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Abstract

:

Climate change is expected to alter species distribution and habitat composition, with wild species being particularly vulnerable. Gossypium aridum, a wild cotton species in Mexico, has shown a decrease in habitat extent and population; however, the data are not precise. The objectives of this study are: (1) to develop a distribution model of G. aridum in Mexico, (2) to identify areas with environmental conditions similar to where the species currently maintains populations, and (3) to determine which variable, flowering growing degree days (FGDD) or annual available soil water (AASW, mm year−1), has greater influence on the distribution of the species. Geographic information system (GIS) software was used with datasets from two databases in Mexico that were partitioned for site characterization, model construction, calibration, validation, and sensitivity analysis. The range of 330–860 FGDD and 4–110 mm year−1 AASW best described the species habitat, according to results of seven precision and accuracy statistical tests. The model identified geographic regions throughout the country with similar conditions as the locations where the species has been observed, including some where no collections have not yet been registered in Mexican databases. FGDD, rather than AASW, showed greater influence on the distribution of the species. The generated information can be used to guide collection expeditions for G. aridum and to study climatic impact on species distribution. The approach using FGDD and AASW can be used in the modeling of wild cotton species that are valuable natural resources for crop improvement.
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1. Introduction


Climate change is expected to alter species distribution and habitat composition, with wild species being particularly vulnerable [1]. Crop wild relatives (CWR) are essential because of their potential contribution to the development of cultivars that can withstand biotic and abiotic stress [2]. Their close genetic relationship to cultivated plants and their wide genetic variation make them useful in the introgression of desirable traits into crops [1]. Plants need escape, avoidance, and tolerance mechanisms for survival against abiotic stresses, such as extreme temperatures, drought, and salinity, which cause growth inhibition, damage, and death in plants and can reduce profitability of crops by as much as 50% [3,4,5]. Evolving and surviving under harsh climatic conditions, wild species develop valuable characteristics, such as resistance to plant pests and diseases and adaptability to climate change, which can be used in plant breeding to develop high-yielding and climate-resilient crops [1,6].



Mexico is a megadiverse country that is the center of origin and genetic diversity of many essential crops [7]. It has 14 out of 18 species of cotton [8], a crop of interest to many scientists because of its economic importance [9]. It is the center of diversity of the Gossypium genus, with 11 of the 13 known diploid Gossypium species of the Western Hemisphere endemic to this country [10]. The Gossypium hirsutum gene pool from Mexico is a primary source for improvement of most of the Acala and Upland cotton growing in the world today [11].



The wild cotton species G. aridum was chosen for this study for several reasons. Among the American diploid cotton species, it is the most morphologically variable. Geographically widespread in Mexico [12], it appears in ten states [9,13], extending from northwestern to southwestern Mexico and with marginal populations in Veracruz on the Mexican Atlantic coast [12]. Moreover, G. aridum is a wild species resistant to reniform nematode [14] and tolerant of salinity, which affects millions of hectares of agricultural land [6,15,16,17]. It is also tolerant of drought and high in seed number [18]. Due to its confirmed and potential use in crop improvement, it is included in the priority lists of global and national inventories of crop wild relatives [1]. It is classified as vulnerable in Mexico [13], being one of the wild species threatened by the use of herbicides, pesticides, genetically modified crops, and other technological advances in industrial agriculture [2,8]. Research and conservation actions for this species have been difficult because of its location in unsafe areas where illegal crops are grown [2].



Field explorations have shown a decrease in habitat extent and population of G. aridum [13]; however, the data are not precise. Updated geographic locations of populations of G. aridum and other wild cotton species as well as more information regarding their development and evolution are needed so that priorities for in situ and ex situ conservation can be determined. Moreover, the survival and availability of these valuable plant genetic resources can be ensured for present and future generations worldwide [2,19].



