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Abstract

:

(1) The intercorrelated effects of climatic processes and anthropogenic land use changes have been shown to govern the population declines in several bird species, which have led to global extinctions. Ground-nesting birds are especially sensitive to modifications in spatial as well as temporal patterns of climatic change. The Great Bustard (Otis tarda) is one of the most endangered species, which has suffered considerable range contractions and population declines in extensive areas of its historical distribution. (2) Here, we aim to (i) identify the key climatic predictors governing the historical distribution of the Great Bustard within the Carpathian Basin during the past three decades, (ii) provide spatial predictions for the historical range of the study species, and (iii) identify areas where species-specific conservation planning initiatives need to focus on by predicting the distribution of the Great Bustard for future time periods. To do so, here we apply bioclimatic niche modeling implemented in the MaxEnt software package, which is fitted on historical occurrence locations as a function of potential bioclimatic predictors. (3) We show that (i) the most important bioclimatic predictors governing the distribution of the Great Bustard are the annual mean temperature, mean temperatures of the wettest and driest quarters, as well as the annual precipitation; (ii) all lowland areas of the Carpathian Basin were suitable for the Great Bustard during historical time periods; (iii) the SDM predictions show the historical suitability of the Muntenia and Dobrodgea regions and the Upper Thracian Plain; and (iv) the future projections show a substantial decrease in the core distribution area, whereas the boundary areas are expected to remain stable. In summary, our study emphasizes that the distribution modeling of endangered taxa using historical records can strongly support species-specific conservation planning initiatives.
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1. Introduction


At the global scale, current climatic processes have been repeatedly shown to drive ecosystem functions and services, resulting in serious population declines as well as global and local extinctions across broad geographical and taxonomic scales [1,2,3]. Theoretical bioclimatic investigations consistently predict the acceleration of extinction events and the rapid poleward shift of the distribution ranges of a large number of species [4]. In addition, a number of investigations have documented that land use changes have accelerated during the past decades [5], affecting the survival of endangered taxa and leading to the increased fragmentation of natural habitats, especially when interacting with climatic processes [6]. Evidence is mounting that ground-nesting birds are especially sensitive to alterations in spatial as well as temporal patterns of climatic changes and were less responsive to land use changes during historical time periods [7]. These processes are especially influential for threatened species of shorebirds, larks, and bustards; these taxa are losing their natural and traditional agricultural habitats through the additive effects of severe droughts, temperature extremities, the loss of insect populations, and agricultural industrialization [8,9].



Investigations on modern avian migration systems have demonstrated that both the breeding and wintering ranges of migratory birds are predicted by bioclimatic parameters, even for species that are not in complete equilibrium with climatic conditions. Indeed, Araujo et al. found that the responses of bird species to climate change are more likely to be accurately forecasted by models correlating present day distributions with the climate, reflecting their higher dispersal capabilities as compared to less mobile taxa [10]. For birds that do not bioclimatically occupy their predicted areas because of habitat fragmentation processes and hunting pressure, bioclimatic modeling can be especially useful for informing conservation management on the potential core areas of endangered species where conservation activities should focus; bioclimatic modeling allows the estimation of climatically suitable areas where species-specific conservation planning initiatives can be implemented [11].



The Great Bustard (Otis tarda) is one of the threatened species belonging to the single family Otidides within the order Otidiformes [12]. The species, classified as vulnerable within the IUCN threat status classes, has suffered considerable range contractions, population declines, and fragmentation as well as local extinctions in the extensive steppe areas of its historical distribution, ranging from Moroc to the Amur region, which are largely attributed to land use change, climatic processes, and hunting pressure [12,13,14]). Specifically, the survival rates of the Great Bustard are affected by risks of climate change throughout several periods of its lifecycle, including the survival rates of chicks, overwintering young birds, and incubating females [8]. Therefore, it is of key conservation importance to identify the bioclimatic preferences of the Great Bustard, as the species is not at equilibrium with its current climatic environment. To control for the non-equilibrium relationship of the distribution area of the study species and its current climatic environment, we chose to use historical and non-traditional records such as data from hunting bags to aim to provide robust bioclimatic models of the bustards’ range [8,14].



