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			ABSTRACT

		

		
			Crested ibis (Nipponia nippon) is globally endangered due to habitat loss and destruction. In 2007, a reintroduction project was implemented in Dongzhai National Nature Reserve, Henan Province, and 78 crested ibises were released between 2013 and 2015, with the aim of establishing a self-sustaining wild population outside the Qinling Mountains, where crested ibis was first reintroduced. The aim of this study was to detect suitable habitat areas, and evaluate the factors affecting the distribution of the crested ibis. We used a maximum entropy model with seven environmental variables to evaluate habitat suitability. Our results indicate that the current reserve may be too small to meet the crested ibises’ needs in the future, and we believe that more ibises will disperse outside the reserve as the population expands. The distribution of crested ibises in the Dongzhai Reserve area was mainly affected by altitude, followed by distance to forest, and distance to roads. Notably, our study confirmed that the crested ibis has adapted and regained the habit of living at low elevations in the Dongzhai Reserve. Although most suitable habitat was found inside the nature reserve, a large proportion of suitable habitat was also found outside of the reserve. In addition, we found evidence that crested ibises were fairly tolerant to human disturbances, such as presence of roads. As the population of crested ibises expands, more may move outside of the nature reserve. It is, therefore, important to also implement crested ibis conservation strategies such as public outreach and surveillance outside of the nature reserve, as well as continuing conservation efforts inside of the nature reserve.
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			Introduction

			

			Reintroduction is defined as the release of a species in its previous distribution range in order to establish a self-sustaining wild population (IUCN/SSC, 2013). Worldwide, species reintroductions have increased rapidly over the past few decades as a measure of conservingendangered species (Fischer and Lindenmayer, 2000; Seddon et al., 2007), and play an important part in bird conservation (Bozzuto et al., 2017; Carter and Newbery, 2004). Habitat quality directly affects the distribution, population density, reproductive success and adult survival in birds (Cedy, 1985). It is essential to provide adequate suitable habitat for the conservation translocation of endangered species, which is usually an intentional movement and release of organism for conservation objective (IUCN/SSC, 2013).

			Habitat assessment can provide spatial distribution information of habitat quality of target species, and it can provide a decision basis for wildlife conservation and management (Jin et al., 2008). Species distribution models (SDMs) can estimate the relationship between species distribution data (presence or absence) and the environmental and/or spatial characteristics of those sites (Elith and Leathwick, 2009; Franklin, 2009). In recent years, SDMs have been widely applied by ecologists to clarify habitat ranges and characteristics that are important for target species or populations (Elith and Leathwick, 2009). The maximum entropy model (MaxEnt) is an SDM that utilizes the principle of maximum entropy to determine statistical relationships between presence locations and the environment by comparing the environment where an organism is found to the available environment (Phillips et al., 2006). MaxEnt can model species distributions without absence data (Phillips and Miroslav, 2008; Elith et al., 2011, 2006), and often has better performance in accuracy than other SDMs with limited data (Hernandez et al., 2006; Fonderflick et al., 2015). Logistic outputs of MaxEnt are continuous raster data ranging from 0-1 probability of species presence, and a value closer to one indicates higher probability that the species will appear at the location represented by that raster cell. The probability of occurrence is related to the availability of quality habitat (Merow et al., 2013), therefore the logistic output of Maxent predictions can be regarded as indices of habitat suitability (Kebede et al., 2014; Latif et al., 2015; Sangermano et al., 2015).

			The crested ibis (Nipponia nippon) was once widely distributed in eastern Asia. It historically nested in the Russian Far East, Japan, and China, and occurred as a non-breeding visitor to the Korean peninsula (BirdLife International, 2001). In the mid-20th century, the crested ibis became extinct in most of its former range due to deforestation and habitat destruction, as well as changes in farming practices (Ding, 2010). The species was even classified-as extinct in the wild before a single relict population of seven birds (two pairs and three fledging) was re-discovered in Yangxian, Shaanxi Province, in central China in 1981 (Ding, 2010). The first reintroduction of crested ibis was successfully implemented in Zhaigou village, Qinling area, in 2007 (Huo et al., 2014; Yu et al., 2009). Through such reintroduction projects, the population and distribution of this species have increased, and the species distribution has expanded in the Qinling Mountains (Wang et al., 2014; Wu et al., 2017).