The objectives of this study are: (1) to develop a distribution model for wild cotton G. aridum in Mexico, (2) to identify areas with environmental conditions similar to where the species currently maintains populations, and (3) to determine which variable, flowering growing degree days (FGDD) or annual available soil water (mm year−1; AASW), has greater influence on the distribution of the species. The generated information can be used to guide collection expeditions for G. aridum and to study climatic impact on species distribution. The approach using FGDD and AASW can be used in the modeling of wild cotton species that are valuable natural resources for crop improvement.




2. Materials and Methods


2.1. Study Area and Species under Study


This study focuses on the wild cotton species G. aridum and the areas in Mexico where its presence has been reported, based on collections available in two databases in the country (CONABIO-SNIB [13], SINAREFI [20]) (Figure S1). The species is present mainly in the coastal states of Sinaloa, Nayarit, Jalisco, Colima, Michoacan, Guerrero, Oaxaca, Yucatan, and Veracruz (Figure 1). It is also present in the interior of Mexico, in the state of Puebla.




2.2. Plant Databases


The study used data from two Mexican databases: (1) the 2010–2015 database of the Red de Algodon del Sistema Nacional de Recursos Fitogeneticos para la Alimentación y la Agricultura (SINAREFI) [20] and (2) the database of the Comision Nacional para el Conocimiento y Uso de la Biodiversidad–Sistema Nacional de Informacion Biologica (CONABIO-SNIB) accessed in 2021 [13]. The data were analyzed to determine their quality and accuracy, following this process: First, the collection sites were projected onto geographic information systems (GIS), and the following information was obtained for each site: state, municipality, latitude, longitude, and altitude. Next, the information was compared with that reported in the passport file of each collection site to check for any disparity which would require further analysis. The data from SINAREFI and CONABIO-SNIB did not show any errors. Sites in gardens or small family farms in urban areas were eliminated.



The G. aridum data from SINAREFI [20] were partitioned as follows: 8 sites for characterization and 29 for calibration. The second database (CONABIO-SNIB [13]) contained 291 sites of G. aridum, which were used as presence data for model validation and sensitivity analysis. The database also contained information on other wild cotton species that were used to obtain the pseudo-absence sites for the analysis. In total, 266 sites were used as pseudo-absences.




2.3. Climate Database and Parameters


Mexico has a digitized cartographic database at the country level at scales from 1:1,000,000 to 1:50,000, which integrates vegetation, soil, topography and other information. In the present study, the climate vector data set (minimum and average temperature and precipitation in monthly and annual averages) with a scale of 1:1,000,000 [21] was used to generate specific climatic parameters of interest for the study, namely annual available soil water (AASW), real annual evapotranspiration (ETR, a component of AASW), and growing degree days (GDD) for flowering. These variables were chosen based on results of other studies [22,23] and consultations with Mexican wild cotton specialists. GDD is a means to predict the growth stages of the plant, considering accumulated heat [23,24]. Temperature and water stress are major factors affecting seed germination, seedling establishment, and crop success [25,26]. Extreme water shortages constrain germination and seedling establishment [26,27], while higher temperatures during vegetative/reproductive stages harm the overall progress of the crop, resulting in seed cotton yield losses [28].



2.3.1. Annual Available Soil Water


The annual available soil water (AASW) is calculated as the difference between annual precipitation and real annual evapotranspiration [29].


  A A S W = P p t − E T R  



(1)




where:



AASW = Annual available soil water (mm yr−1)



Ppt = Mean annual rainfall (mm)



ETR = Real annual evapotranspiration (mm)



Real annual evapotranspiration is the evapotranspiration that actually occurs under the existing conditions in each case. This parameter is contrary to the potential evapotranspiration which will occur if soil moisture and plant cover were in optimal conditions. ETR was calculated using the Turc method [30,31], considering ETR as a function of long- term mean rainfall and temperature and using the following equation [31]:


  E T R =   P p t     0.9 +   P p  t 2    L  c 2         



(2)




where:



ETR = Real annual evapotranspiration (mm yr−1)



