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Birds are sensitive to environmental changes and can drive range shifts rapidly due to their high mobility. Though previous studies have examined the associations between species traits and range shifts, whether species traits could still explain heterogeneity in shift directions remains poorly explored. Here, we compiled new bird records of China from 2000 to 2019 and analyzed species traits associated with apparent shift directions. We collected 350 provincial-level new records of birds belonging to 67 families of 22 orders. Of these, 32 are threatened, with 3 critically endangered, 11 endangered, and 18 vulnerable. Provinces in western China (i.e., Yunnan and Xizang) had relatively higher species richness of new recorded birds; this pattern was also reflected in the phylogenetic diversity we observed. In addition, provinces in northern China (i.e., Tianjin, Shandong, and Beijing) had relatively higher richness-controlled phylogenetic diversity. Phylogenetic overdispersion of new recorded bird communities was observed in 61.29% of provinces (19 of 31). The main shift directions indicated by new bird records were northward (with nearly 50% of birds moving NW, N and NE). Migration, hand-wing index (HWI), body mass, and range size are the four key factors that most significantly influence the shift directions in bird species, suggesting that bird movement toward newly suitable areas varies with species-specific traits. Together, these results demonstrate the importance of considering species ecological traits when predicting shift directions of birds.
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Introduction

Analysis of new bird records is important for evaluating extinction risks, predicting the future changes in ecological communities, and undertaking actions to preserve species of conservation concern (Chen et al., 2011; Li et al., 2013; Liu et al., 2013; Renjifo et al., 2017). A recent meta-analysis has shown that the number of new bird records in China has increased yearly during the past two decades (Chen et al., 2021). This brings us opportunities to track the shifts in species distribution under environment change and manage species of conservation concern in a timely manner. For example, the first discovery of Pterorhinus courtoisi in Wuyuan region in the Jiangxi Province facilitated the construction of a protected area (Collar et al., 2021).

Previous analyses on range shifts have shown that birds tend to move to higher latitudes or higher elevations on a global scale (e.g., Du et al., 2009; Chen et al., 2011; Li et al., 2013; Neate-Clegg and Tingley, 2023), yet there is also considerable heterogeneity in the magnitude and direction of these shifts across different regions. For example, in eastern North America resident birds expand their ranges northward while neotropical migrants have shown a contraction at their southern ranges (Rushing et al., 2020), and North American migratory birds show considerable heterogeneity in shifts of breeding distributions, with 44% moving southward and 55% moving northward (McCaslin and Heath, 2020). In Europe, birds overwintering in Finland in arable land are shifting more northward compared to those inhabiting forest and rural areas (Bosco et al., 2022). This heterogeneity is typically associated with factors such as migratory behavior and winter geography (Rushing et al., 2020), protandry and supplemental cues (McCaslin and Heath, 2020), habitat types (Bosco et al., 2022), initial climate conditions and species’ range traits (traits of a species that are related to the range within which it naturally occurs, e.g., distance to the nearest continually occupied grid cell, range size, and distance to species’ center of gravity, Howard et al., 2023), ecological barriers (e.g., coastlines and mountains, Marjakangas et al., 2023), species’ traits (Martins et al., 2024). Among the many factors, climate change predominantly drives the present range shifts worldwide (e.g., Bateman et al., 2016; Hu et al., 2020; Antão et al., 2022). This trend underscores the profound impact of climate change on avian species, and the observed northward and upward movements are likely driven by a combination of factors including increasing temperatures (Tayleur et al., 2015; Hu et al., 2020), and changes in precipitation patterns (reviewed in Neate-Clegg and Tingley, 2023).