			Since the wild population is restricted to the Qinling area, the crested ibis is vulnerable to natural disasters and epidemics (Ding, 2010). A reintroduction program was implemented in Dongzhai National Nature Reserve, Luoshan County in Henan Province, China, in 2007, in order to establish a new wild population in the Dabie Mountains. The State Forestry Administration transferred a total of 17 crested ibis (four from the Beijing Zoo, 13 from Japan) to the reserve in 2007, and through captive breeding, the population increased to 132 birds by February 2013. The size of this captive population was sufficient for the first phase of the reintroduction program, which included releasing the captive-bred ibises to the wild, and observing the survival and reproduction of released individuals in the natural environment. From 2013 to 2015, 78 captive-bred individuals (34 in 2013, 26 in 2014 and 18 in 2015) were released to the wild after a 7–9 month period of acclimation.

			Current studies on the habitat assessment of ibis are focused on the Qinling area (BirdLife International, 2016), located in the western mountainous plateau sub-region of China, while the Dongzhai Reserve is located in the eastern hills and plains sub-region of China (Zhang, 1997). These two environments differ in both geography and climate (Supplementary Table I). As this is the first crested ibis re-introduction project implemented outside the Qinling Mountains, it is of great importance to understand the habitat suitability for crested ibis in Dongzhai. In this study, we use the MaxEnt model to evaluate the habitat suitability for crested ibis in Dongzhai using presence-only data of released individuals, to achieve the following objectives: (1) evaluate the quantity inside versus outside the reserve and the distribution of highly suitable habitat, which can be used to predict the distribution trend of wild crested ibis; and (2) determine the main factors influencing the habitat suitability for ibis in the region. 

			

			Materials and methods

			

			Study area

			The Dongzhai National Nature Reserve (31°28′–32°09′N, 114°18′–114°30′E, area of 468 km2) is located on the northern slopes of the western Dabie Mountains in Luoshan County, Henan Province, China (Fig. 1A). The reserve is located in a transitional area between subtropical and temperate zones, with a mean annual temperature of 15.1°C, and annual precipitation of 1209 mm, and the elevation ranges from 44 to 834 m. More than 70% of the area is covered by vegetation with north-south intersection characteristics. The forested vegetation is predominantly composed of oak (Quercus spp.), Masson’s pine (Pinus massoniana), dyetree (Platycarya strobilacea), beautiful sweetgum (Liquidambar formosana), and hupeh rosewood (Dalbergia hupeana) (Li et al., 2012).

			The study area (center 31°55′40″N, 114°18′06″E, a total of 2826 km2) was generated by standard distance with three standard deviations using Spatial Analysis Tools in ArcGis10.0 (Environmental Systems Research Institute, Inc, Redlands, USA). This area includes 99% of the locations of crested ibis in the Dabie Mountains, covering the initial observed foraging, roosting and breeding habitat of the ibis from October 2013 to August 2016 (Fig. 1B).
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			Fig. 1. Study area: A, the mainly distribution area of wild crested ibis in Qinling Mountain, Shaanxi Province, and the study area of reintroduction population in Dabie Mountain; B, the dispersal and habitat evaluation area of reintroduced crested ibis in Dongzhai National Nature Reserve; C, the elevation of study area; D, the land cover of the study area.

			