Ppt = Mean annual rainfall (mm)



Lc = 300 + 25t + 0.05t3



t = Mean annual temperature (°C)




2.3.2. Growing Degree Days for Flowering


Plants require a specific amount of heat units to develop from one stage of development to another. Physiological estimations considering the measurement of accumulated heat units over time have proven more accurate than the number of calendar days [24]. Growing degree days (GDD), also known as heat units (HUs) or thermal time, is an essential indicator of crop phenology, with the potential to show crop development and forecast cotton phenology [32]. It is based on the premise that the growth of plants is related to temperature, and plant development will occur only when the temperature exceeds a specific base temperature (tb) for a certain number of days [33]. Supak [34] commented that while a constant base temperature is usually used for the full growing season, the base values tend to differ in the various growth stages of the plant. In the present study, flowering growing degree days (FGDD-day °C) was used to predict potential distribution areas. Flowering is considered the prime physiological stage of the cotton plant, indicating the reproductive stage and determining the final productivity [28]. In other studies, GDDs have been calculated with the base temperature ranging from 12 °C to around 15 °C [28]. This study considered a base temperature of 18 °C for flowering [35,36].



FGDD was calculated as follows:


  F G D D = ∑    max    0 ,     T m − T t      



(3)




where:



Tm = mean daily temperature (°C)



Tt = threshold minimum temperature for flowering (18 °C for this study).



The mean daily temperature was obtained from the monthly averages by sine curve interpolation between mid-months to obtain quasi-daily values [37].





2.4. Characterization of the Sites


In ecology, knowledge of the factors influencing the distribution of organisms is essential and has many potential applications [38]. Observations on the distribution of a species provide valuable information regarding its environmental requirements [39]. In this study, characteristics that distinguish the collection sites of G. aridum in Mexico were described.



G. aridum has been reported in both coastal areas and mountainous areas of ten states of Mexico (Figure 1). Thus its distribution is wide in terms of territory and climatic conditions. In this study, we used a reduced number of sites located throughout a single state that has a wide range of climatic conditions. This modeling approach can be used when there is a small number of data available for a species of wide territorial and climatic distribution. We selected eight collection sites in the state of Sinaloa reported in the SINAREFI database. These sites were chosen because they are located throughout the state, covering different climatic conditions (temperature and precipitation), thereby making it possible to detect the various conditions in which the species could establish itself.



The selected sites were located in both coastal and mountainous areas. The predominant climates in Sinaloa, by territorial extension, are as follows: warm sub-humid (37.1%), warm semi-dry (21.3%), warm dry (18.6%), semi-warm sub-humid (11.0%), warm very dry (9.7%), and temperate sub-humid (2.3%). The regions with the highest temperatures (more than 22 °C) are in the extreme north and south of the territory, while the regions with the lowest temperatures (between 12 and 18 °C) are in the mountain ranges of the Sierra Madre Occidental. The average annual precipitation in the state is 790 mm; rains mainly occur in the summer, from July to September. Rainfall is scarce on the coasts and increases on the foothills of the Sierra Madre Occidental.



The values of the AASW and FGDD variables were obtained for each site through the use of ArcGIS software 10.3 of Esri, Inc.® (Redlands, CA, USA). This resulted in a data matrix with the climatic (temperature and precipitation) characteristics of the presence sites of the species. Figure 2 outlines the actions carried out during the characterization phase and in other phases of the study.




2.5. Model Construction


The aim of the model-construction phase was to generate a model of the geographic distribution of the species G. aridum in Mexico based on the overlay of different thematic images with the characteristics of the collection sites of the species. The spatial processing system and the database management system of a geographic information system (GIS) made it possible to put together different types of datasets, make them compatible, and combine and analyze them [40].



The data matrix generated during the characterization process was used to derive the intervals formed by the maximum and minimum values of the AASW and FGDD variables. Prior to model construction, images with data falling within the interval defined for each variable had been generated. The model is the result of the overlay of these images using ArcGIS.




