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Abstract

:

As climatic and other impactful environmental changes continue to gain momentum pollination, services are poised to be harmed, and wild bee species are not an exception. In the present study, maximum entropy (MaxEnt) modeling was used to predict the potential climatic niches of five wild bee species, namely, Chalicodoma flavipes, Chalicodoma sicula, Coelioxys coturnix, Megachile minutissima, and Osmia submicans (all of Megachilidae: Megachilinae). The Maxent model performed better than random for the five species, and all model predictions were significantly robust, giving ratios above null expectations. Under future climate change scenarios, the Maxent model predicted habitat loss for C. flavipes, C. sicula, and M. minutissima in North Africa and habitat loss for O. submicans in Europe and North Africa in all scenarios. Conversely, the study showed that the cleptoparasitic bee Co. coturnix would expand their suitable habitat in most scenarios in Europe, Asia, and the United States, although this species would also suffer habitat loss in North Africa in two scenarios. Between the present situation and future scenarios, the potential distribution for all species decreased in their suitable habitat, with the exception of Co. coturnix. The present results are of considerable value for informed conservation programs and policy decisions regarding wild pollinators.






Keywords:


climate change; conservation; MaxEnt; Megachilinae; niche modeling; suitable habitat












1. Introduction


The intimate association between bees and their floral hosts is of great importance to the wellbeing of our world. Through their role as the predominant and most vital plant pollinators, bees underpin natural and agricultural ecosystems in virtually every terrestrial region. While such pollination services are largely thought of as the role of managed honey bees or bumble bees, these social species are minor players in global pollination activities. Among the more than 20,500 currently documented bee species worldwide, less than 5% of them are social and even fewer of those (1%) are domesticated and used in managed pollination services [1]. Wild bees not managed by humans comprise the majority of pollinators, and their behavior is often the least understood. Certainly, wild bees are most often thought of within the context of natural environments, but their ecological services are also a critical complement to honey bees and other managed pollinators, especially when it comes to agricultural pollination [2,3]. The presence of native bees in addition to honey bees can enhance and increase the efficiency of crop pollination services [4]. Moreover, some plants are dependent on specialized pollinators, either from a particular genus or, in very limited cases, a single bee species, and, in these systems, the success of wild bees is absolute. Regardless of the degree of host–pollinator specialization, the decoupling of this plant–insect pollinator association can lead to local extirpation of floral species and degradation of the habitat, which, in turn, may end up with further declines in tertiary plant or animal associates. Such cascades of events through the ecosystem can influence a region badly; hence, it is therefore vital to understand and promote wild pollinators, especially bees [5].



The Mediterranean region is considered to house one of the richest bee faunas. However, comparatively little information exists on the biogeography, biodiversity, and status of climatic impact for this area, especially in the southern Mediterranean (i.e., northern Africa) [6]. This fauna is impacted by several environmental and anthropogenic factors such as urbanization, land degradation, nesting habitat fragmentation, agriculture intensification, pathogens, natural enemies, and pesticides. The decline of pollinators caused by these toxic influences is well documented in several major reviews [5,7,8,9,10].



In Egypt, native wild bees are the most important natural resources, and their conservation is critical for the success of several important crops, especially in dry lands. Decline of native pollinators, especially bees, would have a very negative impact, resulting in a pollination deficit, food insecurity, and significant losses to the Egyptian economy [11]. Currently, the population of cavity bees in Egypt, particularly those that nest in mud walls (cavity-nesting bees), such as Chalicodoma sicula (Rossi 1792), Chalicodoma flavipes Spinola 1838, Megachile minutissima Radoszkowski 1876, and Osmia submicans Morawitz 1870, are already at high risk [12,13]. This risk is exacerbated by the gradual reduction in suitable nesting sites, caused by the growing availability of new concrete housing replacing the old conventional mud houses growers used to live in. This change may cause bees to become completely extirpated from the region within a few years.



