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Biodiversity is already experiencing the effects of climate change through range expansion, retraction, or relocation, potentializing negative effects of other threats. Future projections already indicate richness reduction and composition modifications of bird communities due to global warming, which may disrupt the provision of key ecological services to ecosystem maintenance. Here, we systematically review the effect of morphological, ecological, and geographical traits on the amount of future suitable area for birds worldwide. Specifically, we tested whether body mass, diet, habitat type, movement pattern, range size, and biogeographic realm affect birds' suitable area. Our search returned 75 studies that modeled the effects of climate change on 1,991 bird species. Our analyses included 1,661 species belonging to 128 families, representing 83% of the total, for which we were able to acquire all the six traits. The proportion of birds' suitable area was affected by range size, body mass, habitat type, and biogeographic realm, while diet and movement pattern showed lower relative importance and were not included in our final model. Contrary to expectations, the proportion of birds' suitable area was negatively related to range size, which may be explained by higher climatic stability predicted in certain areas that harbor species with restricted distribution. In contrast, we observed that birds presenting higher body mass will show an increase of the proportion of suitable area in the future. This is expected due to the high exposure of smaller birds to environmental changes and their difficulty to keep thermoregulation. Our results also indicated a low proportion of suitable area to forest-dependent birds, which is in accordance with their higher vulnerability due to specific requirements for reproduction and feeding. Finally, the proportion of suitable area was low for birds from Oceania, which is expected since the region encompasses small islands isolated from continents, preventing their species from reaching new suitable areas. Our study highlights that different traits should be considered when assessing extinction risk of species based on future projections, helping to improve bird conservation, especially the most vulnerable to climate change.
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Introduction

As a result of alterations in temperature and precipitation, species distributions may shift (i.e., expansion, retraction, or relocation) to seek better climatic conditions (Bellard et al., 2012; Lenoir and Svenning, 2015). Even when a species is not directly affected by climate change, it can suffer indirectly due to its interaction with species that will lose or relocate their habitat (Thomas, 2010). In this context, several studies discuss the potential impacts of climate change on biodiversity (e.g., Pearman et al., 2011; Newbold, 2018; Hidasi-Neto et al., 2019). Several studies have reported that our planet will become warmer and drier in the next decades (e.g., Drobinski et al., 2020; Almazroui et al., 2021), which will cause an increase in the species extinction risk (Bateman et al., 2020). For instance, the number of mammal species are predicted to decrease under future scenarios, including in highly diverse regions (Hidasi-Neto et al., 2019). A similar pattern is observed for anuran and birds, whose species richness are expected to be lower in future climatic scenarios (Menéndez-Guerrero et al., 2020; Prieto-Torres et al., 2020). Additionally, climate change may lead to savannization of tropical forests (Franchito et al., 2012) and consequently the impoverishment of communities due to species replacement (i.e., extinction of specialists and expansion of generalists), as predicted for mammals (Hidasi-Neto et al., 2019; Sales et al., 2020). Because of these changes in species' suitable areas, diversity patterns (i.e., species richness and community composition) are expected to change with global warming (Mota et al., 2022), what may disrupt key ecological functions, including those provided by birds (Sekercioglu, 2006).

Avian species are among the best known organisms, they are globally distributed and sensitive to environmental modifications, making them a potential study group to evaluate climate change impacts on biodiversity (Sekercioglu et al., 2012; Bregman et al., 2014). Additionally, birds contribute to several key ecological services, including seed dispersal, pollination, and insect control, thus providing the maintenance of natural and artificial environments (Sekercioglu, 2006; Morante-Filho and Faria, 2017; Blount et al., 2021). However, those services may be at risk due to the redistribution of species' suitable area resulting from climate change (e.g., Nowak et al., 2019). For instance, large seeds depend on large dispersers to carry them away from the parent tree, thus, the loss of frugivores such as toucans and guans may exert evolutionary pressure toward smaller seeds (Galetti et al., 2013; Sales et al., 2021). Climate-driven extinctions and few colonization are also predicted to occur in plant-hummingbird networks from North America and lowland South America communities (Sonne et al., 2022). Furthermore, high temperature and low rainfall in future climatic scenarios are expected to decrease taxonomic, phylogenetic, and functional diversity of bird species, leading to a restructuring of species assemblages around the world (Prieto-Torres et al., 2021; Stewart et al., 2022).