2.6. Model Calibration


Calibration is the adjustment of parameters to improve the capacity of the model to predict the dataset used for verification [41]. In this study, calibration involved the reduction of omission and commission errors. Omission errors are when the species was found, but the model predicted absence (false negatives); commission errors are when the species was not found, but the model predicted presence (false positives).



To decrease the omission errors, the values of each variable for the presence data “sensu lato” that fell outside the model were verified in order to determine the variables and the intervals to be modified. In addition, 29 sites from the SINAREFI database [20] that had not been previously used were also included during calibration. Fortunately, these 29 sites were collections reported in the states of Nayarit, Jalisco, and Colima, which was favorable for calibration in these areas where the model projected only a small potential distribution area for G. aridum.




2.7. Model Validation


Validation involved comparing the model with a set of independent observations to verify if the model was developed as expected [41,42]. For modeling based on presence records only, methods requiring both presence and absence records have been applied in other studies by sampling pseudo-absences from the study area in place of real absence data [43,44]. For this type of validation in this study, 291 collection sites of G. aridum (presence) from the CONABIO-SNIB database were used. Data of 266 sites of four other cotton species, namely, G. barberense, G. trilobum, G. gossypiodis, and G. schwendimanii, were used as pseudo-absence. These four species were selected because they did not present any association with the species G. aridum, according to the CONABIO-SNIB database.



The conversion of temperature and precipitation vector data to raster data involved changes in the form and dimension of some areas. Furthermore, during the validation, areas in the model were compared against points (presence and absence data), which means that there were areas with possible omission errors. Hence, the distances between the presence data excluded from the model and the model were measured, and the excluded sites that were located not more than 1 km outside of the model were classified as presence data “sensu lato”. To carry out the measurement, a mesh with a spacing of 1 km between centroids was generated using the Data Management Tools of the ArcGIS software. On the other hand, the sites located within the model, directly obtained with the Extraction Spatial Analysis Tool of ArcGIS, were classified as presence data “sensu stricto”. The statistics for model precision and agreement were obtained with the presence data “sensu lato” as well as “sensu stricto”.




2.8. Sensitivity Analysis


Sensitivity analysis involves the study of the variation in model output, how it can be apportioned, qualitatively and quantitatively, to different sources of variation and how the model depends upon the given input [45].



The sensitivity analysis phase was based on the jackknife (or leave-one-out) procedure [46]. The full ranges of AASW and FGDD variables of the models tested during the validation phase were first analyzed. The objective was to determine the sites and/or localities with extreme values for the two variables. The majority of the minimum values of FGDD and the maximum values of AASW were located in the collection sites in the state of Nayarit. Considering this and the ranges of the variables, four models were constructed that made it possible to determine the variation in the predictive power of the model by including or eliminating the extreme values detected in both variables.



First, a pattern model (Stone base) (Model A) was generated. It included the AASW and FGDD gradients contained in the models analyzed during the model validation process.



A second model (Model B) was generated with the same AASW values as Model A. However, in FGDD, the range of minimum values detected in the Nayarit localities was eliminated.



A third model (Model C) was generated by removing the highest range of AASW values. But the FGDD values similar to those in Model A were retained.



In the fourth model (Model D), the minimum range of FGDD was eliminated as well as the highest range of AASW. Thus, this model excluded all the Nayarit locations.



These models were tested with a total of 291 collection sites of G. aridum as presence and 266 sites of other species as pseudo-absence, all from the CONABIO-SNIB database. The “sensu strictum” and “sensu lato” sites were quantified using the methodology described in the validation phase and were used to assess model precision and agreement statistics.