Recently, several studies used ecological niche modeling techniques for different insect pollinator species to understand speciation patterns in bees [14] and predict conservation areas for making conservation management decisions [15,16,17,18]. Niche modelling techniques have been also used to predict the potential distribution of bee species in current and future periods [19], and to address the potential effects of climate change on the distributions of species [20,21,22]. To the best of our knowledge, no study has been conducted to model the effects of climate change on wild bees in Egypt. Based on periodic field surveys, the populations of target species in this study are decreasing year by year due to the loss of natural nesting aggregations. Yet, while this was observed for most species, the abundance of the cleptoparasitic bee Coelioxys coturnix increased, thereby placing greater stress on their hosts. With this concern in mind, the present study aims to: (1) estimate the potential distribution of C. flavipes, C. sicula, M. minutissima, and O. submicans by modelling their suitable habitats in current and future scenarios of climate change. This would also include providing a better understanding of their ecology for conservation planning; (2) to anticipate the global potential distribution of the invasive cleptoparasitic bee Coelioxys coturnix, which victimizes the nests of some of the aforementioned species, also under current and future scenarios. The present work would also aim to achieve these goals by using an ecological niche modeling approach via the maximum entropy algorithm (MaxEnt).




2. Materials and Methods


2.1. Occurrence Data


In the present study, the occurrence records for five wild megachiline bee species found commonly in agricultural ecosystems across Egypt, C. flavipes, C. sicula, Co. coturnix, M. minutissima, and O. submicans, were assembled. All of these species nest in cavities in mud walls and are also active in the spring–summer seasons when they forage on Egyptian clover, except C. sicula, which is active in the winter and forages on broad bean. A primary 618 records for the five species were gathered from the Global Biodiversity Information Facility GBIF; www.gbif.org (accessed on 19 February 2022, iNaturalist www.inaturalist.org (accessed on 2 March 2022) (Supplementary File S1), and previous literature [12]. Records were also gathered from original collections by M.A.S. during several field trips across Egyptian ecological zones during the years 2000 to 2020. The initial occurrence datasets were subjected to data cleaning steps to reduce possible biases in calibrating ecological niche models [23]. We eliminated all duplicate records, then the data were filtered by spatially rarefy function available in SDMtoolbox 2.4 [24,25] in ArcGIS 10.3 to remove all redundant records occurring in a distance ≤2.5′ (≈5 km). The final occurrence records for five species have included 387 occurrence points (Supplementary File S2). The occurrence records for each species were divided into two equal portions using Hawth’s Tools [26] available in ArcGIS10.3: 50% for calibrating current and future predictions and 50% for evaluating model predictions.




2.2. Environmental Variables


Climatic data were downloaded from the WorldClim version 2.1 (www.worldclim.org) with a spatial resolution of 2.5 arcminutes for both current and future climate data, and this version was used because these data performed better than other climatic data [27]. The current variables included 19 bioclimatic variables (Table 1) derived from monthly temperature and precipitation records from 1970 to 2000 and these variables are used in species distribution modeling [28]. Four bioclimatic variables were excluded from the analysis due to spatial artifacts in these variables: mean temperature of the wettest quarter (Bio 8), mean temperature of the driest quarter (Bio 9), precipitation of the warmest quarter (Bio 18), and precipitation of the coldest quarter (Bio 19) [29,30]. We used the jackknifing function in Maxent to estimate the most important set of the remaining 15 environmental variables, and we then removed the highly correlated variables using the test in SDMTools in ArcGIS 10.3 to check the Pearson correlation coefficient, assuming r > |0.7| as the threshold value [31]. The reduced number of predictor variables for C. flavipes was four, five for C. sicula, six for Co. coturnix, six for M. minutissima, and seven for O. submicans (Supplementary File S3). All these bioclimatic layers were clipped using ArcGIS software V. 10.3 to match the study area for each species and saved in ASCII grid format for insertion in MaxEnt [32]. For future data, we used parallel datasets for Shared Socioeconomic Pathways (SSPs). Three different scenarios were chosen available in the WorldClim 2.1 database [27]. We ran separate models for each wild bee species using future climate data from these three scenarios. These models were the Beijing Climate Center Climate System Model (BCC-CSM2-MR), the Earth system (ES) model (CNRM-ESM2), and the sixth version of the Model for Interdisciplinary Research on Climate (MIROC6) [33,34,35,36]. The mean of these future climate simulations was used to reduce the uncertainty of a single climate model scenario [37]. We prepared predictions for two shared socio-economic pathways (SSPs), 370 and 585, for three timelines: 2041–2060, 2061–2080, and 2081–2100.