Although several studies have detected the pervasive effects of climate change on birds, it is still poorly understood how morphological, ecological and geographical traits can modulate this impact. For instance, birds presenting a low body mass may have high metabolic costs to keep thermoregulation, while larger ones may use metabolically more efficient mechanisms of evaporative heat loss (Smith et al., 2017). In addition, frugivorous birds from a Brazilian tropical forest are predicted to experience higher suitable area contractions compared to other trophic guilds under climate change (Miranda et al., 2019). Birds presenting restricted distributions are also predicted to be more vulnerable to global warming experiencing large suitable area contractions, while widespread species may be unaffected given that good capacity of dispersion, colonization, and maintenance of populations over large areas (Kunin and Gaston, 1997; Estrada et al., 2016; Cohen et al., 2020). Although recent studies attempt to evaluate the traits mediating birds' response to climate change, there is still no consensus. For instance, Pacifici et al. (2017) observed negative responses of birds from high altitudes, while Ortega et al. (2019) found the opposite pattern. In addition, both studies tested the effect of body mass on birds' response to climate change, but no significant relationship was found. Therefore, further investigations are needed to fully understand the impact of different traits on birds under global warming to help improve future projections and the conservation of this key species group to ecosystem functioning.

Here, we used morphological, ecological, and geographical traits obtained from Tobias et al. (2022) and Olson et al. (2001) to evaluate whether these features influence the amount of birds' suitable area in the future. Specifically, we tested whether body mass, diet, habitat type, movement pattern, range size, and biogeographic realm affect the amount of suitable area for birds registered in the literature. We expect that the amount of birds' suitable area in future scenarios will be positively related to range size and body mass, with species presenting restricted distributions and lower body mass losing more suitable area due to their already limited habitat and higher exposure to environmental variations, respectively. Additionally, we expect that forest dependent species, with specialized diet (e.g., frugivorous), and those from Oceania will suffer more contractions of suitable area compared to their counterparts due to specific requirements and lower habitat availability within isolated regions, respectively.



Materials and methods

We conducted a global literature search in the Web of Science (www.webofknowledge.com) and SCOPUS (www.scopus.com) on the first of March 2022, using the terms (in the study title, abstract, and keywords): “bird*” OR “avian” OR “avifauna” AND “climatic chang*” OR “climate chang*” OR “global warm*” OR “climate warm*” OR “changing climate” AND “distribut*” OR “suitab*” OR “niche model*” OR “scenario*” OR “range shift*”. After combining the pools of results and removing duplicates, we screened the title and abstracts from the remaining articles, removing any article that did not mention future climatic scenarios and birds' range size. We then rejected studies that did not report individually changes in suitability area of species (Figure 1).
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FIGURE 1
 Flow diagram for the selection of articles used in our study.


Our literature search resulted in a final sample of 75 eligible studies (Supplementary Table 1) which were reviewed. For each study, we documented the following information: bird species name, climatic suitable area in baseline scenario, and the percentage of suitable area change or climatic suitable area in future scenarios regardless of the modeling approach used (e.g., algorithm, year, and emission scenario). Because few studies evaluate dispersion capacity, we registered only the suitable area in full dispersion scenarios which were available in all eligible studies, thus maximizing the observation number. Using the literature, we obtained the following information for each bird species: body mass, habitat type, movement pattern, diet, range size, and biogeographic realm (Olson et al., 2001; Tobias et al., 2022). Traits description are given in Supplementary Table 1. We choose these traits because they have already been used in other studies and are important in predicting bird extinction risk under climate change (e.g., Simmons et al., 2004; Machado and Loyola, 2013; Pacifici et al., 2017; Ortega et al., 2019). We used the range size of the known distribution of the species when the study did not provide the climatic suitable area in the baseline scenario. Finally, we standardized all area measures to square kilometers, given that few studies reported the suitable area of species as number of pixels.