Species’ traits are also increasingly being used for predictions of range shifts (e.g., Estrada et al., 2016; Howard et al., 2023; Martins et al., 2024). For example, traits associated with dispersal ability (i.e., body size, migratory strategy and movement ability) are important predictors of the magnitude of range shift (reviewed in MacLean and Beissinger, 2017). Nonetheless, most of current analyses have focused on spatial distribution of new bird records and the potential causes of observed range shifts (e.g., Chen et al., 2021; Zhang et al., 2022), while little attention has been paid to the associations between bird species traits and range shifts (Yang et al., 2020). For example, ecological traits such as range size, habitat specificity (i.e., the number of habitats where a species has been documented), and trophic level have positive effects on species distribution; birds with higher trophic levels are more likely to exhibit range shifts in China, whereas body size was negatively associated with range shifts of Chinese birds (Yang et al., 2020). Indeed, species traits were considered important in improving the predictions of range shifts (Angert et al., 2011; Estrada et al., 2016; Howard et al., 2023).

However, compared with the evidence on the effects of species traits on range shifts of birds, whether species traits still explain heterogeneity in shift directions remains poorly explored (Auer and King, 2014; MacLean and Beissinger, 2017; Rushing et al., 2020). For example, migratory status (i.e., resident, or migratory species) was proved to drive differential shift directions (Rushing et al., 2020), with resident species shifting toward their northward range limits while migratory species retracting from their southern range limits. Moreover, ecological traits such as trophic niche, primary lifestyle, hand-wing index, range size and body mass are expected to influence shift directions (e.g., Niven et al., 2010; Reif and Flousek, 2012; Hallman et al., 2022; Laughlin and Pomara, 2023; Thompson et al., 2023). For instance, resident insectivorous birds have shifted northwards at higher rates than residents with generalist diets (Laughlin and Pomara, 2023), and land birds have a higher proportion of northward shifts (Niven et al., 2010). Additionally, the hand-wing index has strong explanatory power regarding the elevational shifts in birds (Hallman et al., 2022). Also, open habitat species are shifting to higher altitudes compared to forest species (Reif and Flousek, 2012). Unsurprisingly, species traits could strengthen predictions for future directions of range shifts and assist in the implementation of effective bird conservation strategies, so that additional investigation is required on whether species-level traits can be used to predict their responses to climate-induced range shifts.

In addition, shifts in bird distribution may also cause closely related species to colonize new habitats (Krosby et al., 2015), because species that are more ecologically similar tend to occur within similar habitats. For example, estimated net increase in species richness in certain regions of North America and northern Asia suggested that newly added species share close evolutionary relationships to each other (Voskamp et al., 2022). Thus, phylogenetic information can offer a novel perspective for predicting shifts in bird distribution. It helps us to consider whether closely related bird species tend to follow similar patterns in response to environmental changes and thus is valuable for guiding future efforts in monitoring, modeling, and conservation.

In this study, we analyzed more than 400 provincial-level new bird records in China published within the past 20 years to obtain range shift patterns. The results provide a comprehensive review of bird ranges in China. Specifically, we asked the following questions: 1) Where are newly recorded birds concentrated in China and what are the corresponding patterns of phylogenetic structure? 2) which species-level traits are closely linked with the expansion directions of newly recorded birds?





Methods




Data collection

China extends across parts of the Palearctic and Indomalayan realms, ranging in latitude from 3°51′N to 53°33′N, including tropical monsoon, sub-tropical monsoon, temperate monsoon, temperate continental, and mountain climates (Domrös and Peng, 2012). China’s complex and diverse habitats harbor an extremely rich bird diversity (1505 bird species; Zheng, 2023), which constitute up to 13.79% of bird species worldwide (Gill et al., 2021). In this study, we collected new bird records in each province of China through the China National Knowledge Infrastructure (https://www.cnki.net/), selecting all databases except those for patents and almanacs. We searched all peer-reviewed scientific literature published from 2000 to 2019 using the following topic search terms: (China* OR province name) AND (bird* OR avian OR wild bird) AND (new occurrence records* OR new range OR new sighting OR new habitat) (accessed January 2020) (Supplementary Table 1 lists the Chinese translations for these search terms). A total of 350 newly recorded bird species were found.