2.3. Predictive Modeling


The Grinnellian niche model for each species was estimated based on the maximum entropy model (MaxEnt version 3.3.3; [38]; http://www.cs.princeton.edu/wschapire/maxEnt/, accessed on 19 February 2022). MaxEnt algorithm uses presence-only data to predict the habitat suitability models and works well with smaller sample sizes than other modeling methods [39,40]. It estimates habitat suitability for the species that varies from 0 (low suitability) to 1 (high suitability) and produces a response curve for each predictive climatic variable [17]. For each species, the bioclimatic layers were clipped to match the dimensions of the study area by using the “extract by mask” function implemented in ArcGIS software V. 10.3 and saved in ASCII grid format for implementation in the MaxEnt software version 3.3.3 [17]. We used bootstrap function in MaxEnt to run 100 replicates for each species and averaged the results. To avoid clamped pixels and the risk of over-predictions from the final predictions under future climate scenarios, clamping and extrapolation options in MaxEnt were deactivated [41,42]. To compare the predictions between current and future, we estimated the total number of suitable pixels for each species in current and each scenario in future by using “Project Raster” and “Raster Calculator” functions available in ArcGIS 10.3. Three approaches were used to measure the model performance for each species: the area under the curve (AUC), true skill statistics (TSS), and partial receiver operating characteristic (pROC) statistics [43,44,45]. The value of AUC is between 0.5 and 1, where 0.5 (the model not better than random) and >0.9 (excellent model) [46,47]. The accuracy of the predicted models was assessed using true skill statistics (TSS), where the TSS values vary from −1 to 1. Values close to negative indicate that the potential distribution is not much better than random, whereas positive values represent strong association between the predicted models and actual distribution of species [45]. The model predictions were also evaluated using the partial ROC (pROC) statistics to test model performance using the Partial ROC function available in ENMGadgets package version 0.1.0.1 for R 3.6.1 (Supplementary File S4) [48,49].





3. Results


Models for the five species performed better than random, with average AUC values ranging from 0.96 to 0.97. The results of the TSS show a high degree of confidence with values of 0.73, 0.82, 0.87, 0.78, and 0.8 for C. flavipes, C. sicula, Co. coturnix, M. minutissima, and O. submicans, respectively. ENMs for six wild bee species were significantly better than random expectations in partial ROC analyses for all models, with AUC ratios uniformly above null expectations (p < 0.001; Table 2).



The current and future predictions of the distribution of the species as modeled are as follows: The MaxEnt model for C. flavipes gave satisfactory results with an AUC value of 0.96. Current suitable habitats for C. flavipes were predicted to be high in the northeast part of Libya, Egypt in the north, South Sinai and the west, the east coast of the Gulf of Suez in the Eastern Desert, the Sinai Peninsula, and the Suez, Port Said, and Ismailia governorates. This would also include some areas in the Lower Nile valley, including the Delta and Western Desert, and also zones in Palestine and Israel that showed highly suitable habitats (Figure 1). Medium and lower occurrences were predicted in Libya, Egypt, Western Sahara, Morocco, Saudi Arabia in Red Sea coast, Palestine, and Israel; small patches in Jordan, Yemen, Oman, Tunisia, and Algeria; and limited narrow zones in South Italy and Spain. The mean annual temperature (Bio1) showed higher effects on the distribution of C. flavipes relative to other predictive variables (Supplementary File S5). The habitat suitability of C. flavipes decreased sharply with increasing the mean annual temperature (Supplementary File S6). Averaged future predictions for three climatic scenarios in SSPs 370 and 585 from 2041 to 2100 showed that C. flavipes decreased in their suitable habitats under changing climates (Figure 2). The predictions showed differences between diverse SSPs from 2041 to 2100. Between the present day and future, the suitable habitat pixels of C. flavipes decreased by 46%, 61.8%, 60.5%, 65%, 66%, and 59.3% in three timelines: 2041–2060, 2061–2080, and 2081–2100 under SSP 370 and SSP 585 (Supplementary File S7).