2.9. Statistical Analysis


For presence-absence studies, statistics are usually derived from a 2–2 confusion matrix which indicates how often and how accurately presences and absences are predicted [41]. In order to evaluate the performance of each model, it is necessary to derive matrices of confusion that identify true positives, false positives, false negatives, and true negatives predicted by each model [42,47]. The values from the matrix of confusion are then used to calculate other performance measures, such as overall prediction success [48], sensitivity, and specificity, as well as odds ratio and Cohen’s kappa [49], both of which can better assess the ability of the models to predict presence compared to chance expectations [47,50].



In the present study, the non-parametric statistics applied in the validation and sensitivity analysis processes were the kappa index, overall accuracy, sensitivity, specificity, positive predictive power, negative predictive power, and odds ratio.



The kappa index is a measure of agreement indicating the reliability of the data obtained, which ranges from 0, signifying no agreement between observed and predicted distributions, to 1, indicating perfect agreement. Cohen’s kappa is considered a simple but effective statistical tool for the comparison and evaluation of presence-absence models [51,52].


   Kappa   Index  :        a    +    d  / n   −      a    +    b       a    +    c    +    c    +    d       d    +    b      /  n 2    /   1 −      a    +    b       a    +    c    +    c    +    d       d    +    b      /  n 2     



(4)







Overall accuracy is the measurement of correct classification made by the model.


   Overall   accuracy  =    a    +    d  / n  



(5)







Sensitivity is the conditional probability that case X is correctly classified as true.


   Sensitivity    = a /  a    +    c   



(6)







Specificity is the conditional probability that a case that is not X is correctly classified as false.


   Specificity    =    d  /  b    +    d   



(7)







Positive Predictive power assesses the probability that a case is X if the algorithm classifies the case as X.


   Positive   Predictive   power    =    a  /  a    +    b   



(8)







Negative Predictive power assesses the probability that a case is not X if the algorithm does not classify the case as X.


   Negative   Predictive   power    =    d  /  d    +    c   



(9)







Odds Ratio is the ratio of correctly assigned cases to incorrectly assigned cases [52].


   Odds   Ratio    =    ad  / cb  



(10)




where:



a = correctly predicted presence data



b = incorrectly predicted presence data



c = incorrectly predicted absence data



d = correctly predicted absence data



n = sum of a + b + c + d





3. Results and Discussion


3.1. Characterization of the Sites


In the characterization process, an approximation of the profile of the G. aridum species was generated from the minimum and maximum values of the variables that were analyzed in the study. The characteristics were 4–76 mm year−1 AASW and 460–580 FGDD. These values present a considerable range, demonstrating the breadth of conditions in which G. aridum develops in the wild.



The ACE website [53] reports that the cotton plant under commercial cultivation requires 750 to 850° heat units calculated with a base temperature of 15.5 °C from planting to first flower. However, while the number of accumulated heat units between growth stages is assumed to be constant, it actually varies between years due to environmental factors [34]. In this study, the FGDD calculation considered a base temperature of 18 °C.



The AASW values (4 to 76 mm year−1) show that this species does not present any notable xeromorphic adaptations, but has adjusted its life cycle to rather extreme degrees and is adapted to arid environments. It has been reported as tolerant to salinity and drought [13,15,18]. Fryxell [54] mentions that G. aridum occurs in areas subjected to the wet season/dry season cycle. It has green leaves only in those months when moisture is plentiful, and it is completely leafless for about half of each year. At about the time leaves are lost, floral initiation begins, and flowering and fruiting occur during the height of the dry season.




3.2. Model Construction


When the generated model Aridum_18 (named after the species and the base temperature) that had been constructed with the digital layers of AASW (4–76 mm year−1) and FGDD (460–580) was projected throughout Mexico (Figure 3), potential distribution areas of the species were identified in the states of Nayarit, Jalisco (border between the two states), Colima, Michoacán, Guerrero, Puebla, Oaxaca, and the northern part of Yucatán. A potential area was also detected in the four Pacific islands located off the coast of Nayarit. The largest potential areas were projected in the states of Michoacán, Guerrero, Oaxaca, and Yucatán.



