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Abstract

:

Climate change is expected to influence the geographic distribution of many taxa, including insects. Chrysomya albiceps is one of the most pervasive calliphorid fly with apparent ecological, forensic, and medical importance. However, the global habitat suitability is varied due to climate change. Models that forecast species spatial distribution are increasingly being used in wildlife management, highlighting the need for trustworthy techniques to assess their accuracy. So, we used the maximum entropy implemented in Maxent to predict the current and future potential global geographic distribution of C. albiceps and algorithms of DIVA-GIS to confirm the predicted current model. The Maxent model was calibrated using 2177 occurrence records. Based on the Jackknife test, four bioclimatic variables along with altitude were used to develop the final models. For future models, two representative concentration pathways (RCPs), 2.6 and 8.5, for 2050 and 2070 were used. The area under curve (AUC) and true skill statistics (TSS) were used to evaluate the resulted models with values equal to 0.92 (±0.001) and 0.7, respectively. Two-dimensional niche analysis illustrated that the insect can adapt to low and high temperatures (9 °C to 27 °C), and the precipitation range was 0 mm to 2500 mm. The resulted models illustrated the global distribution of C. albiceps with alteration to its distribution in the future, especially on the Mediterranean coasts of Europe and Africa, Florida in the USA, and the coasts of Australia. Such predicted shifts put decision makers against their responsibilities to prevent destruction in economic, medical, and ecological sectors.
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1. Introduction


Significant changes in the climate have had a divergent effect on biodiversity in the recent decades [1]. Climate change, commonly known as global warming, is driven by greenhouse gases generated as a result of human activity, especially burning fossil fuels. The average temperature is predicted to rise from 2 to 4 °C over the next 50 years due to the increase in CO2 concentration in the earth’s atmosphere [2]. The effects of such changes in earth temperatures are unpredictable and random. The geographical range of insect species will be affected by climate change and this coincides with a rise in several problems in agricultural, medical, and veterinary sectors [3]. The resurgence of the medical and veterinary importance of insect species becomes a more and more serious danger, especially with future climate change scenarios [3,4]. The reshaping of species distributed throughout the world will surely produce serious ecological and economic crises [5]. So, recently, developing models to predict such changes has become a decisive issue for medical and veterinary entomologists to assess the impact of such changes on human societies, especially for important insect families, such as Calliphoridae [5,6].



Calliphoridae is one of the most common and interesting families of Diptera [7]. Its flies are familiar as blowflies, bluebottles, and greenbottles; with about 1500 species, the family comprises almost 8% of the calyptrate flies that occupy all continents except Antarctica [8]. Moreover, it includes a variety of lifestyle species classified throughout several subfamilies, such as the Calliphorinae, Chrysomyinae, Luciliinae, Ameniinae, Bengaliinae, Helicoboscinae, Polleniinae, Melanomyinae, Rhiniinae, Mesembrinellinae, and Toxotarsinae [9]. Most Calliphorid adults are oviparous, and some are larviparous, and either unilarviparous or multilarviparous. The adults are nectar feeders, while larvae have several feeding behaviors, such as saprophagy, hematophagy, coprophagy, and ectoparasitism [10].



Chrysomya albiceps is one of the most well-known species of family Calliphoridae. With a Holarctic distribution, it is an important fly with ecological, forensic, and medical importance. C. albiceps is a significant fly that parasitizes warm-blooded animals and produces facultative cutaneous myiasis in livestock, goats, donkey, sheep, camels, and humans [11,12]. Myiasis is a type of parasitism in which the fly larva (maggot) infects animal tissue, it is very widespread on our planet, especially in the tropical and subtropical regions [13]. In forensics, it is also common species found at crime scenes helping identify the unknown cadavers and determine postmortem intervals [14]. On the other hand, C. albiceps has ecological importance, as it helps in recycling elements in ecosystems by decomposing dead bodies [15]. The adults are good and effective pollinators that provide a good fruit set and increase yield for mango agriculture [16,17]. C. albiceps—with a wide distribution range—has adapted to several climatological conditions, but like any other biological unit, it will face dramatic changes in its geographical distribution due to climate change [18,19,20].



Now, the geographical information system (GIS) and its modeling tools help scientists in mapping the distributions of insect pests, develop models assessing the suitability of certain environmental conditions for sustaining specific insect species under current or future conditions, and presage where pest species might find suitable conditions and become established with economically important consequences [21]. Predictive models can be useful complements, including those developed to predict a pest’s spatial and temporal expansion after its first introduction into suitable habitats or estimate increasing economic losses to the livestock sector in addition to evaluating the status of important species, such as C. albiceps [22].



The present study aims to predict the global current and future distribution of C. albiceps using the species distribution modeling approach. In addition, it aims to answer the important question of how climate change will reshape the C. albiceps global range through the next 50 years using different climatological scenarios.




