkills in Costa Rica” [40], and in 2019 it sponsored four public service spots and two micro-podcasts for dissemination on by radio stations [41].



Nine of the roadkill mortality studies located in the literature (not including the PRASCOSUR study) had a large enough listing of mammalian species to enable a comparative analysis [21,23,30,33,42,43,44,45,46]. The most frequent medium-to-large non-volant mammal species recorded as roadkill were common opossum, northern tamandua, northern raccoon Procyon lotor or crab-eating raccoon P. cancrivorus, and nine-banded armadillo Dasypus novemcinctus (see Table 1). The percentage of total mammalian mortalities for all these species combined ranged from 30% to 79% ([21]: 30%; [30]: 39%; [33]: 47%; [23]: 48%; [43]: 57%; [44]: 63%; [45]: 63%; [46]: 69%; [42]: 79%). In eight of these studies (89%), common opossum was the most frequent roadkill species, with the percentage of the total ranging from 21% to 50% [23,30,33,42,43,44,45,46]. Tamandua was the most frequent roadkill in the ninth study [21] (18.2%), as it was the PRASCOSUR study (18.3%) [27]. Arboreal species included primates, sloths, and squirrels. Three of the studies recorded significant numbers of bat mortalities (8–24% of the total: [21,23,33], compared with 16% of all mortalities for the PRASCOSUR study). Finally, two of the studies and the PRASCOSUR survey recorded felids in their roadkill mortality ranging from 1–24% ([21]: 3%; [23]: 24%; PRASCOSUR [27]: 1%).




3.2. Quantitative Data Obtained from Hacienda Baru


3.2.1. PRASCOSUR Study: Roadkill Mortalities


A total of 291 animals were found dead on the road during 142 monitoring surveys, with an average of 2 roadkills for each 3 km survey transect. Of the road killed animals, 24% were mammals, 13% were birds, 30% were reptiles, and 33% were amphibians [27]. A total of 87 mammal roadkills were recorded (Figure 4). Fourteen species of medium-to-large terrestrial mammals (mice not included) were identified: striped hog-nosed skunk Conepatus semistriatus, white-nosed coati Nasua narica, northern tamandua, common opossum, raccoon, Mexican hairy porcupine Coendou mexicanus, kinkajou, howler monkey Alouatta palliata, gray four-eyed opossum Philander opossum, nine-banded armadillo, white-faced capuchin monkey, brown-throated three-toed sloth Bradypus variegatus, collared peccary, and tayra Eira barbara (Table 1). The most frequently road-killed nonvolant mammals recorded, making up 47% of mortalities, were northern tamandua (16.7%), striped hog-nosed skunk (12.7%), common opossum (9.5%), and white-nosed coati (7.9%). Unidentified microchiropteran bats made up the second-highest mortality group (18%). The lowest roadkill frequency of terrestrial mammals was observed for coyote Canis latrans, variegated squirrel Sciurus variegatoides, nine-banded armadillo, ocelot Leopardus pardalis, collared peccary Pecari tajacu, and southern spotted skunk Spilogale angustifrons (0.8% for each), which totaled 5% of all mortalities (Figure 4).



In the 3 km transect fronting Hacienda Baru (transect T14), 0.25 vertebrate mortalities were recorded per monitoring survey (Figure 5A); this was the lowest mortality rate observed for all the survey sections except T6 and compares with a roadkill rate of 4.0 road-killed vertebrates per survey at Térraba Sierpe and the overall average of 2.0 road-killed vertebrates per survey transect for the entire 42 km length of monitored highway [27]. For mammalian roadkill, the T14 transect at Hacienda Baru recorded 0.19 mammal roadkills per survey (or 5.3 surveys per roadkill mammal) compared with the average of 0.75 mammal roadkills per survey for the other sections (1.3 surveys per roadkill mammal; Figure 5B). Although transect T6 also had a low frequency of 0.15 mammal roadkill per survey (Figure 5B), this was probably because T6 is located in the city of Uvita, where businesses and other human structures dominate the highway rather than forest or other natural habitats. The low rate of roadkill recorded at Hacienda Baru was attributed to the profusion of mitigation structures crossing both under and over the road in that segment of highway. PRASCOSUR concluded their report with the recommendation that similar mitigation measures be implemented along other sections of Route 34 [27].