The literature resources consistently show that the natural grassland habitats of Hungary have become fragmented during the past 100 years [15,16], which has led to a considerable (ca. 50%, N = 1200–1300, [17]) decline in the bustard population of the Carpathian Basin. The first documented population decline was observed after the Second World War, which has been accelerated by land use changes during the 1990s. Today, the surviving Hungarian population is divided into two metapopulations, as documented by a recent genetic investigation [18]. These metapopulations harbor 1480–1680 individuals distributed across (i) Transdanubia, as well as the (ii) Körös-Maros and Hortobágy regions [17,18], where intensive species-specific conservation programs are running, including the LIFE NATURE programs and national initiatives (www.termeszetvedelem.hu (accessed on 5 December 2022)).



Single-species conservation planning initiatives greatly benefit from analyzing historical distribution patterns, as anecdotal information and even expert opinions based on current range patterns may come from misinterpreted habitat choice strategies, which can be misleading when designing management plans [19]. However, species-specific conservation plans often lack detailed information on historical habitat selection patterns, which may fast improve the success of conservation planning initiatives for endangered animals, as is the case with the Great Bustard [20]. In contrast, targeted conservation can be largely facilitated by the formulation of future range predictions that contribute to the optimal allocation of highly limited financial and human resources [21].



In the present work, we aim to (i) identify the key climatic predictors governing the historical distribution of the Great Bustard within the Carpathian Basin during the past two centuries, (ii) provide spatial predictions for the historical range of the study species, and (iii) identify areas where species-specific conservation planning initiatives need to focus on by predicting the distribution of the Great bustard in future time periods. To do so, we apply bioclimatic niche modeling available in the MaxEnt software package, which is fitted on historical occurrence locations as a function of potential bioclimatic predictors.




2. Materials and Methods


2.1. Study Area


The Carpathian Basin is a geographic region within Central Europe surrounded by the Carpathian Mountains, the Alps, and the Dinaric mountains. Its boundaries intersect those of 11 countries (Figure 1). The climate of the study region is predominantly continental and historically the majority of the region was covered by steppes and wooded steppes, which harbored a large number of steppe species, many of which are currently classified as endangered [22].




2.2. Study Species


The Great Bustard is one of the 26 species of the family Otididae, classified currently as the only family within the order Otidiformes, which includes several threatened and even critically endangered species and subspecies, all of which occupy open terrains [23]. Out of this family, the Great Bustard has the largest and northernmost historical distribution range. Although the Great Bustard is one of the heaviest flying birds, this species can cover geographic distances of up to 2000 kilometers during migratory movements [23].



The global population of the study species is estimated at 29,000–32,500 individuals, as assessed during the 2020s [24,25]. The largest population is found in Spain, which harbors 57–70% of the global population. The second largest population occupies the Saratov region in the European part of Russia (19.4%, [13]), while 3% of the global population is harbored in Hungary [13,17]. The Hungarian population is stable or increasing and is estimated at 1480–1680 individuals, aggregated predominantly in the eastern part of the country [13,17]. The Great Bustard is considered vulnerable according to the IUCN conservation classification and has been strictly protected in Hungary since 1970, providing it the highest possible national legal protection (www.termeszetvedelem.hu (accessed on 5 December 2022 )). The Great Bustard is a lek-mating bird: male birds aggregate to perform competitive displays, the primary function of which is to attract females surveying prospective partners for copulation. Prior to human agricultural developments, the Great Bustard bred on the native steppes and has gradually occupied agricultural areas until today [26]. During historical times, the Great Bustard was a game bird in Hungary, the trophies of which were an important element of a hunter’s collections. Thus, a large number of written resources are available for locations of occurrence since 1867 within the historical boundaries of the country, covering 98% of the Carpathian Basin in geographical terms [17].