The model performance for C. sicula performed very well, resulting in an average AUC value of 0.97. The current prediction showed highly suitable areas in a limited narrow zone along the Mediterranean coast of Greece, France, Spain, Tunisia, Algeria, Morocco, South Italy, and the Atlantic coasts of Portugal. Medium and lower suitable habitats were predicted in the Coastal strip and Sinai Peninsula in Egypt and North Libya and narrow zones in Algeria, Syria, Lebanon, Jordan, Tunisia, Yemen, Morocco, Western Sahara, Greece, France, Spain, Italy, Portugal, and Turkey (Figure 1). Temperature annual range (Bio7) was the most important predictor of C. sicula’s habitat distribution (Supplementary File S5). The environmental suitability of C. sicula decreased sharply with increasing the temperature annual range (Supplementary File S6). Averaged future predictions for three climatic scenarios in SSPs 370 and 585 from 2041–2100 showed that C. sicula suffered from future habitat loss in North Africa, whereas low suitable habitats were predicted to occur in Western Europe under climate change that were not present in current conditions (Figure 3). The predictions showed differences between diverse SSPs from 2041 to 2100. Between the present day and future, the suitable habitat pixels of C. sicula decreased by 29.40%, 30.30%, 30%, 24.60%, 6%, and 46.20% in three timelines: 2041–2060, 2061–2080, and 2081–2100 under SSP 370 and SSP 585 (Supplementary File S7).



The Maxent model for Co. coturnix performed very well, with an average AUC value of 0.96. High-potential areas in current condition were anticipated in Upper Egypt, France, China, South Brazil, Uruguay, South Australia, and Eastern United States (Figure 4). Medium and lower suitable habitats were predicted in South and West Europe, North and South Africa, West, Central, and Southeast Asia, China, India, Australia, United States, Brazil, Paraguay, and Argentina. Precipitation seasonality (Bio15) contributed most to the prediction model (Supplementary File S5). The suitability of habitat for Co. coturnix decreased with increasing the precipitation seasonality (Supplementary File S6). Averaged future predictions for three climatic scenarios in SSPs 370 and 585 from 2041–2100 showed that Co. coturnix increased in their suitable habitat in all scenarios and the range of expansion was indicated in Europe, Asia, and United States; however, this species suffered from habitat loss in North Africa in two scenarios in SSP 370 from 2061 to 2080 and SSP 585 from 2081 to 2100 (Figure 5). The predictions showed differences between diverse SSPs from 2041 to 2100. Between the present day and future, suitable habitat pixels of Co. coturnix were anticipated to increase by 38.10%, 18.70%, 9%, 40.50%, 25.40%, and 0.30% in three timelines: 2041–2060, 2061–2080, and 2081–2100 under SSP 370 and SSP 585 (Supplementary File S7).