2. Materials and Methods


2.1. Global Occurrence Data of C. albiceps


Global C. albiceps occurrence records were collected from different digital databases including the Global Biological Information Facility (GBIF.org: https://doi.org/10.15468/dl.hbhmdq (accessed on 3 January 2022)), Project NOAH (Projectnoah.org (18 December 2021)), and I Naturalist (inaturalist.org (10 January 2022)). The occurrence data were about 3500 georeferenced points (Table S1). The data were subjected to three major filtration steps, which included removing duplicated data, cleaning records without latitudes and longitudes, and finally, spatial rarefication of points by distances [23,24]. The remaining records with 2177 points were converted to comma-delimited (CSV) files and utilized to predict the current and future global distribution of C. albiceps (Figure 1).




2.2. Environmental Variables


The WorldClim global climate database was used to derive a total of nineteen bioclimatic variables, as well as altitude with a spatial resolution of 2.5 arc-min or 5 km2 at the equator (accessed on December 2021). For current bioclimatic data, fifteen bioclimatic covariates were converted into the ASCII format using ArcGIS v 10.7. Bioclimatic layers 8–9 and 18–19 were omitted due to known spatial artifacts [24,25]. Pearson correlation coefficient was used to reduce the multicollinearity among bioclimatic variables at a value equal to (|r| ≥ 0.8) (Tables S2 and S3) [23,24,25]. This coefficient hinders the correlation among the covariates through the function of SDM Tools in ArcGIS 10.7 (universal tool; explore climate data; remove highly correlated variable) [26]. Finally, four bioclimatic covariates along with altitude were selected for further analysis. These covariates were Bio_1 (annual mean temperature), Bio_6 (min temperature of coldest month), Bio_7 (temperature annual range), and Bio_11 (mean temperature of coldest quarter), respectively. For future prediction, a parallel dataset of bioclimatic covariates was downloaded (from www.worldclim.org (accessed on 18 November 2020)) for two representative concentration pathways (RCPs 2.6 and 8.5) covering the two periods 2050 and 2070. These future data layers were also converted to the ASCII format via ArcGIS v 10.7 and used for future prediction [23,26].




2.3. Habitat Suitability Modeling


To anticipate the probable habitat distribution of C. albiceps under current and future climate change scenarios, we used two modeling techniques: the maximum entropy implemented in Maxent (version 3.4.1) and Clim. Model on DIVA-GIS software [27,28]. Both used presence-only data to forecast species distribution with pseudoabsence points [23,27]. For Maxent model the following settings were used: output format = logistic, random test percentage = 25, regularization multiplier = 1, maximum iterations = 10,000, convergence threshold = 0.0001, and maximum number of background points (as a pseudo-absence points) = 10,000. In our models, we used 75% of the occurrence records to train the model and 25% of the records to test it. Maxent is a popular model for estimating species distribution using only presence data, and it works well even with small sample sizes [29,30]. The Clim model of DIVA-GIS software was only used for the current status using the default setting in the software.




2.4. Model Interpretation and Evaluation


To evaluate the possible habitat range of C. albiceps, the model was run with four bioclimatic variables and 2177 presence-only locations. C. albiceps occurrence records were separated into two quasi-independent groups, with 75% and 25% of the data used for model training and testing, respectively [31]. To assess errors and compare model consistency, the model was fitted on the entire data set with tenfold cross-validation [23]. The area under curve (AUC) was used to evaluate the model’s performance. The AUC spans from 0.5 to 1.0, with values greater than 0.9 indicating excellent performance [32]. The jackknife test was used to discover key bioclimatic variables in assessing the target species’ potential spread [12]. Moreover, the accuracy of the projected models was estimated using true skill statistics (TSS) [23,24]. TSS values vary from −1 to 1, with positive values near 1 indicating a strong link between the predicted model and the distribution and negative values indicating a weak association [33]. Finally, all methodology steps have been established in the Research Laboratory of Biogeography and Wildlife Parasitology (RLBWP), Entomology Departments, Faculty of Science, Ain Shams University.





3. Results


3.1. Model Performance and Effects of Environmental Variables


The Maxent model has a good accuracy in predicting the potential distribution of C. albiceps, with a mean test AUC value of 0.92. Bio_1 (annual mean temperature), Bio_6 (min temperature of coldest month), Bio_7 (temperature annual range), and Bio_11 (Mean temperature of coldest quarter) were the most relevant bioclimatic variables for C. albiceps prediction (Figure 2). These four variables were the most powerful predictors of C. albiceps distribution, accounting for 75% of the variance. Bio 1 had a strong predictive power according to the jackknife results (Figure 2). Furthermore, the true skill statistics (TSS) were used to test the model’s functionality, and the findings show that producing maps with a value of 0.7 is of high quality. TSS readings of more than 0.5 are generally considered acceptable.