We extracted 9 ecological traits commonly linked to shifts in distribution from the AVONET database (Tobias et al., 2022): hand–wing index (ratio of the distance between the tip of the first secondary feather and the tip of the longest primary feather to the total wing chord), body mass (g), habitat (forest, wetland, woodland, grassland, marine, human-modified, coastal, riverine, rock, shrubland, or desert), habitat density (dense, semi-open, or open), migration (sedentary, partially migratory, or migratory), trophic level (herbivore, omnivore, carnivore, or scavenger), trophic niche (herbivore terrestrial, aquatic predator, omnivore, herbivore aquatic, granivore, frugivore, invertivore, vertivore, scavenger, or nectarivore), primary lifestyle (terrestrial, aquatic, generalist, insessorial, or aerial), and range size (km2) (Tobias et al., 2022).

We constructed a phylogenetic tree for the study species by pruning the global phylogenetic tree of birds produced by BirdTree (http://birdtree.org) using the “Hackett All Species” option, which employs a set of 10,000 trees, each containing 9,993 operational taxonomic units (Jetz et al., 2012). We sampled 5,000 pseudo-posterior distributions and estimated the maximum clade credibility tree using mean node heights provided by the TreeAnnonator v1.10.4 software and the BEAST package (Drummond and Rambaut, 2007). The resulting tree was used for all subsequent phylogenetic analyses (Figure 1).




Figure 1 | Phylogenetic tree of all new bird records, and the proportion of species within each order relative to the total number of species.







Diversity indices

We estimated the taxonomic and phylogenetic diversity of newly recorded birds in each province of China. Taxonomic diversity was calculated as the number of new records in each province (SR), and phylogenetic diversity was estimated as Faith’s phylogenetic diversity index (PD) (Faith, 1992). Given that PD is correlated with SR because these metrics sum across species, we calculated the standardized effect size (SES) of PD using null models to account for the effects of species richness. Specifically, we applied a null model that randomly sampled species 999 times from all the species recorded across all the provinces, while maintaining a constant level of species richness in each province (Jarzyna et al., 2021).

To determine the phylogenetic structure of the communities, we calculated the standardized effect size (SES) of mean pairwise phylogenetic distance (MPD) for each province. The SES.MPD was calculated as follows: (Obs – Exp)/SDexp where Obs is the observed MPD, Exp is the average value of 999 random null model simulations, and SDexp is the associated standard deviation (SD). When SES.MPD < 0, the phylogenetic structure is clustered and environment filtering may drive the community assembly, whereas SES.MPD > 0 indicates overdispersion, such that competitive exclusion may drive community structure (Webb et al., 2002); SES.MPD > 1.96 or SES.MPD < −1.96 indicates significant overdispersion or clustering, respectively (P < 0.05).





Data analyses

When a new bird record was affected by uncertainty in taxonomic identification or in the geographic origin of the recorded bird, and when the original range of a certain species and its new record (i.e., the arrival point) are spaced by one or more provinces, we regarded the point within the species’ original range which is the nearest to the new record as the bird’s initial range and used this location to measure its shift directions. Shift directions were determined from the initial range, including only areas within China (Mackinnon et al., 2000), to the centroid of the colonized province (the geometric centroid of the new occurrence sites), and classified as east, west, south, north, northeast, northwest, southeast, or southwest (See Supplementary Figure 1 for a detailed illustration showing how we determine the shift directions). The shift directions were measured in degrees using the Ovital Map v8.9.4 (Beijing Yuansheng Huawang Software Co., Ltd, https://www.ovital.com/download/) and Google Maps software (Google LLC, http://www.google.cn/maps). Subsequently, these degree measurements were converted to radians: with the zero-reference point aligned to the east, the direction of northeast, for instance, was designated by an angle of 1.75π radians. In the subsequent analysis, the radians value served as the response variable, while the nine ecological traits considered were utilized as predictor variables.