2.3. Occurrence Records


To retrieve historical occurrence data for the Great Bustard, we collected the occurrence data from various hard copy and online resources, including hunters’ reports and past ornithological or conservation-related articles (Figure 1, Appendix A). We retained only data for further data processing that provided dates, numbers of individuals, and identifiable district names. Further, as current climatic models provide bioclimatic data only for 1970–2000, we retained records dated only between 1970 and 2000 out of the original dataset spanning 186 years between 1828 and 2014. Geographic coordinates were assigned to each location by calculating the centroid of the spatial layer of each settlement district. Thus, the spatial precision of occurrence locations ranged over 1.0–15.1 km, which fell within the range of magnitude of the movements of the Great Bustard; thus, these records allow the formulation of bioclimatic models describing the climatic preferences of the study species.




2.4. Species Distribution Modeling


The occurrence locations of Great Bustards were computed using GoogleMaps (https://www.google.hu/maps (accessed on 17 November 2022)). A visual inspection of the data quality and filtering was carried out using the QGIS 3.4.1-Madeira software (https://qgis.org/en/site/forusers/download.html (accessed on 17 November 2022), version 3.4.1, QGIS Development Team, http://qgis.osgeo.org (accessed on 17 November 2022)), during which we aimed to identify records with incorrect or false coordinates (i.e., coordinates that did not conform to the textual information), which we corrected or removed if reliable correction was not possible.



As candidate bioclimatic proxies of the bustard’s historical range, we considered the 19 bioclimatic variables that have been shown to parametrize the distribution of animal and plant species at the global scale (available at worldclim.org), which describe current (near-historical) climatic conditions (1970–2000; [27]) at a spatial resolution of 2.5 arc-minutes, which are provided as downscaled rasters computed by CRU-TS-4.03 of the Climatic Research Unit, University of East Anglia, using WorldClim 2.1 for bias correction. For the climatic data projected for near-future time periods (2021–2040), we applied downscaled data provided by the CMIP6 approach, for which the downscaling and calibration (bias correction) were conducted using WorldClim v2.1 as the baseline climate. For all bioclimatic projections for the future, we considered the HadGEM3-GC31-LL global climate models (GCM) and ssp245 shared socio-economic pathways, which have been shown to provide robust bioclimatic predictions [28].



To identify the bioclimatic predictors of the historical range of the Great Bustard, we applied species distribution modeling (SDM) employing MaxEnt software, (version 3.1; http://www.cs.princeton.edu/~schapire/maxent/ (accessed on 17 November 2022)) which uses a machine learning algorithm with the maximum entropy approach [29]. This framework is generally used to predict the potential distributions of species estimating relationships among presence-only data and environmental effects, and is considered to be a commonly used statistical approach to SDM [30]. Since we were using presence-only records, SDMs were constructed using MaxEnt software, for which the resultant SDMs are affected by spatial autocorrelation only if the areas of interests are sampled unevenly [31] Although historical descriptions show that during the study period, all bustard areas have been intensively sampled by hunters to a similar degree, spatial autocorrelation can also emerge when data are evenly sampled, which is a consequence of correlations in the underlying determinants of occupancy. [32]. Thus, we estimated the degree of spatial autocorrelation in the residuals of the MaxEnt model by conducting a permutation test for Moran’s I statistic. According to the results of the permutation test, the model residuals were not spatially autocorrelated (permutation test for Moran’s I statistics, Moran’s I = −0.0246, p = 0.608) [33]. To compute the importance of bioclimatic predictors, we first set the maximum number of iterations to the default number of 500 and then used the jackknife test available in MaxEnt, which tests all models by alternatively removing each environmental predictor, thereby formulating SDM models entering each parameter in isolation and calculating variable importance levels [34]. The contribution of each proxy is computed by randomly permuting predictor metrics among presence locations and background training points, and the performance of each predictor is estimated by the jackknife test of the regularized training gain, which is a measure of the distances between a multivariate distribution of covariates at randomly selected background sites. This computation is followed by the estimation of the resulting decrease in the training area under the receiver operating characteristic (ROC) curve (AUC). Large increases in the AUC indicate that the model performance is dependent on the particular predictor [35]. Further, MaxEnt contrasts presences against background locations (N = 100,000) where presences and absences are not sampled [29].