3.2.2. Venegas Study: Use of Crossing Structures at Hacienda Baru


Based on 1279 independent photo records, Venegas [4] observed 21 species of terrestrial vertebrates using the underpasses, including 14 species of mammals (8 species listed as vulnerable): common opossum, gray four-eyed opossum, northern tamandua, nine-banded armadillo, spiny rats Proechimys spp., Central American agouti Dasyprocta punctata, paca Cuniculus paca, raccoons, white-nosed coati, greater grison Galictis vittate, tayra, striped hog-nosed skunk, ocelot, and collared peccary (Table 1). The most frequently recorded species of medium-to-large terrestrial mammals using the underpasses (85% of records) were paca (37%), collared peccary (29%), and agouti (19%); the lowest use of the underpasses was recorded for striped hog-nosed skunk, gray four-eyed opossum, northern tamandua, and common opossum (5% total). Bats were not observed using the underpasses to travel, only to roost. Of the 14 mammalian species recorded by Venegas [4] as using the wildlife crossings, 9 species were recorded as roadkill by PRASCOSUR [27]: striped hog-nosed skunk, white-nosed coati, northern tamandua, common opossum, gray four-eyed opossum, raccoon, nine-banded armadillo, paca, and tayra (Table 1; Figure 5).





3.3. Narrative Case Study


On 29 April 2010, Costa Rican President Oscar Arias inaugurated National Route 34, the Pacífica Fernandez highway (“Costanera Sur”). The highway included the first underpass wildlife crossings of this type built in Costa Rica. During the first years of the operation of the wildlife crossings, the staff of Hacienda Baru conducted a regular survey of the 3 km stretch of highway that passes through the refuge. In the second year, track stations were established on both sides of the underpasses from August to March 2011. The 50 cm × 50 cm track plots were monitored regularly by counting the footprints and afterwards cleaning the plot. In June of 2013, Hacienda Baru placed their first camera trap in the 1.5 m × 2.5 m tunnel. Over 5 days, the camera recorded 33 videos of animals, most of them collared peccary, but there were several videos of pacas and solitary male white-nosed coatis (Figure 6A–F). Over the next few years, thousands of animals were recorded on camera traps crossing under the highway (Table 1). Altogether, 17 different species were photographed, but green iguanas Iguana iguana and the unidentified species of bats did not use the tunnels to cross the highway. The iguanas were only observed sunning themselves in the openings, and the bats roosted in the tunnels. Fifteen mammal species were photographed crossing the highway by way of the underpasses (Figure 7A–F): common opossum, gray four-eyed opossum, northern tamandua, nine-banded armadillo, white-nosed coati, white-faced capuchin, paca, collared peccary, Central American agouti, northern raccoon and/or crab-eating raccoon (they could not be distinguished from the photos), striped hog-nosed skunk, and three carnivores—ocelot, jaguarundi Herpailurus yagouaroundi, and tayra (Table 1). Those records of animals using the underpasses were later confirmed by Venegas [4].



Although certain species, such as collared peccary, used the underpasses right away (even before construction was complete), it took longer before other animals used the overpass bridges. Due to the past experience with the waterpipe, it was believed that at least monkeys would use the overpasses. However, no animal sightings were reported on the bridges for a year and a half after the completion of the overpasses. Finally, at 1 year and 7 months, a group of white-faced capuchin monkeys was sighted and photographed on bridge #2. A few weeks later, a different troop of capuchins was sighted on bridge #1. Soon, it was common to observe troops of 10 to 15 capuchins with their young on overpasses #1 and #2 in the morning and afternoon—traffic and tourists stopped to observe them and take pictures. The monkeys used the green mesh to play on, rest, or watch the cars, and almost all of them used the free cable to hold on by the tail when they crossed. Another three years passed before another troop of capuchin monkeys were observed on the longer bridges, #3 and #4 (Figure 7A).