3.2. Two-Dimensional Niche Analysis


For the most efficient bioclimatic variables employed in investigating this pest, the enveloped test was used to produce the two-dimensional niche of C. albiceps: annual mean temperature (bio 1) and annual precipitation (bio 12) (Figure 2c). The findings show that this insect is predicted to have a good ability to adapt to a variety of environmental temperatures. Its annual mean temperature ranges from 9 °C to 27 °C, with annual rainfall ranging from 0 mm to 2500 mm. These findings shed the light on the global distribution of this insect, which can be adapted in both extremely dry hot deserts and extremely cold rainy places.




3.3. Current Potential Distribution of C. albiceps


The global potential spread of C. albiceps under current climatic conditions is presented in Figure 3. Both models resulted from Maxent, and DIVA showed compatible habitat suitability for C. albiceps spreading and agreed with the actual distribution of C. albiceps. This insect is considered to be a cosmopolitan species inhabiting all continents except Antarctica. In Africa, Maxent and DIVA models showed very high and excellent habitat suitability of C. albiceps in the counties of north Africa ranging from Egypt in the east to Morocco and west Saharan in the west. Besides, the Horn of Africa and southern Africa showed medium to very high suitability, whilst subtropical Africa illustrated no suitability in both models (Figure 3a,b). In Asia, China, North and South Korea, and southern parts of Japan exhibit very high and excellent suitability for the fly’s existence (Figure 3a,b). In Europe, the resulted models revealed very high and excellent suitability throughout major European lands, including Italy, France, Spain, Portugal, the Netherlands, England, Greece, and Turkey, while the northern territories of Europe showed low suitability (Figure 3a,b). In North America, the resulted current models indicated low suitability in C. albiceps distribution over its land except on the western coast of Canada and parts of the United States, the eastern–southern coast of the Mexican Gulf showed very high and excellent suitability. In South America, Brazil, Uruguay, and Chile illustrated very high suitability in the resulted models (Figure 3a,b). Finally, northern Australia appeared to have low suitability, but southern parts of Australia, including New South Wales, Sydney, and Melbourne in Victoria showed very high suitability, meanwhile, New Zealand showed very high suitability (Figure 3a,b).




3.4. Future Potential Distribution of C. albiceps


The Maxent models for the potential distribution of C. albiceps under future climate change scenarios RCP 2.6 and RCP 8.5 for the years 2050 and 2070 are illustrated in Figure 4. In Africa, our predictive models assured very high suitability in north Africa, no suitability in sub-Saharan Africa, and low suitability in subtropical Africa (Figure 4a–c). However, the highest RCP (8.5) in 2070 was found in subtropical Africa ranging from Somalia in the east to Senegal and Sierra Leone in the west, which showed very high suitability (Figure 4d). In Asia, the future Maxent models predicted notable changes in the suitability of C. albiceps rather than the current prediction where countries, such as China, North and South Korea, and southern parts of Japan, exhibit medium to low suitability (Figure 4). In Europe, the western parts showed medium to high suitability in the future predictions (Figure 4). In North America, the southern coast of the United States revealed medium to low suitability, while in South America, northern parts, including Colombia, Venezuela, Ecuador, and the main parts of Brazil and Bolivia, illustrated high to very high suitability (Figure 4). Finally, southern parts of Australia exhibited low to medium suitability and the future models predicted no changes in New Zealand (Figure 4).



The calibration maps of current and future predictions for two different RCPs in 2050 and 2070 are used to summarize the level of changes in C. albiceps distribution owing to global warming (Figure 5). Under low hypothetical emissions of greenhouse gases (GHG) (RCP 2.6 in 2050 and 2070), the changes are not notable and usually not significant on all continents, although the species will lose some of their habitats, especially in coastal areas of temperate regions (Figure 5a,c). Moreover, for the highest hypothetical emissions of GHG (RCP 8.5 2050 and 2070), the insect loses a very large range, especially in the subtropical region in Africa, western Asia, and southern parts of North and South America, and there is clear gain in suitability that appears in Europe (Figure 5b,d).





4. Discussion


Throughout the long history of our planet, the cycles of climate could be considered a natural issue, but anthropogenic activities disrupt such a harmonic cycle and drive the earth to global warming [34]. The changes that will affect life on earth in a wide range of forms from species range shift to complete extinction [35,36]. Flies of the order Diptera are not far from such alterations. Many species of medical and veterinary important flies will alter the way by which they are distributed through space and time, including that of the genus Chrysomya. The Old World screwworm fly C. bezziana—as an example—was predicted to invade Japan, the place where its ancestors were never recorded before due to climate changes [26]. The rearranging of species composition will have unpredicted economic and ecological consequences [37]. So, studies that evaluate how the species range will be modified in the near and far future and become more urgent either for pre-control measures for the pests or conservation of beneficial species [23].