To estimate the predictive performance of the bioclimatic models provided by MaxEnt, we computed the AUC metrics, which allowed reliable distinctions between the presence and background points. The AUC values range between 0.0 and 1.0, where 1.0 implies perfect prediction, whereas values lower than 0.5 indicate predictions that are not better than random. In SDM, AUC values ranging 0.9–1 indicate strongly supported models; AUC values scoring 0.8–0.9 are defined as good; AUC values ranging 0.7–0.8 are defined as fair; AUC values ranging 0.6–0.7 are considered as poor; AUC values between 0.5 and 0.6 indicate failed predictions [36]. Further, to calculate presences and absences on a binary scale, we followed the approach provided by [37], considering 10% training presence as the presence threshold, which was calculated based on the omission errors and allowed a 10% false presence rate for the training data. To reduce the influence of sampling bias on the results, we repeated the cross-validation sampling five times and calculated the mean variable importance level, AUC metrics, and model projections.



To avoid the use of correlated bioclimatic predictors, we first cropped the original 19 bioclimatic rasters available for global scales to the geographic extent of the Carpathian Basin and then computed Pearson’s correlation coefficients and weighted covariances for the cropped rasters by applying the ‘layerStat’ function. In the following step, we performed hierarchical clustering of the resulting pairwise Pearson’s correlation coefficients by employing the ‘hclust’ function. Next, we preselected uncorrelated (where Pearson’s r < 0.7) and biologically relevant bioclimatic predictors by investigating the resulting correlation matrix and by visually inspecting the related dendrogram. In the following step, we generated a matrix of geographic coordinates of the occurrences of the Great Bustard to serve as the input response coordinate dataset to be included in MaxEnt.



Next, as recommended by [38], we ran the MaxEnt model for the bustard coordinates by assigning 75% of the occurrence points as training locations and retaining 25% of these points for testing, applying N = 100,000 points for background sampling. In the following step of the procedure, we extracted the variable importance values of each bioclimatic variable out of the MaxEnt model output, as described above. In the next step of the SDM where we formulated predictions for the distribution of the Great Bustard within the Carpathian Basin at historical time periods, we repeatedly ran MaxEnt by applying the bioclimatic variables identified as having (i) variable importance and (ii) biological relevance. Thus, we ran the MaxEnt model twice: (1) for the preselected bioclimatic variables and (2) for only the bioclimatic variables showing high variable importance in the first MaxEnt model. The climate conditions projected for the historical time periods were downloaded from the WorldClim database (CCSM4), which employed the data available from CMIP5 in the downscaled and calibrated format, using WorldClim 2.1 (http://www.worldclim.org (accessed on 17 November 2022)). Finally, we projected the SDM model on near-future time periods (2021–2040) within the geographical range of the Carpathian Basin. To assess the performance of the SDM projected for future time periods, we computed the AUC metrics of the cross-validation of the MaxEnt model projected onto the bioclimatic rasters for future scales, considering the test points as presence points and using 10,000 background points.



All modeling was carried out in the R statistical programming environment [39]. Data management and specific data analyses were conducted by applying the ‘readxl’ [40] package. Spatial computations and visualizations were carried out by employing the ‘maptools’ [41], ’raster’ [27], ’rgeos’ [42], and ’rgdal’ [43] packages. The species distribution modeling was performed by applying the ’rJava’ [44] and ’dismo’ packages [45].





3. Results


3.1. Occurrence Data


During the study period spanning 30 years (1970–2000), Great Bustards were documented from 748 unique locations with identifiable settlement names and known numbers of individuals, totaling 36,955 individuals (Appendix B). We found 442 unique locations in the Southern Great Plain, which provided 55% of all records, which was the most important region in the complete dataset. Strongly aggregated data were collected during 1970–1979, which spanned 9 years and 312 records in total, comprising 71% of the complete subset of the records from the Southern Great Plain. This temporal aggregation showed a strong spatial pattern; the majority of this subset was collected in the southern part of this region (Table 1, Figure 1).