In 2017, Hacienda Baru placed some cameras at each end of the two shorter bridges (#1 and #2). Over the next year, nine species were recorded using the bridges to cross the highway (Figure 7A–F): common opossum, northern tamandua, white-faced capuchin, white-nosed coati, kinkajou, Central American woolly opossum Caluromys derbianus, brown-throated three-toed sloth, Hoffman’s two-toed sloth Choloepus hoffmanni, and Mexican hairy porcupine (Table 1). In mid-2018, Hacienda Baru purchased 200 m of second-hand, two-and-a-half-inch thick mooring rope that had been used for tying ships to the dock. The rope was extended across and along the service road that goes from Route 34, past Hacienda Barú Lodge, and all the way to the beach (Figure 2B). The road is single-lane dirt and only seven meters wide, so the crossings are short compared to the highway bridges, with open space crossings from 5 to 19 m. Within a few weeks, monkeys, sloths, squirrels, and iguanas were observed traversing the ropes (Figure 8A–D). The monkeys sometimes ran on them as if they were a race track. About a year after establishing the rope bridges, cameras were placed at the end of bridge #5 and the beginning of bridge #6. Nine species were recorded at both rope bridge locations: common opossum, northern tamandua, brown-throated three-toed sloth, Hoffman’s two-toed sloth, white-faced capuchin, Mexican hairy porcupine, green iguana, and variegated squirrel (Table 1), as well as the common spiny-tailed iguana Ctenosaura similis. Although white-faced capuchin monkeys are assumed to be diurnal, on three occasions photographs were taken of individual capuchins that walked across rope bridge #5 between 21:33 and 03:20 h, indicating some activity at night.



Groups of female white-nosed coatis with young have stopped moving back and forth between the highlands and lowlands. It is well known that coati males (“coatimundis”) are almost always solitary, whereas the females travel in groups of 10–20 with their young. Males have been sighted crossing on both the highway bridges and through the tunnels, but a group of females has never been observed using either, and no coatis have been killed on the highway. Prior to the construction of the new highway, groups of coatis were often seen crossing the narrow gravel road.



Although sightings of Mexican hairy porcupines have always been rare on Hacienda Barú, they are now using both the overpasses and the rope bridges. Previously, porcupines were known to be present, but it was always assumed that there were very few of them. Since the construction of the crossings, porcupines have been photographed on three of the highway bridges (#1, #2, and #3), and on both the long and short spans of mooring rope (#5 and #6). Because bridges #1 and #2 are separated from #3 and #4 by around one kilometer, and another kilometer separates those from the mooring rope bridges, the porcupines at the different locations are almost certainly different individuals. This may mean that there are many more porcupines at Hacienda Barú than previously imagined.





4. Discussion


This is the first road ecology study in Costa Rica to compare the effect of wildlife crossings using a control-impact design [29], in which the roadkill mortality of wildlife inhabiting the vicinity of the crossing structures was compared to control sites on the same highway lacking crossing structures. The quantitative studies supplemented by the narrative account provide strong evidence that the underpasses and overpasses at Hacienda Baru have been well-used by wildlife over the 12 years since they were constructed, and that their presence has reduced the number of roadkill mortalities that would otherwise have occurred without the crossings. Specifically, 18 species of medium-to-large mammals were documented as roadkill mortalities along the 42 km stretch of Route 34 surveyed by PRASCOSUR [27], while 13 medium-to-large mammal species (spiny rats omitted) were documented using the wildlife crossings by Venegas [4], including 78% of the species documented as roadkill, plus another 4 species. Based on camera-trap records by Hacienda Baru and previous studies [4,27], a total of 21 medium-to-large mammals (Table 1) are using the underpasses and overpasses, including all the road-killed species documented by PRASCOSUR [27], except howler monkey, coyote, and southern spotted skunk, plus seven new species: Central American agouti; paca; Central American wooly opossum; greater grison; Hoffmann’s two-toed sloth; and two felids, jaguarundi and ocelot.