C. albiceps was selected through this work to evaluate the way by which the generated climate change scenarios will affect its distribution [38]. The results of the two-dimension niche using annual mean temperature and precipitation show how this species of flies adapt to a wide range of climatological conditions (Figure 2) in contrast to its cousin C. bezziana, which has a very specific temperature range [23]. This very good adaptability of C. albiceps gives the advantage of this species for them to be distributed through almost all continents, but, unfortunately, it did not rescue the species against the changing climate (Figure 2) [10].



Two modeling techniques (Maxent and Clim model incorporated in DIVA-GIS) were used to predict the current suitable habitat of C. albiceps depending on the climatological parameters. The two techniques are among the most frequently used GIS methods in studying biological units through several previous studies [39,40]. Both are simple, effective, and easy to use, but Maxent is better and widely used [23]. This is because of its ability to deal with presence-only data with small sample size, and its outstanding predictive performance due to the artificial intelligence of maximum entropy implemented in it [27,28,29]. The acquired maps of the two modeling methods look almost identical. The represented suitable habitat appears compatible with the current distribution of this insect throughout the world today [10]. C. albiceps is currently distributed through the Old World and most parts of South America, but the generated results indicated the suitability of its habitat in southern North America and most parts of Australia. The presence of a suitable habitat does not mean the occurrence of the species in such area, as more environmental factors could govern species distribution, such as geographical isolation. Australian territory, as an example, appears with high and very high suitability to C. albiceps, but it has never been recorded before in Australia. This may be due to the isolation of Australia or the appearance of several equivalent ecological species through the continent, such as Calliphora albifrontalis, C. augur, C. dubia, C. hilli hilli, C. maritima, C. stygia, C. vicina, Chrysomya rufifacies, Ch. varipes and Onesia tibialis [41].



According to four different future climate change scenarios for 2050 and 2070, the models produce how C. albiceps distribution range will be changed in response to global warming. The generated calibration maps that measure alteration in species distribution show how this fly will lose many parts of its distribution range throughout the world, especially in regions with the Mediterranean climate (The Mediterranean coasts of Europe and Africa, Florida of the USA, and the coasts of Australia) (Figure 5) [42]. The direct effect of such changes cannot be predicted easily, and more studies are needed to appraise the values of this fly, especially on the local scale. In North Africa and parts of southern Europe, the C. albiceps is predicted to completely disappear. How will this affect the area ecosystems? Is it will affect the recycling of organic material? Will this new niche space help more dangerous fly species invade this territory, such as C. bezziana? Will it disturb the forensic investigations of the areas where this fly disappears? In addition, how will the mango yield be affected by the disappearance of its important pollinator? In the opposite direction, the new areas of C. albiceps will face new challenges and very rare neglected veterinary issues, such as myiases, could be a dangerous obstacle for the sheep and goat grazing economy in many central European countries [43].



The present work forms a warring on how climate change will alter the global geographic distribution of C. albiceps. From the resulted predictive maps, C. albiceps lost a huge distribution range, and, consequently, negative influences will appear at pollination, forensic, and even ecological role levels. All efforts should be taken to decrease greenhouse gas emissions on all levels from the decision makers to the normal laymen to prevent unpredicted economic and ecological consequences that will one day threaten life on earth itself.
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Figure 1. Observed distribution of C. albiceps. 
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Figure 2. (a) The jackknife test of the most important variables, (b) Response curve of the most effective bioclimatic factor (bio 1) in C. albiceps distribution, and (c) Two-dimensional niche of C. albiceps between annual temperature (bio 1) represented by red dots and annual precipitation (bio 12) represented by green dots. 






Figure 2. (a) The jackknife test of the most important variables, (b) Response curve of the most effective bioclimatic factor (bio 1) in C. albiceps distribution, and (c) Two-dimensional niche of C. albiceps between annual temperature (bio 1) represented by red dots and annual precipitation (bio 12) represented by green dots.



[image: Diversity 14 00578 g002]







[image: Diversity 14 00578 g003 550] 





Figure 3. Current potential global distribution of C. albiceps: (a). Using maxent and (b). using DIVA. 
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Figure 4. Maxent models of predicted global future distribution of C. albiceps under two RCPs: (a) 2050 for RCP 2.6; (b) 2050 for RCP 8.5; (c) 2070 for RCP 2.6, and (d) 2070 for RCP 8.5. 
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Figure 5. Calibration maps showing gain and loss in habitat suitability of C. albiceps through the four future scenarios against the current status with threshold (>0.5): (a) 2050 for RCP 2.6; (b) 2050 for RCP 8.5; (c) 2070 for RCP 2.6, and (d) 2070 for RCP 8.5. 
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