3.2. Species Distribution Model


The pairwise Pearson’s correlation coefficients among the bioclimatic rasters cropped for the Carpathian Basin are shown in Appendix C, and the resulting dendrogam of the hierarchical clustering is included in Appendix D. This indicates that the following uncorrelated bioclimatic variables are potential predictors of the distribution of the Great Bustard within the Carpathian Basin, which we, thus, used for the MaxEnt modeling. The annual mean temperature (bio1), mean diurnal range (bio2), isothermality (bio3), temperature seasonality (bio4), annual precipitation (bio12) and its seasonality (bio15), and the precipitation of the warmest quarter (bio18) have been shown to be key predictors of steppe vegetation, the primary habitat of the Great Bustard [15], whereas the mean temperature of the wettest quarter (bio8) is important for the survival of the young birds and the mean temperature of the driest quarter (bio9) is indicative of the reproductive performance of the bustards [16]. The MaxEnt model applying only the above selected bioclimatic variables was highly predictive (AUC = 0.9511; Table 2). Further, the correlation coefficients among the selected bioclimatic variables were low (R2 < 0.027). The response curves for the bioclimatic variables are shown in Appendix E. Based on the variable importance levels, we chose to run MaxEnt again while applying the mean annual temperature, annual precipitation, mean temperature of the wettest quarter, and mean temperature of the driest quarter to be fitted on the test occurrence records. The resulting model proved to be highly predictive (AUC = 0.9375), which we, thus, used for further SDM projections.




3.3. Historical Distribution Range


Based on the run outputs of MaxEnt exhibiting strong predictive metrics, all lowland areas of the Carpathian Basin are capable of harboring bustard populations (Figure 2a). Additionally, potential bustard habitats are predicted for Muntenia and Dobrodgea (Romania) and the Upper Thracian Plain (Bulgaria), for which no historical occurrence records are available.




3.4. Future Distribution Range


The projection of the MAXENT model onto future time periods (2021–2040) provided a highly predictive (AUC = 0.9361) raster that showed that the predicted range of the Great Bustard within the Great Plains is expected to suffer from strong contraction, whereas the other parts of the present range are predicted to be stable (Figure 2b).





4. Discussion


Our key results were as follows: (i) the most important bioclimatic predictors governing the distribution the Great Bustard are the annual mean temperature, mean temperatures of the wettest and driest quarters, as well as the annual precipitation; (ii) all lowland areas of the Carpathian Basin were suitable for the Great Bustard during the historical time periods; (iii) the SDM predictions showed the historical suitability of the Muntenia and Dobrodgea regions and the Upper Thracian Plain, so far of unknown importance for bustards, which are to be incorporated into conservation programs; (iv) the future projections predict a substantial decrease in the core distribution area, whereas the boundary areas are expected to remain stable. However, areas predicted to be climatically suitable in the past are not necessarily suitable presently, and additionally this does not infer habitat availability. Thus, species-specific conservation planning initiatives need to carefully consider overlaps between past and future climatic suitability and habitat availability.



The visualization of the occurrence locations showed that the positions of distribution areas and the related number of locations indicate the dominant historical role of the population in the southern part of the Southern Great Plain, which has lost its importance during modern times [32].



For all of the major bustard regions, the temporal dynamics of bustard occurrences show a marked peak between 1970 and 1989. This is probably explained by the introduction of bustard conservation management and the development of bustard-compatible agriculture, involving the legal protection and then the ban on hunting. This was complemented by the establishment of the Dévaványa Bustard Reserve in 1975, which catalyzed the population boost in the Southeastern Great Plain. Formerly, large populations suffered strong range contractions. For example, although nearly the whole of the Kis-Alföld region was occupied by the Great Bustard, occurrences during modern times have only been detected in the Moson Plain. The populations of the Southern Great Plain have experienced the steepest declines, as bustard occurrences have been completely lacking from the southern part of the Körös region during the past 30 year. The bustard populations completely disappeared from the Transdanubian region and northern Hungary, including the vicinity of the capital. Although spatial restructuring of the subpopulations has been documented during the past decades, the overall relationship among the population dynamics and range size was unaffected by such processes [17]. The most likely driver of this large-scale decline is the industrialization of the agricultural technologies, starting in the 1970s, and which is continuing currently at unprecedented rates. This has involved the development of heavy high-performance machinery, which has largely contributed to the strong decline in prey availability. Additionally, the establishment of power lines during modern times has further decreased the survival chances of bustards flying among habitat patches [17].