The model performance for M. minutissima was better than random, with an AUC value of 0.96. The environmentally suitable areas in current condition were high in North Libya, Sinai Peninsula, some areas in Lower Nile valley, including the Delta and Western Desert in Egypt, limited narrow zones in Morocco, Western Sahara, Syria, Israel, and Palestine, and Saudi Arabia in the Red Sea coast and Jordan. Medium and lower suitable habitats were anticipated in Egypt, Libya, South Algeria, Western Sahara, Saudi Arabia, Syria, Jordan, Israel, Palestine, Iraq, Qatar, and Yemen (Figure 1). Precipitation of driest quarter (Bio17) was the strongest predictor for M. minutissima distribution (Supplementary File S5). The probability of the presence of M. minutissima sharply decreased with the increase in precipitation of driest quarter (Supplementary File S6). Averaged future predictions for three climatic scenarios in SSPs 370 and 585 from 2041–2100 showed that M. minutissima decreased in their suitable habitats under changing climates, particularly in SSPs 370 and 585 for the years from 2081 to 2100 (Figure 6). The predictions showed differences between diverse SSPs from 2041 to 2100. Between the present day and future, suitable habitat pixels of M. minutissima were anticipated to decrease by 16.00%, 7.00%, 22.30%, 13.50%, 47%, and 31.30% in three timelines: 2041–2060, 2061–2080, and 2081–2100 under SSP 370 and SSP 585 (Supplementary File S7).



The Maxent model for O. submicans had an AUC value of 0.96. The predicted distribution of this species showed areas with high suitability in Western Europe in France and Germany, Central Europe in Austria and Switzerland, and Southeast Europe in Croatia, Bosnia, Herzegovina, Montenegro, and North Italy (Figure 1). Medium and lower suitable habitats were predicted in West and South Europe, North Africa, the Black Sea coast of Turkey, Israel, Yemen, Palestine, Jordan, and Syria. Temperature annual range (Bio7) provided the most useful information for O. submicans (Supplementary File S5). The probability of the presence of O. submicans decreased with increasing the temperature annual range (Bio7) (Supplementary File S6). Averaged future predictions for three climatic scenarios in SSPs 370 and 585 from 2041–2100 showed that O. submicans decreased in their suitable habitats in North Africa, West, Central, and South Europe, particularly in SSPs 370 and 585 for the years from 2081 to 2100 (Figure 7). The predictions showed differences between diverse SSPs from 2041 to 2100. Between the present day and future, suitable habitat pixels of O. submicans decreased by 36.00%, 37.70%, 46.10%, 56.70%, 62%, and 73.40% in three timelines: 2041–2060, 2061–2080, and 2081–2100 under SSP 370 and SSP 585, respectively (Supplementary File S7).




4. Discussion


In recent years, several studies have used ecological niche modeling to anticipate current and future potential distributions of endangered and economically important species and to support conservation priorities and forecasting strategies [14,17,18,19,20,21,46,50,51,52,53]. The present study predicts the potential distribution of five wild megachiline bee species and indicates that four of them (C. flavipes, C. sicula, M. minutissima, and O. submicans) will be exposed to habitat loss in the future according to prediction maps (Figure 2, Figure 3, Figure 6, and Figure 7). Therefore, conservation efforts and climate adaptation strategies for these wild bee species are urgently needed in North Africa, especially in Egypt.



Natural populations of wild bee species and other insects contributed greatly to the pollination of many vital crops [54]. Almost 40% of the annual value of crops under consideration represented the net returns derived from bee pollination. More than 99% of these advantages are attributed to pollination by feral bees [55]. Climate change and habitat loss are considered the main factors of bee decline [20]. According to current and future prediction models, we conclude that C. flavipes and M. minutissima seem to suffer from habitat loss more than C. sicula and O. submicans. This is likely owing to the fact that C. flavipes and M. minutissima lack suitable habitats in Europe under current conditions, thereby preventing migration into Europe as North Africa becomes less habitable. Conversely, C. sicula and O. submicans, although potentially suffering from habitat loss in North Africa, should have suitable habitats present in Europe, at least allowing for the possibility of a shift in their distributions. The studied species varied in their sensitivity to climatic variables. The distribution of C. sicula, C. flavipes, and O. submicans decreased with the increase in the temperature. Chalicodoma sicula is a winter-flying species, whereas C. flavipes and O. submicans are vernal species [12]. Under expected future climatic changes, these species are expected to decline. Bees are sensitive to environmental temperatures in several ways, especially during overwintering, in addition to notable reductions in foraging time. Temperature was the most important predictor of urban bee abundance [56]. This was clearly reported in several bumble bee species [57], but these, however, tend to nest in hollows in the ground. Species such as those included in the current study are cavity nesting and, like all above-ground nesters, are more sensitive to increased temperature than ground-nesting bees, which are better insulated against high temperatures [58]. Warmer winter temperatures decreased the body weight and fat body content of Osmia rufa [59]. In another species of the same genus, O. lignaria, exposure to cold temperatures was necessary for the completion of diapause [60]. On the other hand, the distribution of M. minutissima and Co. coturnix have decreased with the increase in precipitation. Both species, host and parasite, are early summer species [12,61] and live in exceptionally dry areas, such as central Saudi Arabia and the Mediterranean [62]. Precipitation had an indirect effect on the bee diversity, and bees responded negatively to rainfall, but high precipitation positively affected flower resources. It resulted in a severe restriction for soil-nesting bees, whereas, alternatively, the increased availability of cavities in plants and other materials could favor cavity-nesting species [63]. Ultimately, it is possible that both species are less sensitive to climate change, and the decline of M. minutissima would be more greatly impacted by other anthropogenic and environmental factors [64].