Because a single species can shift its range in different directions, for each species, we entered each ecological trait the same number of times as the number of directions for that species. Then, we obtained a table with 485 rows (each row represents one shift direction; some birds may only have one shift direction, but there are also birds with multiple shift directions) and 10 columns (1 radian column and 9 ecological trait columns). Based on preliminary comparisons between generalized linear models (GLMs) and phylogenetic generalized least-squares models (Orme et al., 2013), we found that phylogenetic information has little influence on the results. Therefore, we performed subsequent analyses without considering phylogenetic effects. Further, we chose the random forest (RF) algorithm to explore the relative importance of each considered ecological trait in determining the shift directions for newly recorded bird species because it does not require strict assumptions about the data and, compared to GLMs, it can better handle issues such as multicollinearity and non-linear relationships (Breiman, 2001). In the RF model, the response variable was the shift directions (in radians), while the predictor variables were the nine ecological traits. To assess the relative importance of each ecological trait, we used the average of the percentage increase in mean squared error (%IncMSE) within RF models built after permuting the values of the considered trait, with a higher importance value suggesting that trait to be more influential than others in explaining the directions of range shifts for newly recorded birds. Random forest regression models were built using the “randomForest” package (Liaw and Wiener, 2002) in the R v4.2.1 software (R Core Team, 2021).






Results




Distribution of new bird records

A total of 350 species were recorded in China during 2000–2019, belonging to 67 families of 22 orders. Among these species, 32 are classified as Threatened, including 3 that are critically endangered, 11 endangered, and 18 vulnerable. Additionally, there are 22 near-threatened species and 296 of least concern (Figure 1). Most of the new records were Passeriformes (182 species; 52%), followed by Charadriiformes (44 species; 12.57%) and Anseriformes (21 species; 6%).

Specifically, western China (i.e., Yunnan and Xizang) had relatively higher species richness of new recorded birds (Figure 2A); we observed similar patterns in phylogenetic diversity (Figure 2B). In addition, northern China (i.e., Tianjin, Shandong, and Beijing) had relatively higher richness-controlled phylogenetic diversity (Figure 2C). Most provinces (19 of 31) had positive but not statistically significant SES.MPD values, indicating an overdispersed phylogenetic structure of bird communities for species with new records (Figure 2D).




Figure 2 | (A) Species richness (SR), (B) phylogenetic diversity (PD), (C) standardized effect size of phylogenetic diversity (SES.PD) and (D) standardized effect size of mean pairwise phylogenetic distance (SES.MPD) for new bird records in each province of China. Province names were added to the three ones with highest values of species richness, PD, SES.PD and SES.MPD, respectively. The asterisk (*) indicates the provinces where SES.PD (C) or SES.MPD (D) are less than -1.96 or greater than +1.96, indicating significant phylogenetic clustering or overdispersion.



The main shift directions indicated by new bird records were northward, with nearly 50% of birds moving NE (19.59%), NW (18.76%) and N (10.52%). (Figure 3). For threatened birds, their main shift directions were still northward (totaling 43.48%, including North 8.70%, Northeast 13.04%, Northwest 21.74%, Supplementary Figure 2). Passeriformes species shifted mainly to the northeast (21.19%), southeast (16.95%), and east (15.25%), whereas non-Passeriformes species shifted mainly to the northwest (23.69%), northeast (18.07%), and west (18.07%). Charadriiformes species shifted mainly to the northwest (27.54%), west (26.09%), and northeast (14.49%).




Figure 3 | Proportions of Charadriiformes, Non-Passeriformes, Passeriformes and total species in eight shift directions among provincial-level new records in China.



Newly recorded birds were mainly observed in forests (39.59%) and wetlands (24.74%) (Supplementary Figure 3). At the trophic level, they were found to be mostly carnivorous (69.07%). Upon examining their trophic niche, invertivorous (37.32%) and aquatic predators (30.10%) were the two most common groups. In terms of the primary lifestyle, the insessorial (40.00%) and terrestrial (36.49%) groups were the two most prevalent (Supplementary Figure 3).