			Release and monitoring of crested ibis

			The first batch of 34 birds was hard released on 10, 2013, and the second batch of 26 birds was soft released between August 12 and 26, 2014. Before they were released into wild, all birds were acclimated in semi-natural cages. In the hard release, we opened the door of semi-natural cages, and the crested ibises were driven from the cages into the wild by the breeder. In contrast, in the soft release, the crested ibises werelured out of their cages using food placed at the door and outside the cage after opening the gate. Using this soft release, it took two weeks for all the 26 birds to leave the cages. In total, six of 34 individuals (mean weight 1.67 ± 0.12 kg) released in 2013 were fitted with satellite transmitters weighing 22 g (North Star Ltd., US), ten of 26 in 2014 were fitted with lightweight radio weighing 19 g (AI-2B, Holohil Systems Ltd., Canada, n = 5, mean weight of ibises 1.73 ± 0.17 kg) or satellite transmitters weighing 25 g (Hunan Global Messenger Co., Ltd., China, n = 5, mean weight of ibises 1.61 ± 0.17 kg) before being released into the wild. Since the first release, we extensively monitored the reintroduced population using the transmitters, field tracking surveys, reliable sightings and interviews with local residents. The satellite transmitters, powered by solar panels, sent data every three or four days, as the back feathers covered the solar panel, the subsequent signal could not be sent out after about a month or so. The lightweight radio transmitters powered by battery, and most of the presence sites of the crested ibis were identified by the triangulation method using radio signals. Accurate geographical coordinate data was measured by handheld GPS tracker (eXplorist 510, Magellan, Camino Real, Santa Clara, USA) after the birds flew away when it was feasible.

			

			Data sets

			In total, 664 GPS locations were recorded from November 2013 to December 2015, and 112 locations were obtained after deleting duplicate record points and merging locations within 100 m in ArcGIS10.0. Eight predictor variables were used in this study (Table І): a) terrain factors: altitude (Alt), slope (Slp) and aspect (Asp), the Alt is always considered an important variable in existing studies of crested ibis (Ding, 2004; Li et al., 2006) and it might represent the vegetation particularly the wetland distribution in this study, and Slp and Asp influenced the nest selection of crested ibis (Ding, 2004). b) human disturbance factors: distance to road (DisR) and distance to village (DisV), the DisR and DisV represented the interference of human activities on the crested ibis (Zhang et al., 2017; Li et al., 2002) and (c) land cover factors: distance to forest (DisF), distance to wetland (DisW) and distance to paddy fields (DisP), the land cover reflects the features of the site of the crested ibis, crested nesting and roosting in forest, and mainly foraging in paddy and wetland. Terrain factors were obtained from ASTER GDEMV2 DEM data (30 m × 30 m resolution), downloaded from the Geospatial Data Cloud site, Computer Network Information Center, Chinese Academy of Sciences (http://www.gscloud.cn, accessed April 21, 2016). The elevation data were directly obtained from DEM data, and the slope and aspect data were obtained using the surface analysis in Spatial Analysis tools in ArcGIS10.0 (Fig. 1C). The road data were obtained from the Geographical Information Monitoring Cloud Platform (http://www.dsac.cn/DataProduct). A Landsat-8 Operational Land Imager (OLI) image (path 123, row 38, 16/4/2015) was downloaded from the Institute of Remote Sensing and Digital Earth, Chinese Academy of Sciences (http://ids.ceode.ac.cn/, accessed May 2, 2016). The remote sensing imagery was interpreted by classification workflow with training data in ENVI 5.1 (Exelis Visual Information Solutions, Inc., Tysons Corner, Virginia, USA). We generated real ROI surface data by field survey and evaluated the classification accuracy by confusion matrix, and the overall classification accuracy reached 95.85%. Because the crested ibis has different habitat preferences for breeding, foraging and roosting, the land cover was classified as forest land, wetland, paddy field and residential area in ENVI 5.1 (Fig. 1D). Subsequently, the classification results were imported into ArcGIS10.0 to generate a Euclidean distance raster layer for each category. The cross-correlations between variables were examined by Pearson’s (Supplementary Table II). All variables correlations were less than |0.7|, except that between DisP and Alt, therefore, the DisP was removed in the MaxEnt model. 

			

			Table I.- The environmental variables considered used in the Maxent model to predict the habitat suitability for crested ibis.