In North Africa, C. sicula, C. flavipes, and O. submicans all suffered and decreased in their suitable habitats under changing climate. This result matches observations over the last two decades, with the destruction of mud walls where those species nest and the changes in villages into urban and suburban areas (Supplementary File S8) [64,65,66]. The effects of urbanization on wild bees remain unclear in many cases and are not comprehensively understood, and these could offer some benefits such as grasslands and expanded foraging areas [67,68]. There are some examples of anthropogenic influences benefiting bees [69], but, in most cases, habitat loss and fragmentation have far more devastating impacts [70,71,72]. Urbanization negatively affects bee communities through reductions in nesting sites, frequent losses of foraging areas, increased toxicity from wastes and gas fumes, and urban warming [73]. Urbanization has more negative impacts on ground-nesting bees than cavity-nesting bees [74,75,76]. Nonetheless, cavity-nesting bees are vulnerable to changes in suitable nesting resources in urban areas due to the destruction and removal of nesting sites [77]. Yet, some remedies have been documented, such as those of O. bicornis, where reductions in nesting sites were partially offset by artificial nests from conservation programs [78]. The same protocols of conservation were prepared in the last two decades for trapping all studied species in Egypt but on a smaller scale [66].



Parasites are another factor in addition to climate change and urbanization that can affect the decline of cavity-nesting bees Egypt. Several species of cleptoparasitic bees, such as Co. decipiens Spinola 1838, Co. coturnix Pérez 1884, and Radoszkowskiana rufiventris (Spinola 1838), are associated with many different megachilid species (Supplementary File S8) [12,61]. We studied the future scenarios of one such cleptoparasitic species, Co. coturnix, and we reached the conclusion that this species would be abundant in suitable available habitat. This species was recorded recently as invasive in the USA [79], a result that concurs with our current and future predictions. Species of Coelioxys have been recorded attacking species of the genus Megachile, sometimes with high infestation rates [80,81,82] but also victimizing other genera [83]. Naturally, the cleptoparasites rely on the occurrences of their host bees. If the host bees are negatively impacted by climate and other changes, then the cleptoparasites will also be negatively influenced by a reduction in their hosts. A greater challenge, however, is whether already weakened and reduced populations will be exacerbated by increased infestation rates caused by increased suitability for the parasites. If this is the case, then even if wild pollinators persist, albeit at significantly reduced levels, despite loss of nesting sites, increased temperatures, and other negative anthropogenic influences, the increased parasite load could push such populations over the edge, further leading to local extirpation and the cascade of negative influences on food and economic security in the region.