The 3 km section of Route 34 passing through Hacienda Baru recorded only 26% of the mean mammal roadkill per monitoring survey for all transects along the 42 km segment (0.1875 vs. 0.7129 roadkills per transect per monitoring survey [4]). Based on the comparison with other segments of the highway [27] and the higher mortality rate from incidental observations at Hacienda Baru in 2010 when animals were still learning to use the wildlife crossings, it is reasonable to postulate that the lower rate of collision mortality on the 3 km Hacienda Baru stretch of Route 34 recorded by the PRASCOSUR survey [27] is attributable to the presence of the 33 wildlife-crossing structures (29 underpasses and 4 overpasses) that enable wildlife to travel safely from one side of the highway to the other. Although the two quantitative studies were not conducted simultaneously, it is interesting to note that the two species with the highest roadkill mortality according to PRASCOSUR [27], northern tamandua and striped hog-nosed skunk, also had the lowest use of the underpasses according to Venegas [4] (combined 30% of mortalities versus 1.5% of underpass use). Similarly, paca and collared peccary, species with very low roadkill mortality (combined 2.3%), were responsible for the majority of underpass use based on relative abundance of camera-trap photos (66%) from the same studies. This suggests that, for some species, the use (or lack of use) of the wildlife crossings is inversely correlated with roadkill mortality, which is another indication of the success of the mitigation crossing structures.



Ascensão et al. [29] argued that a lack of roadkill mortality may mask either local mass extinction (not relevant to a national wildlife refuge) or a “barrier effect” in which individuals are unable or reluctant to cross the road. A barrier effect is not supported in this study because our data indicate that low roadkill mortality was associated with the use of the wildlife passages as an alternative to crossing the road surface. Furthermore, those species with low roadkill mortality did experience some mortality, even though the majority of individuals chose to use the crossings. Venegas [4] observed a greater abundance of wildlife using the rectangular underpasses designed for wildlife compared with the round culverts designed primarily for drainage. However, some animals did use the culverts. Because there was no one structural design that was ideal for all species, Venegas [4] recommended that a good strategy would be to provide a variety of crossing structures to meet different species needs. In agreement with the observations at Hacienda Baru, a comprehensive review and meta-analysis of 270 studies [47] concluded that crossing structures built specifically for wildlife were used significantly more than those built for dual use by humans and wildlife, and that wildlife preferred a passageway that most closely resembled their natural habitat.



Carara National Park (PNC) can serve as another control site to Hacienda Baru in addition to the 42 km segment of Route 34 surveyed by PRASCOSUR [27]. Located 126 km north of Hacienda Baru along National Route 34, PNC has no wildlife-crossing structures along the 4 km stretch of Route 34 adjacent to the park. A study conducted by Arevalo et al. [21] revealed a high volume of traffic that was strongly related to tourism, with a mean of 418 vehicles per hour on weekdays, 777 vehicles per hour on weekends, and a peak of 1200 vehicles per hour during the high season in January. The study found that higher volumes of traffic resulted in more roadkill. The relative mortality of mammals was 2.7 mammals per day along the 4 km segment adjacent to the park, with 11 species of large mammals killed, including northern tamandua, white-nosed coati, common opossum, raccoon, ocelot, and kinkajou. Interestingly, northern tamandua roadkill represented 18% of the total for the Carara [21] and PRASCOSUR [27] studies, although tamandua was the most frequently killed species in the PRASCOSUR study versus the third most common mortality in the Carara study (where mice and rats were the most frequent roadkill groups at 27%: [21]). The authors of the Carara study [21] recommended the construction of underpasses and aerial bridges at PNC.



Our literature review discovered 50 road ecology references from Cosa Rica over the past 25 years, a high number for a small country with no public funding for such research [48]. Some of these studies documented roadkill along other busy Costa Rican highways lacking in mitigation structures. As an example, a study of busy Route 32 in Limón province [33] recorded 24% of the wild mammal species in the country, but only five species made up 88% of roadkill. Similar to other studies in Costa Rica, the large terrestrial mammals most impacted by roadkill were the common opossum, nine-banded armadillo, and gray four-eyed opossum, while the most affected arboreal mammals were the Central American woolly opossum and Hoffmann’s two-toed sloth [33]. Other road ecology studies in Costa Rica [25] identified additional, large mammals vulnerable to road-related mortality, including the northern tamandua, raccoon, and white-faced coati; the arboreal mammals most likely to use crossing structures included procyonids (raccoon, coati), opossums, and primates [49]. Interestingly, all these species have been observed using the crossing structures at Hacienda Baru.