We calculated the proportion of birds' suitable area in the future for each species and study, dividing the total amount of suitable area in the future scenario by the total area in the baseline scenario. Then, we applied square root transformation to this proportion in order to normalize our response variable. Since none of the predictor variables showed correlation higher than 0.36 that could justify its removal, we proceed to model building with all the six traits. We performed generalized linear mixed models using the glmmTMB package (Brooks et al., 2017) to model the proportion of suitable area of all bird species as a function of habitat type, movement pattern, body mass, range size, diet, and biogeographic realm. We used species as a random factor to control for those that appear in multiple studies. Afterward, we calculated all possible models, from the null to the global model, using the “dredge” function of the MuMIn package (Barton, 2022), and selected the best model based on the lowest Akaike information criterion corrected for small samples (AICc). Then, we used the best model to estimate marginal means of the traits using the packages emmeans (Lenth, 2022) and ggeffects (Lüdecke, 2018) to generate the graphics of isolated effects of each variable. All analyses were conducted in R software (Core Team, 2022).



Results

The 75 studies selected here modeled the future distribution of 1991 birds belonging to 129 families, with Tyrannidae as the most representative (n = 122). Most of the studies were conducted in Asia (31%) and Europe (28%), while less studies were carried out in Oceania (8%) and Africa (14%; Figure 2). We eliminated 330 species from our analysis because we could not obtain the traits for them, resulting in a final dataset with 1,661 species (83% of the total).
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FIGURE 2
 Map of birds' richness based on the distribution of the species included in our analysis among the eligible studies (n = 75).


We built a total of 64 models with AICc ranging from 8,232 to 8,179 and the best one included four predictor variables with relative importance higher than 0.5 (Supplementary Table 1): realm (w = 1), range size (w = 1), habitat type (w = 0.89), and body mass (w = 0.54). These variables showed significant effect on the proportion of birds' suitable area in the future.

We found a negative relationship between the proportion of birds' suitable area in the future and the baseline range size with suitable area loss increasing as the range size increases (β = −0.027, p = < 0.000; Figure 3A). The opposite pattern was observed for body mass, with the proportion of suitable area in the future increasing together with body mass (β = 0.021, p = < 0.009; Figure 3B).
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FIGURE 3
 Relationship between the proportion of birds' suitable area in the future and (A) baseline range size, and (B) body mass. The gray area around the line indicates 95% confidence interval.


We found that the proportion of birds' suitable area differ among habitat type driven mostly by forest species, which present the lower average proportion of suitable area (0.73 ± 0.03), and species of woodland (0.95 ± 0.06) and shrubland (0.92 ± 0.05). Birds associated with riverine habitats showed a small gain of suitable area, indicated by values above 1, although the variation was one of the highest (1.02 ± 0.15; Figure 4A).
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FIGURE 4
 Relationship between the average (black dots) proportion of birds' suitable area and (A) habitat type, and (B) biogeographic realm. Values below 1 in y-axis represent suitable area loss. Different letters above the standard error of the mean indicate significant difference between two or more factors.


We found that the proportion of birds' suitable area differ among biogeographic realm driven mostly by species from Oceania, which present the lower average proportion of suitable area (0.47 ± 0.08), and species from Neartic, which present a small increase in the proportion of suitable area (1.18 ± 0.05). The Neotropical realm showed intermediate values, with a small reduction in the average proportion of suitable area (0.87 ± 0.04; Figure 4B).



Discussion

Here, we evaluate for the first time the effect of morphological, ecological, and geographical traits on the amount of future suitable area for birds worldwide. The most important mediators of species' response to climate change were range size, body mass, habitat type, and geographic realm, while diet and movement pattern showed lower predictive power and were not included in our final model.

Unexpectedly, the proportion of birds' suitable area decreased with increasing baseline range size, indicating that species with restricted distributions may lose less suitable area compared to widely distributed species. At first glance, it may seem contradictory given that climate conditions could completely change within a small area (Clark, 1985; Wilbanks and Kates, 1999), however, large distributions can potentially lose more area. The lower impact of climate change on restricted distributed birds suggests that these species may be located in regions with more stable climate (Borges and Loyola, 2020). In fact, we observed a positive relationship between range size and climate stability, measured by the difference in the annual mean temperature of future and baseline scenarios, supporting our result (Supplementary Figure 1). For instance, Crax blumenbachii had an average distribution of 18,420km2 located where the annual mean temperature in the future will increase only 1°C and is still predicted to lose 55% of its suitable area. Otherwise, Myiothlypis mesoleuca, another forest resident species, presented a larger average distribution (508,800 km2) and suitable area loss (74%), however, the region where this species is located will experience a temperature increase of 2.36°C. Additionally, a strong effect of stable climate was observed on endemic birds from China, resulting in higher species richness (Feng et al., 2020). Stable climate is also related to endemism hotspots that corresponds to areas with small paleoclimatic fluctuations (Harrison and Noss, 2017).