From an analysis of the images that make up the model, it could be inferred that the FGDD was the primary factor in the distribution due to its lower number of pixels, leaving out a large part of the central zone of the country as well as the northeast and northwest of Mexico.



Statistical analyses of the Aridum_18 model (Figure 3) showed high values for the sensitivity test (0.70) and the negative predictive value (0.89). On the other hand, relatively low values were for overall accuracy, specificity, and positive predictive value tests, with 0.55, 0.52 and 0.24, respectively. The high value for sensitivity and low value for specificity decreased its kappa index (0.12) and odds ratio (2.45). The sensitivity and specificity values indicated extreme dimensions of the models, i.e., an excessive or else a much reduced surface. According to the information contained in the CONABIO-SNIB database, accessions of G. aridum have been collected in the states of Nayarit (central zone), Jalisco (coastal zone), and Veracruz (central zone) (Figure 3). However, the Aridum_18 model only predicted some small areas (omission error) in the border between Nayarit and Jalisco (central part) and none in Veracruz. Therefore, it can be inferred that the ranges of the variables of the Aridum_18 Model did not include the AASW and FGGD conditions in which the species G. aridum develops in these states, which apparently were very different from the areas where the species was present in the rest of the country.




3.3. Model Calibration


Five models resulted from the adjustments in the intervals of the variables of the Aridum_18 model during calibration (Table 1). The AASW variable had intervals with values of 0–210 mm year−1. CONABIO-SNIB [13] mentions that G. aridum is adapted to arid conditions and is drought tolerant [15,18]. In relation to the FGDD variable, it was observed that G. aridum also presented several intervals, with high values for the coastal areas of the states of Jalisco, Colima, and Oaxaca, and low values for the areas in the mountains of Michoacán and Guerrero (Table 1).




3.4. Model Validation


Table 2 shows the results of the seven validation tests for the five models fitted with the intervals of the variables. Model 1 had the highest values in the seven tests, showing a balance between sensitivity (0.85) and specificity (0.74), which was reflected in the kappa index value (0.58). The range of variables considered in Model 1 (Table 1) extended the distribution areas of G. aridum on the coasts of Jalisco, Oaxaca, and Colima, as well as in the central part of Michoacan. However, the model did not predict areas in Nayarit and Veracruz that were covered by the variable ranges in Model 3 and Model 5 (Table 1). These two models obtained the lowest values in the specificity test (0.65), indicating that despite being able to predict distribution areas in these states, they were not selective enough for the species.



Model 2 increased the distribution areas of the species in the coastal areas of Oaxaca and Jalisco but reduced the areas of Sinaloa, Puebla, and Guerrero. Its specificity and positive predictive power values were 0.70 and 0.66, respectively, with a kappa index of 0.53 (Table 2).



Model 4, which had the lowest values for AASW (0–77 mm year−1) but the highest for FGDD (460–860) (Table 1), and which was constructed considering the range of FGDD and AASW values of the Guerrero sites which did not fit in the intervals of other areas, reduced the distribution of the species in the areas of Sinaloa, Puebla, and part of Oaxaca. However, integrating high values of FGDD increased the distribution areas in the coastal areas of Jalisco, Colima, and Oaxaca, which was reflected in commission errors in these areas. Model 4 obtained the lowest value in the sensitivity test (0.79).



Model 1, which obtained the highest value in the kappa index and specificity test, with 0.58 and 0.74, respectively (Table 2), proved to be the most selective for the species, and best represented the distribution of G. aridum in Mexico (Figure 4).




3.5. Sensitivity Analysis


To determine the climatic variable greatly influencing the distribution of the species in Mexico, four models were constructed considering the full range of intervals of the AASW and FGDD of the models tested during model validation (Table 1). In order to distinguish these four models from the previous ones, we named them using letters instead of numbers (Table 3). The results of the concordance and accuracy tests applied to these models are presented in Table 4.