Unidentified species of Microchiroptera bats were the second-most-frequent group of roadkill mortalities for both the PRACOSUR study (15.6% of all mammals: [27]) and the study at Carara National Park (22.7%: [21]). Although bats were observed roosting in some of the underpasses at Hacienda Baru, they did not use them to cross the road. Rather, the bats would fly across the road where they were often hit by fast-moving vehicles. The inertia of the blow typically threw the bats towards the verge of the road or into the vegetation, where they were quickly devoured by ants and other decomposers. Sometimes the bats did not die instantly; in this case, the shocked or injured bats would wander until they died on the verge or in the vegetation. This is probably why bats are not always recorded in roadkill studies insofar as they do not generally fall on the roadway itself. As with birds, the smaller the animal, the greater the displacement from the roadway from the collision in full flight. For this reason, surveys conducted from a vehicle can easily miss dead bats and birds in the verge vegetation, while surveys conducted on foot or from a bicycle moving along the verge (such as in the PRASCOSUR survey) would be much more likely to record bat and bird mortalities.



There is a widespread concern that predators will learn that animal prey use the underpasses and then alter their behavior to exploit the crossing structures as a means to detect and capture prey (“predation-trap hypothesis” [50]). At Hacienda Baru, predators, such as ocelots, jaguarundis, and tayras, have been observed passing through the tunnels (Table 1), but there has never been any indication that they wait at the tunnel entrances for prey. Although this pattern should be verified by further studies, the literature records few reports of predation by wild predators near crossing structures. The majority of studies conclude that the empirical evidence for the prey-trap hypothesis is scant, largely anecdotal, and indicates infrequent opportunistic behavior rather than regular patterns of predation [46]. Most passage studies [50,51,52,53,54] record no evidence of predation in or around passages, and conclude that the use of crossing structures is determined by other factors. An exception is Mata et al. [55]; although they did not observe any predation events, their study suggested that some predators may attend wildlife crossings in search of prey, while some prey species may avoid using the crossings in the presence of predators.



4.1. Conclusions


The purpose of this study was to provide some of the first documented observations on the use and effectiveness of wildlife-crossing structures by wildlife in Costa Rica in which a highway with wildlife crossings was compared with a highway without such crossings. Best practices demand that mitigation strategies be accompanied by a program to monitor the effectiveness of underpasses and overpasses by documenting the extent to which wildlife species utilize the structures, and by directly comparing the frequency of roadkill in the presence of structures versus a control without structures [25,28]. Because the crossing structures were introduced at the same time that Route 34 was improved and enlarged, a before-and-after study would not have been possible because the “before” roadkills were undoubtedly less than they became after the road improvements enabled a greater volume of traffic and higher speed of vehicles. Although a quantitative study was not conducted immediately before and after the crossing structures were completed, observations by professional wildlife guides plus systematic studies conducted a few years after the wildlife crossings were constructed indicate that these structures have been successful in mitigating roadkill. A comparison of the very low rate of roadkill mortality at Hacienda Baru (with crossings) versus the higher rate of roadkill on Route 34 nearby and at Carara National Park (without crossings) provides relevant evidence in support of the contention that the crossing structures have successfully accomplished their purpose in protecting wildlife from road-related mortality. The success of the Hacienda Baru wildlife crossings was further supported by a global meta-analysis that examined the effectiveness of road mitigation measures aimed to reduce wildlife mortality on roads [56]. Based on 50 studies, they found that mitigation measures reduced roadkill by 40% compared to the controls [56].



An advantage of the narrative case study approach we employed was the ability to present both quantitative and qualitative data analyses, exploring the real-life dynamics and complexities involved in the history of planning, constructing, and monitoring the wildlife crossings [57]. For example, the 12-year perspective of this study enabled us to observe the long-term patterns of passage use indicative of a learning process. The underpasses were utilized very quickly by terrestrial mammals, with species such as collared peccary using them even while they were still under construction, while other species took longer to make use of them. It took over a year for arboreal species to start using the aerial overpasses, with the white-faced capuchin monkeys being the first species to venture out on the bridges. However, once accustomed to crossing the bridges, it appeared that many species were able to quickly generalize their learned behavior to incorporate the use of new structures such as the mooring ropes. The placement of tunnels and bridges at known crossing points along the highway no doubt accelerated the learning and habitation process. This points to the critical importance of road design engineers and ecologists collaborating with local people—landowners and tour guides, for example—to ensure that the crossing structures are strategically placed at customary wildlife-crossing points. It is interesting that the groups of female and young coatis apparently never learned to use the tunnels, while the male coatimundis did, perhaps reflecting the greater boldness and range of males as they search for females. In general, we expect that mammals will learn to use the subterranean underpasses early on, but aerial overpasses will require more time and patience.