According to expectations, the proportion of birds' suitable area was positively related to body mass with smaller species predicted to suffer higher contractions in their suitable area compared to large species. This can be explained by high metabolic costs to keep thermoregulation in smaller species, while larger ones may use metabolically more efficient mechanisms of evaporative heat loss (Smith et al., 2017). For instance, the body mass of Crax fasciolata and Euphonia violacea are 2,600 and 15 g, respectively, both have similar range size and are forest frugivorous, but the smaller species are predicted to lose almost three times more suitable area than the larger one. It is corroborated by studies with birds from arid-zones that shows negative impact on fitness of smaller species and high tolerance to heat stress in larger species (du Plessis et al., 2012; Whitfield et al., 2015). Similar to our results, Mason et al. (2019) found a positive relationship between climate suitability trend and body mass for birds from the United States, which may be attributed to the presence of large bodied species.

Contractions in birds' suitable area are predicted for species associated with all habitat types, except for riverine, but higher losses are expected to forest species, corroborating our hypothesis. Forest-dependent birds require specific conditions such as several large frugivores that need of tree holes and fleshy-fruited trees for reproduction and feeding (Malanotte et al., 2019; Yatsiuk and Wesołowski, 2020), while the generalist habits of non-forest species allows species to obtain a wider range of resources in different types of habitats, including in disturbed environments (Vázquez-Reyes et al., 2022). For instance, large suitable area losses are predicted for forest dependent birds from Amazonia compared to species associated with open lands in future climate scenarios (Miranda et al., 2019). In fact, at least 29 forest birds are predicted to lose all suitable areas currently available in the next decades (Miranda et al., 2019). Similarly, forest birds in Madagascar are also expected to experience contractions in their total range areas and species such as Oriolia bernieri may not find suitable areas in future scenarios (Andriamasimanana and Cameron, 2013). Furthermore, it should be mentioned that even species predicted to expand their distributions are not safe, and their persistence may be limited by deforestation (Morante-Filho et al., 2021), suggesting that climate and land-use change can act synergistically and contribute to the impoverishment of birds communities (Northrup et al., 2019). For instance, although the endangered forest bird Polyplectron katsumatae is predicted to gain suitable area (11.8%), it has been facing habitat loss and hunting since the 1950s (IUCN, 2022).

Our findings support a larger reduction in the proportion of birds' suitable area from Oceania compared to other biogeographic realms. Oceania encompasses several small islands isolated from other continents, in addition to its particular conditions that prevent species from pursuing new suitable areas outside this region. For instance, we observed that birds from Oceania are predicted to lose an average of 80% of their suitable area, including species that will not find suitable area in the future such as Oreomystis bairdi and Loxops caeruleirostris, both forest-dependent species (Fortini et al., 2015; Paxton et al., 2016). Birds from other islands also suffer with drastic contractions in their suitable areas and common species may become rare with warming temperatures (Ko et al., 2012). In fact, the high vulnerability within islands is known due to the specific species interactions, isolation, and low habitat availability besides holding critically endangered species already threatened by other causes not related to climate (Whittaker and Fernández-Palacios, 2007; Kumar and Tehrany, 2017).

In our study we evidenced that the effect of climate change on the suitable areas for birds is modulated by range size, body mass, habitat type, and geographic realm. Although many studied species will experience contractions in their distributions, other birds are predicted to gain suitable area in the future, such as species from the Neartic realm and those associated with riverine habitat. However, our findings possibly underestimate range shifts since we did not include dispersion capacity of species (e.g., intermediate dispersion) and land-use change in our analysis, which we highly recommend in future studies as species may not be able to reach climatic suitable areas further apart or because these areas may become unsuitable due to habitat loss (see Ramirez-Villegas et al., 2014; Newbold, 2018; Prieto-Torres et al., 2020). Moreover, almost half of birds worldwide are already experiencing population decline due to other causes that may be worsened by climate change (Northrup et al., 2019; IUCN, 2022), and taking into account morphological, ecological, and geographical traits should help to assess species risk of extinction based on future projections (Pacifici et al., 2017). Finally, by knowing which traits make the species more vulnerable to climate change (i.e., high suitable area loss), we can maximize conservation efforts and better direct resources to prevent the impoverishment of bird communities.
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