Bioclimatic Preferences


Out of the key bioclimatic drivers of the bustards’ ranges, the mean temperature of the driest quarter is expected to be important for chick survival. Indeed, the driest period includes the summer months in the study region, which includes the second half of the chick rearing period. Higher temperatures predict larger amounts of insect prey available for the young and play an important role in the thermoregulation of the young bustards [46].



Our SDM models showed that the mean temperature of the quarter with the largest amount of precipitation is an important predictor of the range of the Great Bustard within the Carpathian Basin. This period lasting from April to June in the study region overlaps with the breeding season of the Great Bustard, which implies the following mutual non-exclusive explanations. First, adequate temperatures drive prey availability, including insects and seeds from weeds and cereals. Indeed, longer cold spells during April might result in a significant decrease in the insects necessary for the protein uptake of the chicks. Second, whole bustard clutches can be annihilated by cold and rainy weather conditions, which are often supplemented by replacement clutches, which prolong and intensify breeding efforts and are expected to result in decreased fitness of the nesting females [47]. Third, the lekking behavior of the displaying males is observed during the beginning of this period, the success of which is strongly dependent on the weather, as adverse weather conditions result in decreased male fitness and breeding success. This might be shifted to later dates, thereby postponing the breeding, which can result in additional decreases in breeding success [48].



The annual mean temperature and the total amount of precipitation are important for both the feeding and reproduction of the Great Bustard and are also strong predictors of the distribution of steppe vegetation. The reproductive activities (both lekking and nesting) of the Great Bustard are connected to steppe areas interspersed with various cultivated plants, including legumes, alfalfa, rape, and cereals. While lekking is observed exclusively in pristine grasslands, the females nest mostly in neighboring agricultural lands, which provide a large variety of food resources and safety from predators during the incubation and rearing of the chick [48]. The lack of precipitation results in decreased prey availability and plant cover, indicating decreased amounts of nutrient resources and greater exposure to predators; in turn, exceedingly large amounts of precipitation contribute to decreased chick survival. Adequate levels of autumn precipitation are further needed for the development of the rape, which is extremely important for the survival chances of the overwintering birds and is strongly dependent on autumn rainfall. The field experience shows that during winters following dry autumn periods not allowing the development of rich rape fields, extremely cold spells might induce the partial migration of the Great Bustard to the Balkan Peninsula, where the mortality rates are high [13].



Our findings underline the importance of providing bioclimatic range predictions for ground-nesting birds of conservation importance, which can effectively inform conservation management, as shown by investigations on a wide range of taxa, including grouses, quails, and shorebirds [49,50,51]. These studies consistently demonstrate that species-specific conservation management initiatives require fine-tuned information for the predicted spatial distribution of threatened species. Indeed, this allows the optimization of the allocation of highly limited financial and human resources, which can consider present and future predictions of the presence or absence ranges calculated for the key management areas [21,52]. Our study indicates a significant reduction in the core area of the range of the Great Bustard projected for near-future time periods, which is of key conservation importance; this result suggests that species-specific conservation management initiatives targeting the protection of the Great Bustard should focus on the central part of the Great Plain, which affects the design of conservation area classifications and the spatial distribution of bustard-compatible agricultural planning initiatives.