			
				
					
					
					
					
					
					
					
				
				
					
							
							Code

						
							
							Variable

						
							
							Type

						
							
							Unit

						
							
							Range

						
							
							Mean

						
							
							SD

						
					

					
							
							Alt

						
							
							Altitude

						
							
							Continuous

						
							
							m

						
							
							31~888

						
							
							147

						
							
							117

						
					

					
							
							Slp

						
							
							Slope

						
							
							Continuous

						
							
							°

						
							
							0~60

						
							
							9.8

						
							
							7.5

						
					

					
							
							Asp

						
							
							Aspect

						
							
							Continuous

						
							
							°

						
							
							0~360

						
							
							179

						
							
							104

						
					

					
							
							DisR

						
							
							Distance to road

						
							
							Continuous

						
							
							m

						
							
							0~8721

						
							
							1630

						
							
							1469

						
					

					
							
							DisF

						
							
							Distance to forest

						
							
							Continuous

						
							
							m

						
							
							0~3216

						
							
							128

						
							
							220

						
					

					
							
							DisW

						
							
							Distance to wetland

						
							
							Continuous

						
							
							m

						
							
							0~5276

						
							
							535

						
							
							717

						
					

					
							
							DisV

						
							
							Distance to village

						
							
							Continuous

						
							
							m

						
							
							0~3792

						
							
							491

						
							
							527

						
					

				
			

			

			

			Habitat suitability model

			We ran the MaxEnt model 10 times, with a different random training dataset (70%, n = 78) and testing dataset (30%, n = 34) for each replication. We set 10,000 randomly generated background points and a maximum of 5,000 iterations, with all other settings as the defaults in MaxEnt (Phillips and Miroslav, 2008). To evaluate the predictive ability of the MaxEnt models, we used the Area Under Curve (AUC) of the Receiver Operating Characteristic (ROC) curve technique (Anderson et al., 2006; Phillips et al., 2006). The value of AUC generally ranges between 0.5 and 1, and is a measure of the discrimination ability of the model (Fielding and Bell, 1997). Values less than 0.5 are no better than random, values between 0.5 and 0.7 indicate a rather low accuracy, values between 0.7 and 0.9 indicate that the models are useful for some purposes, and values above 0.9 represent high accuracies (Swets, 1988). The importance of each environmental variable for the development of the model was evaluated using the built-in Jackknife (Phillips et al., 2006; Liu et al., 2017).

			The results of the habitat suitability for the crested ibis were in Logistic format, and the output data were continuous raster data of probability of presence (ranging from 0 to 1). We assumed that the probability of occurrence was related to the availability of quality habitat for the crested ibis. Therefore, the higher the probability of occurrence, the higher quality the habitat available for the species (Sangermano et al., 2015). We used two threshold values generated by Maxent to discretized the model predictions into least suitable, moderately suitable, and most suitable (Kebede et al., 2014).
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			Fig. 2. Habitat suitability map for crested ibis. The map of suitable habitat distribution is divided into three classes: least suitable (0 < HIS < 0.12), moderately suitable (0.12 < HIS < 0.39), and most suitable (0.39 < HIS < 1).

			

			Table II.- Area of suitable habitat in the study area, and the proportion of each category, respectively.

			
				
					
					
					
					
					
				
				
					
							
							

						
							
							Total 

							area 

						
							
							Least suitable 

						
							
							Moderately suitable

						
							
							Most suitable

						
					

					
							
							Inside of reserve

						
							
							468.5 (16.6%)

						
							
							253.0 (13.2%)

						
							
							180.0 

							(23.3%)

						
							
							35.5 (27.3%)

						
					

					
							
							Outside of reserve

						
							
							2356.1 (83.4%)

						
							
							1668.1 (86.8%)

						
							
							593.7 

							(76.7%)

						
							
							94.3 (72.7%)

						
					

					
							
							Study area

						
							
							2824.6 (100%)

						
							
							1921.1 (100%)

						
							
							773.7 

							(100%)

						
							
							129.9 (100%)

						
					

				
			

			

			

			Results

			

			The model for crested ibis produced a training AUC value of 0.923 ± 0.006 and a testing AUC value of 0.863 ± 0.060, indicating that the MaxEnt model had high prediction accuracy. The minimum training presence logistic threshold and maximum test sensitivity plus specificity logistic threshold values were 0.12 and 0.39. The polygons with probability value of presence between 0.12 and 0.39 were regarded as suitable habitat patches for crested ibis, and the patches with value greater than 0.39 were regarded as optimum habitat (Fig. 2).