Correlates of range expansion direction in newly recorded birds

The random forest analysis identified migration, hand–wing index (HWI), body mass, and range size as the top four significant ecological traits influencing range shift direction (i.e., measured range shift radians) (Figure 4). Further examination of their relationships indicated that body mass exerts a negative effect on radians, whereas HWI and range size have positive effects on radians. In examining the correlation between migratory behavior and radians, sedentary species show a relatively higher frequency of northward shift (105 occurrences), followed by migratory species with 78 occurrences (Supplementary Figure 4).




Figure 4 | Ecological trait importance assessed by %IncMSE in random forest model (left panel), and the relationships between the top 4 most important traits and the radian (right panel). HWI, hand-wing index; Mass, body mass; RS, range size; TN, trophic niche; HD, habitat density; TL, trophic level; PL, primary lifestyle.








Discussion

In this study, we examined new bird species records in China during 2000–2019 and analyzed their shift directions. The new bird records showed heterogeneous distribution; however, shift directions were mainly northward (48.87% of all records). Migration, HWI, body mass, and range size are the critical factors influencing the shift directions of newly recorded birds, reflecting trait-dependent colonization of new suitable habitats.




Spatial distribution of new bird records

Our findings showed that the new bird records were predominantly northward, which is consistent with the established pattern of range shifts, a widely observed phenomenon (e.g., Howard et al., 2023; Marjakangas et al., 2023; Martins et al., 2024). However, we also identified shifts toward the west, southeast (SE), and east, which contributed to 37.73% of the total shifts. It is acknowledged that the northward shift is commonly related to climate change and the species’ poleward ranges response to rising temperatures. Nonetheless, it should be noted that the distribution of shifts is influenced by diverse factors, including ecological traits (McCaslin and Heath, 2020), habitat types (Bosco et al., 2022), ecological barriers (Marjakangas et al., 2023), and others (Thompson et al., 2023). In addition, large proportion of the newly recorded birds are forest species, which may be a consequence of the expansion of forested areas from 1980 to 2019 in China (Yu et al., 2022). Furthermore, the majority of these newly recorded birds are carnivorous (69.07%), which is consistent with the large proportion of this trophic level among China’s bird species (more than 60% out of 1,505 species; Zheng, 2023).

Previous analyses showed that there are two potential hotspots of new bird records in China, namely four western provinces (southwest provinces including Xizang, Yunnan, and Guangxi, as well as the northwest province of Xinjiang), and four coastal provinces (i.e., Hebei, Tianjin, Fujian and Taiwan) (Liu et al., 2013). Accordingly, we found that western provinces have relatively higher newly recorded bird species compared to the rest of the country. This is probably because these provinces have high bird species diversity, and border other countries such that birds may easily extend their ranges into China. In addition, the rapid development of birdwatching in recent years has offered greater opportunities for new bird records (Ma et al., 2013; Walther and White, 2018), particularly in these regions.

Regarding phylogenetic dimension of diversity, we did not find that the closely related species are more likely to inhabit new areas; i.e., we observed less phylogenetic clustering than expected. Indeed, there is mixed evidence that range shifts tend to occur more frequently in closely related species (e.g., Chunco, 2014; Krosby et al., 2015). For example, Krosby et al. (2015) argued that there is a lower probability of range overlap among closely related species, and that such overlap would be more common in the tropics. In addition, we found pervasive overdispersed phylogenetic structure across provinces but only one southwestern province (i.e., Yunnan province) exhibited significant overdispersion. This may be related to various factors, with elevation being one possible factor that could play a role in explaining the patterns of phylogenetic overdispersion/clustering. For example, previous studies have shown that elevation indeed drives changes in phylogenetic structure, shifting from being overdispersed at lower elevations toward being clustered at higher elevations (Xu et al., 2017; Hanz et al., 2019), and high elevation heterogeneity could be another important factor inducing phylogenetic overdispersion. By contrast, Qinghai and Hunan Provinces exhibited significant clustering, likely due to the homogeneity of their habitats. Specifically, Qinghai Province is dominated by alpine grasslands and desert areas (Zhou, 2006). In Hunan Province, the newly recorded species were concentrated in the Hupingshan National Nature Reserve, which covers a relatively small geographic area and therefore contains a relatively small number of habitat types.