Our work might be affected by a number of biases. First, we were not able to include land use changes in our species distribution model, as these are historically not available at reliably fine temporal and spatial resolutions. However, historical descriptions confirm that the Great Bustard consistently occupied natural grasslands or the same areas converted to traditional agricultural areas, which indicates the numeric stability of our SDM models at the spatial resolution we considered [32]. Second, although future predictions suffer from uncertainties to varying degrees, our projections show a highly supported SDM model as indicated by the related AUC values.





5. Conclusions


In summary, here we show that although the population of the Great Bustard has suffered considerable declines within the Carpathian Basin, both in terms of population and range size, the lowland areas of the region are still bioclimatically suitable for the survival of the species. This implies the relevance of continuing the species-specific conservation programs, which could also be extended to peripheral regions such as Muntenia, Dobrodgea, and the Upper Thracian Plain.
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Appendix B. Occurrence records of the Great Bustard between 1828–2014 within the Carpathian Basin


Upon acceptance, this dataset will be available in the Dryad repository: www.dryad.org (accessed on 17 November 2022).




Appendix C. Pearson’s Correlation Coefficients among Rasters of Bioclimatic Variables
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Appendix D. Dendrogram of the Hierarchical Clustering for the Pearson’s Correlation Coefficients among Rasters of Bioclimatic Variables
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Figure A1. Dendrogram of the Hierarchical Clustering for the Pearson’s Correlation Coefficients among Rasters of Bioclimatic Variables. 






Figure A1. Dendrogram of the Hierarchical Clustering for the Pearson’s Correlation Coefficients among Rasters of Bioclimatic Variables.
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Appendix E. Response Curves of the Selected Bioclimatic Variables
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Figure A2. Response Curves of the Selected Bioclimatic Variables. 






Figure A2. Response Curves of the Selected Bioclimatic Variables.
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Figure 1. Map of the study region indicating country borders (thin black lines), the boundaries of the Carpathian Basin (thick black line), and the occurrence points of the Great Bustard. Abbreviations of areas within the study region: TB—Transdanubia; GP—Great Plain; SGP—Southern Great Plain. 
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Figure 2. Predicted distribution ranges of the Great Bustard for (a) historical and (b) future time periods, projected using MaxEnt models fitted on occurrence locations of the study species within the Carpathian Basin. The dots indicate occurrences, the black line represents the Carpathian Basin, whereas the grey polygons show the potential presence of the Great Bustard, the grey color scale of which indicates presence probabilities. 
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Table 1. Temporal changes in the number of occurrence locations, expressed as a function of the decade.
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	Decade
	Number of Locations





	1829–1847
	3



	1850–1859
	1



	1860–1869
	2



	1870–1879
	3



	1880–1889
	2



	1890–1899
	8



	1900–1909
	1



	1910–1919
	11



	1920–1929
	31



	1930–1939
	58



	1940–1949
	71



	1950–1959
	45



	1960–1969
	100



	1970–1979
	76



	1980–1989
	73



	1990–1999
	20



	2000–2009
	18



	2010–2014
	3
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Table 2. Importance levels of bioclimatic variables calculated as contributions in isolation retrieved from MaxEnt models fitted on the occurrence records of the Great Bustard within the Carpathian Basin, computed for (a) the preselected set of nine bioclimatic variables and (b) the selected subset of the four bioclimatic proxies. Variables with high contribution metrics are indicated in bold.
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	AUC
	Bioclimatic Variable
	Contribution





	(a) Complete set
	
	



	AUC = 0.9511
	Mean annual temperature
	0.8043



	
	Annual precipitation
	1.1814



	
	Precipitation seasonality
	0.6187



	
	Precipitation of warmest quarter
	0.7611



	
	Mean diurnal range of temperature
	0.4039



	
	Isothermality
	0.1899



	
	Temperature seasonality
	0.6646



	
	Mean temperature of wettest quarter
	0.9848



	
	Mean temperature of driest quarter
	0.8748



	(b) Selected subset
	
	



	AUC = 0.9375
	Mean annual temperature
	0.8186



	
	Annual precipitation
	1.1317



	
	Mean temperature of wettest quarter
	0.9472



	
	Mean temperature of driest quarter
	0.8879
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