			The projected suitable habitats for the species were mainly located within the low altitude areas, and were mainly distributed in the northern and eastern parts of the Dongzhai Reserve (Table II). The total available habitat in the study area reache to 903.5 km2, comprised by 215.5 km2 in the reserve and 688 km2 outside.

			The percent contributions of variables to the model indicate that altitude (Alt) was the primary factor contributing to the model, followed by distance to forest (DisF) and distance to roads (DisR). And permutation importance indicate that Alt, DisF and Slp were the three most important variables (Table III). The environmental variable with highest gain when used in isolation was Alt, which therefore appears to have the most useful information by itself. The environmental variable that decreased the gain the most when it is omitted is Alt, which therefore appears to have the most information that isn’t present in the other variables (Fig. 3).

			

			Table III.- Variable permutation importance and percent contribution for the crested ibis suitability models. 

			
				
					
					
					
				
				
					
							
							Variable*

						
							
							Percent 

							contribution

						
							
							Permutation importance

						
					

					
							
							Alt

						
							
							54.8

						
							
							47.6

						
					

					
							
							DisF

						
							
							22.8

						
							
							27.5

						
					

					
							
							DisR

						
							
							8.9

						
							
							5.9

						
					

					
							
							DisW

						
							
							2.9

						
							
							12

						
					

					
							
							Slp

						
							
							7.4

						
							
							2.1

						
					

					
							
							Asp

						
							
							2

						
							
							2.3

						
					

					
							
							DisV

						
							
							1.2

						
							
							2.6

						
					

				
			

			

			*Variables explained in Table I. The top three predictors are highlighted in bold.

			

			Discussion

			

			The MaxEnt models created for crested ibis in this study were well supported and applicable to the species analyzed according to high AUC values. Our results demonstrate that the proportion of suitable habitats inside the Dongzhai Nature Reserve is only 23.8% of that in the study area. In addition, the distribution of suitable habitat in the reserve is uneven, with the increase in the number of crested ibises in the wild, and more releases of captive individuals in the future; there could be a very high density of crested ibises in the reserve in future. On the other hand, although the proportion of suitable habitat outside of the reserve was lower than inside, the area of suitable habitat outside of the reserve was three times larger than inside the reserve. 
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			Fig. 3. Results of MaxEnt models: A, Jackknife test of variable importance. Codes of the variables are shown in Table I; B, relationship between main environmental variables and habitat suitability for crested ibis.




			In addition, some of the crested ibises have already spread beyond the existing protected areas in the Dongzhai Reserve. Therefore, we believe that more crested ibises will spread to suitable habitats outside the protected area in the future. This requires additional conservation measures from the local government and wildlife management authorities, including expanding the scope of crested ibis protection efforts, public outreach, and strengthening the surveillance of the areas surrounding reserve.

			Altitude was the main environmental factor influencing the habitat suitability for crested ibis in the study area. The most suitable elevation was found to be approximately 100 m a.s.l. We believe this may be related to several factors. First, the crested ibises were captive bred and acclimated in the area at an altitude of 120 m a.s.l., and as such, they adapted to the low altitude. Second, the foraging habitats of crested ibis, such as paddy fields and wetlands, were generally distributed in areas with low altitudes. Lastly, because of long-term captive breeding, most of the released crested ibis were mainly active around the aviary (within 15 km), and did not spread to the southwest area of high altitude. The optimal elevation in Dongzhai was lower than that in the Qinling Mountains, which ranged from 500 m to 800–1200 m (Li et al., 2002; Yan et al., 2015). This may be because the average elevation of the study area was lower than that in the Qinling Mountains, which led to most paddy fields and wetland distributed at low elevation of 100-120 m in Luoshan but relatively higher elevation such as 650-800 m in Qinling Mountains (Yan et al., 2015). In addition, a previous study showed that the crested ibis historically lived at altitudes of 200–300 m a.s.l., which may explain why we found a relatively low optimal elevation in our study (Li et al., 2009). We believe that the crested ibis has adapted, and regained the habit of living at lower elevations in the Dongzhai Reserve.