The crossing structures, in combination with camera-trap surveillance, have had the unintended benefit of providing the refuge with new information about the behavior of elusive species. Mexican hairy porcupines were rarely observed during the daytime, but were abundant in the crossing structures at night, while white-faced capuchin monkeys did not appear to be strictly diurnal. Based on camera-trap records and field observations, it does not appear that predator species used the crossing structures for hunting prey. Perhaps, in time, an individual predator might learn to use the tunnels or bridges as an ambush site, but the fact that this has not happened over the past 12 years is encouraging. Additionally, although illegal hunters have occasionally used the tunnel entrances as ambush points, this has not been a regular occurrence, perhaps because it requires waiting a long time. However, illegal hunters did become a nuisance by stealing or vandalizing the cameras in an attempt to destroy evidence of their presence. This points to the importance of including environmental education at the community level alongside the placement of crossing structures.




4.2. Implications for Conservation


The case of Hacienda Baru indicates that, when properly designed, placed, and monitored, wildlife crossings can be effective in mitigating roadkill mortality in the developing nations of Central America and elsewhere. The placement of crossings at the location of habitual wildlife-crossing sites was made possible by years of observation and familiarity with the wildlife by the staff of Hacienda Baru, ensuring that the planning and location of mitigation structures were based on habitat functional connectivity [29]. According to Foster et al. [58], underpasses should be located where wildlife naturally cross roads. Thus, underpass placement based on the knowledge of actual travel routes may be more important in determining underpass use than other factors, such as structural dimensions. The success of these mitigation structures in Costa Rica is likely enhanced by a high level of public support for wildlife conservation combined with widespread Internet access and a high level of education [48]. The widespread public awareness campaign on social media, radio, and TV about making roads friendly for wildlife (“caminos amigables”) indicate a high level of public awareness and engagement in mitigating the negative effects of roads on wildlife in Costa Rica. Overall, the Hacienda Baru case provides strong evidence that conservationists, engineers, and government officials in a developing world context can work together to successfully mitigate the threat of roadkill mortality in the face of an expanding transportation network. The proven designs for wildlife crossings at Hacienda Barú can be replicated on other highways in the developing tropics to save thousands of animals from being killed by vehicle collisions and maintain connectivity and genetic exchange between populations.
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Figure 1. (A) Road system of Costa Rica with level of roadkill risk indicated in the key (red are areas of high roadkill risk) and blue are protected areas. Hacienda Barú National Wildlife Refuge is indicated by the blue circle. Adapted from [23]. (B) Section of Route 34 (in yellow) passing through Hacienda Baru National Wildlife Refuge (black boundary line) where the 23 wildlife-crossing structures were monitored with camera traps. Adapted with permission from [4]. 
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Figure 2. (A) Route 34 on the right of the photo looking north from Hacienda Baru National Wildlife Refuge. The compound of Hacienda Baru is encompassed by the yellow line. (B) Map of the wildlife crossings at Hacienda Barú National Wildlife Refuge showing the underpasses (tunnels) and overpasses (bridges) along Route 34, and the rope bridge along the service road in the inset. Map prepared by Amy Eppert. 
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Figure 3. Construction of the wildlife-crossing structures at Hacienda Barú National Wildlife Refuge, circa 2010: (A,B) tunnels under construction and (C,D) bridges under construction. Source: Hacienda Barú National Wildlife Refuge. 
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Figure 4. Percentage of mammalian species killed on National Route 34 based on the PRASCOSUR roadkill study. Adapted with permission from [27]. Graph prepared by Lily Bright. 
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Figure 5. Mean number of roadkill recorded per each three-kilometer section of Route 34 during 1 January–1 July 2014, during the PRASCOSUR [27] study. Transect T14 (red) is the stretch of highway fronting Hacienda Barú National Wildlife Refuge. (A) All vertebrate animals; (B) all mammal species. Based on [4]. Key: T1 = Playa Tortuga, T2 = Ojochal, T3 = Piñuelas, T4 = Ballena, T5 = La Cusinga, T6 = Uvita, T7 = Rancho La Merced, T8 = Playa Hermosa, T9 = Punta Achiote, T10 = Cuna del Angel, T11 = La Macha, T12 = Dominicalito, T13 = Dominical, T14 = Hacienda Baru. Adapted with permission from [27]. Graph prepared by Emily Bohnet. 
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Figure 6. Some of the 16 species of wildlife using the tunnels at Hacienda Barú National Wildlife Refuge, photographed with camera-trap videos: (A) agouti, (B) white-nosed coati, (C) northern raccoon, (D) ocelot male, (E) northern tamandua, and (F) collared peccary. Source: Hacienda Barú National Wildlife Refuge. 
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Figure 7. Some of the nine species of wildlife using the hanging bridges at Hacienda Barú National Wildlife Refuge, photographed with camera trap still photos: (A) white-faced capuchin monkey, (B) white-nosed coati, (C) northern tamandua, (D) Mexican hairy porcupine, (E) wooly opossum, and (F) Hoffman’s two-toed sloth. Source: Hacienda Barú National Wildlife Refuge. 
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Figure 8. Some of the seven species of wildlife using the hanging ropes at Hacienda Barú National Wildlife Refuge, photographed with camera-trap still photos: (A) white-faced capuchin monkey (B) brown three-toed sloth, (C) green iguana, and (D) variegated squirrel. Source: Hacienda Barú National Wildlife Refuge. 
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Table 1. Species (common and scientific names) found for the PRASOCOSUR roadkill study [27] and Venegas study [4] of crossing structure use, and the use of tunnel, cable bridges and rope bridges described in this study. The “X” indicates the species was present as roadkill [27] or was recorded on camera traps using the crossing structure ([4], this study).
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Species Common Name