Correlates of range expansion direction

Range shifts in birds can differ according to migratory status (Rushing et al., 2020). Indeed, northward range shifts have primarily occurred for species wintering in temperate areas and they may be due to increasing winter temperatures that allow species to survive at higher latitudes. Our results indicate that sedentary birds tend to shift more northward (Supplementary Figure 4), which is generally consistent with the findings that resident birds expand along their northern margin while the ranges of migratory species have contracted at their southern margin (Rushing et al., 2020). This is probably because the factors that determine range limits vary with migratory status (Hovick et al., 2016), as temperature affect more directly resident birds during winter season, thus making them more prompt to shift their range, while migratory species show high site-fidelity during the breeding season (Hu et al., 2020; Rushing et al., 2020; Lehikoinen et al., 2021; Liang et al., 2021). However, due to the limited research conducted on the relationship between migratory status and shift direction, more comprehensive studies are needed to yield more definitive findings.

Body mass had a negative effect on the shift directions, indicating that larger birds tend to expand to the east, southeast, south, and southwest (see Supplementary Figure 5 for radian values and their corresponding directions). Given that body mass is associated with a range of factors including resource availability and species richness (Olson et al., 2009), whether the observed associations between body mass and shift directions are due to the direct influence of body mass or the indirect impact of factors associated with body mass on shift directions requires further investigation. In addition, both hand-wing index and range size had positive effects on the directions of distribution shifts. That is, birds with stronger flight capabilities and those with larger range sizes are more inclined to move northward. Given that the power of generalization of species’ traits is weak (Thompson et al., 2023), it is difficult to find general patterns in the relationship between ecological traits and shift directions, as range shifts are influenced by multiple factors or their interactions, such as species traits, environmental preferences and ecological barriers (e.g., Bosco et al., 2022; Marjakangas et al., 2023; Thompson et al., 2023), rather than by a single factor.





Caveats and limitations

Although our research has identified some general trends or factors that influence bird movements, we should also recognize that the presence of vagrant birds in new records introduces unpredictability, which can interfere with drawing general conclusions. However, understanding the traits of these birds can still provide valuable insights into broader ecological and environmental patterns, which can contribute to our understanding of species’ responses to changing environments, particularly relevant in the context of climate change and habitat fragmentation. Future research should aim to eliminate the impact of vagrants through continuous monitoring, which can increase the accuracy of the results. In addition, the rapid development of birdwatching in recent years has increased the opportunities for recording new bird species (Ma et al., 2013; Walther and White, 2018), particularly in the four western and four coastal provinces that are hotspots for biodiversity. This increased activity might obscure the actual factors contributing to these new discoveries. Finally, publication bias could also affect our results, as some species potentially receive more attention than others, and this disparity is likely to have impacts on the observed results. Future research should strive for comprehensive data resources to achieve more accurate results.






Conclusion

In conclusion, our study offers a comprehensive perspective on the distribution patterns of newly recorded bird species across China, revealing that western regions harbor greater species richness and phylogenetic diversity (as indicated by PD), while northern regions display higher richness-controlled phylogenetic diversity (as indicated by SES.PD). We observed a widespread pattern of phylogenetic overdispersion and a notable trend of northward range shifts among newly recorded bird species. These shifts are significantly influenced by key ecological traits such as migration status, hand-wing index (HWI), body mass, and range size, with sedentary species showing a particular propensity for northward movement. Our results underscore the complex interplay between species traits and shift directions, emphasizing the necessity for an integrative approach that considers ecological traits when modeling and predicting species range shifts in response to environmental changes.

Further, 32 of the newly recorded species are classified as Threatened. The range shifts of these endangered birds have, to some extent, formed a form of ex-situ conservation, which is an important strategy for preserving biodiversity. By monitoring and managing the habitats of these species, we can better understand the factors driving their range shifts and implement effective conservation measures to ensure their survival in the face of environmental changes.
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