			Forests provide a place to avoid the risk of predation. The roosting trees and nest trees of crested ibises were mainly distributed in the hillside forest (Liu et al., 2006; Ma et al., 2001). Preferred foraging habitats for the crested ibis were usually those where ibises could easily scan the horizon (Ma et al., 2001; Zhao et al., 2010). In this study, the contribution and importance of distance to forest land was second to elevation in the MaxEnt model. Crested ibises usually forage in paddy fields, rivers, reservoirs and other wetlands, where they may be easily discovered by raptors (e.g., golden eagle, Aquila chrysaetos). At the first release, we observed that the first crested ibis fly out was attacked by a golden eagle. Thus, land that is close to forest cover may be more suitable for crested ibises, as staying close to the forest can help crested ibises conceal themselves and avoid predation by raptors. There are many individuals of different raptor species in the Dongzhai Reserve (Xi et al., 2013); therefore, pressure from predators may greatly influence habitat selection of crested ibis.

			The DisR variable (distance to roads) represents human disturbance in this study. The habitat suitability for crested ibis was negative correlated to the DisR. This indicates that crested ibis preferred nesting and foraging near humans, and had a certain tolerance to human disturbance. The roads in mountainous areas in China, such as that of our study site, are usually built along the river, and paddy fields are often distributed near the road. The higher habitat suitability in the near-road areas may be attributed to the foraging habitats are mainly distributed near the road.

			

			Conclusion

			

			We evaluated the habitat suitability for crested ibis in the Dongzhai Reserve using the MaxEnt model. The results indicate that the area of habitat available for crested ibises in the periphery of the reserve was three times that inside the reserve, and large patches of suitable habitat exist to the northeast and northwest of the reserve. We recommend that local authorities and reserve management staff strengthen public awareness and wildlife management in these potential habitats. The main environmental factors influencing the habitat quality for crested ibis in Dongzhai were altitude, distance to forest and distance to roads. Our results support previous studies that the crested ibis historically lived at low elevations with abundant paddy fields and wetlands, and we found that crested ibises had the ability to regain the habit living in a human-dominated, village ecological environment within a short time.
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ABSTRACT

Crested ibis (Nipponia nippon) is globally endangered due to habitat loss and
destruction. In 2007, a reintroduction project was implemented in Dongzhai National
Nature Reserve, Henan Province, and 78 crested ibises were released between 2013
and 2015, with the aim of establishing a self-sustaining wild population outside the
Qinling Mountains, where crested ibis was first reintroduced. The aim of this study
was to detect suitable habitat areas, and evaluate the factors affecting the distribution
of the crested ibis. We used a maximum entropy model with seven environmental
variables to evaluate habitat suitability. Our results indicate that the current reserve
may be too small to meet the crested ibises’ needs in the future, and we believe
that more ibises will disperse outside the reserve as the population expands. The
distribution of crested ibises in the Dongzhai Reserve area was mainly affected by
altitude, followed by distance to forest, and distance to roads. Notably, our study
confirmed that the crested ibis has adapted and regained the habit of living at low
elevations in the Dongzhai Reserve. Although most suitable habitat was found inside
the nature reserve, a large proportion of suitable habitat was also found outside of
the reserve. In addi
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species remtroductions ]ﬁlave increased rapidly over the
past few decades as a measure of conserving endangered
species (Fischer and Lindenmayer, 2000; Seddon et al.,
2007), and play an important part in bird conservation
(Bozzuto et al., 2017; Carter and Newbery, 2004). Habitat
quality directly affects the distribution, population density,
reproductive success and adult survival in birds (Cedy,
1985). It is essential to provide adequate suitable habitat
for the conservation translocation of endangered species,

and management (Jin ef al., 2008). Species distribution
models (SDMs) can estimate the relationship between
species distribution data (presence or absence) and the
environmental and/or spatial characteristics of those sites
(Elith and Leathwick, 2009; Franklin, 2009). In recent
years, SDMs have been widely applied by ecologists to
clarify habitat ranges and characteristics that are important
for target species or populations (Elith and Leathwick,
2009). The maximum entropy model (MaxEnt) is an SDM
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