5. Conclusions


Bees are threatened by several environmental and anthropogenic factors that might lead to pollination deficits and losses of plant genetic diversity. Public awareness of current stressors on bees would be useful for better conservation. Still, some factors are controversial between positive and negative impacts, so they should be studied and emphasized case by case. The present study revealed that three factors would lead to cavity nesting bees’ extinction across Egypt, including climate change, urbanization (habitat loss), and cuckoo bees (cleptoparasitism). Conservation efforts must be undertaken to protect these species. All the studied species except C. coturnix are important pollinators for several crops such as Egyptian clover, alfalfa, and broad bean. Given this, the conservation of these populations is crucial for better seed production and food security in the region. The results of this study suggest that increased efforts should be made for the construction, establishment, and protection of artificial nesting sites to ensure the presence of the bees and promote ecosystem sustainability. This study encourages similar studies in other regions and with bee groups such as ground-nesting bees to reveal potential impacts. Ultimately, stronger and more comprehensive efforts must be made to conserve bees, thereby ensuring their future pollination services.
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Figure 1. Current potential distribution of five species of the family Megachilidae: (a) Chalicodoma flavipes; (b) Chalicodoma sicula; (c) Megachile minutissima; (d) Osmia submicans. 
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Figure 2. Future potential distribution of Chalicodoma flavipes based on future climatic conditions: (a,b) represent the period (2041–2060); (c,d) represent the period (2061–2080); (e,f) represent the period (2081–2100). 
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Figure 3. Future potential distribution of Chalicodoma sicula based on future climatic conditions: (a,b) represent the period (2041–2060); (c,d) represent the period (2061–2080); (e,f) represent the period (2081–2100). 
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Figure 4. Current potential distribution of Coelioxys coturnix based on present-day climatic conditions. 
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Figure 5. Future potential distribution of Coelioxys coturnix based on future climatic conditions: (a,b) represent the period (2041–2060); (c,d) represent the period (2061–2080); (e,f) represent the period (2081–2100). 
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Figure 6. Future potential distribution of Megachile minutissima based on future climatic conditions: (a,b) represent the period (2041–2060); (c,d) represent the period (2061–2080); (e,f) represent the period (2081–2100). 
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Figure 7. Future potential distribution of Osmia submicans based on future climatic conditions: (a,b) represent the period (2041–2060); (c,d) represent the period (2061–2080); (e,f) represent the period (2081–2100). 
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Table 1. The initial 19 bioclimatic variables used for prediction of current habitat suitability for bee species.
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	Variable
	Description





	Bio 1
	Annual mean temperature



	Bio 2
	Mean diurnal range (mean of monthly max temp–min temp)



	Bio 3
	Isothermality (bio2/bio7) × 100



	Bio 4
	Temperature seasonality (standard deviation × 100)



	Bio 5
	Max temperature of the warmest month



	Bio 6
	Min temperature of the coldest month



	Bio 7
	Temperature annual range



	Bio 8
	Mean temperature of the wettest quarter



	Bio 9
	Mean temperature of the driest quarter



	Bio 10
	Mean temperature of the warmest quarter



	Bio 11
	Mean temperature of the coldest quarter



	Bio 12
	Annual precipitation



	Bio 13
	Precipitation of the wettest month



	Bio 14
	Precipitation of the driest month



	Bio 15
	Precipitation seasonality (coefficient of variation)



	Bio 16
	Precipitation of the wettest quarter



	Bio 17
	Precipitation of the driest quarter



	Bio 18
	Precipitation of the warmest quarter



	Bio 19
	Precipitation of the coldest quarter










 





Table 2. Partial area under the curve (AUC) ratios summarizing evaluations of ecological niche models of five megachiline species based on 500 bootstrap iterations.
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Species

	
No. NS

	
pROC Ratio




	
Minimum

	
Maximum

	
Mean






	
Chalicodomaflavipes

	
500

	
1.53

	
1.99

	
1.9




	
Chalicodomasicula

	
500

	
1.91

	
1.99

	
1.96




	
Coelioxys coturnix

	
500

	
1.34

	
1.87

	
1.67




	
Megachileminutissima

	
500

	
1.63

	
1.99

	
1.87




	
Osmiasubmicans

	
500

	
1.9

	
1.96

	
1.94
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