	
Species Scientific Name

	
PRASCOSUR

Study [27]

	
Venegas Study [4]

	
This Study




	
Large Tunnel

	
Cable Bridges

	
Rope Bridges






	
Howler monkey

	
Alouatta palliata

	
X

	

	

	

	




	
Brown-throated three-toed sloth

	
Bradypus variegatus

	
X

	

	

	
X

	
X




	
Central American woolly opossum

	
Caluromys derbianus

	

	

	

	
X

	




	
White-faced capuchin monkey

	
Cebus capucinus

	
X

	

	
X

	
X

	
X




	
Coyote

	
Canis latrans

	
X

	

	

	

	




	
Hoffman’s two-toed sloth

	
Choloepus hoffmanni

	

	

	

	
X

	
X




	
Mexican hairy porcupine

	
Coendou mexicanus

	
X

	

	

	
X

	
X




	
Striped hog-nosed skunk

	
Conepatus semistriatus

	
X

	
X

	
X

	

	




	
Paca

	
Cuniculus paca

	

	
X

	
X

	

	




	
Central American agouti

	
Dasyprocta punctata

	

	
X

	
X

	

	




	
Nine-banded armadillo

	
Dasypus novemcinctus

	
X

	
X

	
X

	

	




	
Common opossum

	
Didelphis marsupialis

	
X

	
X

	
X

	
X

	
X




	
Tayra

	
Eira barbara

	
X

	
X

	
X

	

	




	
Greater grison

	
Galictis vittate

	

	
X

	

	

	




	
Jaguarundi

	
Herpailurus yagouaroundi

	

	

	
X

	

	




	
Ocelot

	
Leopardus pardalis

	

	
X

	
X

	

	




	
White-nosed coati

	
Nasua narica

	
X

	
X

	
X

	
X

	




	
Collared peccary

	
Pecari tajacu

	
X

	
X

	
X

	

	




	
Gray four-eyed opossum

	
Philander opossum

	
X

	
X

	
X

	

	




	
Kinkajou

	
Potos flavus

	
X

	

	

	
X

	




	
Northern raccoon

	
Procyon lotor

	
X

	
X

	
X

	

	




	
Crab-eating raccoon

	
Procyon cancrivorus

	
X

	
X

	
X

	

	




	
Variegated squirrel

	
Sciurus variegatoides

	
X

	

	

	

	
X




	
Southern spotted skunk

	
Spilogale angustifrons

	
X

	

	

	

	




	
Northern tamandua

	
Tamandua mexicana

	
X

	
X

	
X

	
X

	
X
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