The highest values of kappa index (0.67), sensitivity (0.85), and specificity (0.82) were for Model C (Figure 5 and Table 3). The model had values of more than 0.80 in five of the non-parametric statistical tests; its kappa index value indicated a substantial level of agreement [55]. This model integrates the general range of FGDD (330–860) and AASW (4–110 mm year−1) (Table 3).



Model A (pattern model) obtained similar values as Model C in three concordance and accuracy tests. A comparison of the statistical results of the two models showed that the specificity value of Model A was only 2% higher than that of Model C (0.84 vs. 0.82) but its kappa index was 3% lower than that of Model C (0.64 vs. 0.67). Models A and C differed only in the AASW variable; Model C does not contain the highest gradient (150–210 mm year−1) of this variable. Therefore, the inclusion of the two AASW gradients (Table 3) had no impact on the accuracy of the model. This is confirmed by the test values obtained by Model B, which included the two gradients of AASW (4–110 and 150–210 mm year−1) but did not include the lowest value of FGDD (i.e., 330–460). This model had the lowest values of kappa index (0.53) and specificity (0.72).



It can be concluded that FGDD is a more dominant factor than AASW for the species because it was the only variable of these two that caused changes in the distribution. According to Gertseva et al. [56] the organisms in a population can change their distribution depending on the values of the dominant factor but not in response to the values of subdominant factors.



The results of this study are similar to those of others [28,57] indicating that global temperature increases would affect cotton yield more than future changes in rainfall, thereby signaling the need to develop heat-resistant rather than drought-resistant cultivars. Reddy et al. [58] recommended breeding both heat- and cold-tolerant cultivars to cope with climate change. The use of CWRs (crop wild relatives) such as G. aridum in the development of cultivars that can stand biotic and abiotic stresses could be explored in this regard.



In order to carry out a more detailed analysis of Model A and Model C, which considered the full range of FGDD and obtained the highest values in the concordance and accuracy tests, images were generated for geographical regions covered in the present study (Figure 6 and Figure 7). Model A, by integrating all the FGDD and AASW gradients, overestimated (commission error) the hilly areas of Sinaloa and Nayarit, as well as zones in central Nayarit and coastal areas of Jalisco (Figure 6).



On the other hand, Model C, despite not integrating the highest values of AASW (150–210 mm year−1) and those that were detected in Nayarit, was able to predict certain areas of this state, leaving out only the area in the state’s central part. Both Model A and Model C overpredicted certain areas of distribution of the species in the vicinity of Nayarit and Jalisco. As mentioned by Raxworthy et al. [59], the regions that the model overpredicts show potential for identifying unknown distributional areas. These overpredicted areas in Nayarit and Jalisco can thus be the object of directed collection expeditions; they may also be considered as potential areas for species establishment.



For the distribution predicted by Model A and Model C in the states in the northeastern and southern regions of Mexico, Model A overpredicted some areas in the states of Tamaulipas, Veracruz, Yucatan, and Chiapas (Figure 7). On the other hand, model C overpredicted only some areas in Tamaulipas, Yucatan, and Chiapas (also Figure 7).



The results were corroborated through comparison with maps reported by Frelichowski et al. [19], Sanchez-Reyes et al. [60] and Vaca [61]. Frelichowski et al. [19] showed collection sites of G. aridum reported in the cotton database of the Global Crop Wild Relatives Occurrence Database, Global Biodiversity Information Facility, and the US National Cotton Germplasm Collection [19]. They reported some collection sites in Chiapas and Veracruz in the same areas where the models in the present study overpredicted the distribution of the species (Figure 7. red circles), thus corroborating the level of precision of Model A and Model C in predicting the potential distribution of G. aridum in Mexico. As mentioned earlier, overpredicted regions can signify unknown potential distribution areas of the species [59].



Vaca [61] modeled the potential distribution of G. aridum in Mexico using GAM (generalized additive models) and RPART (Recursive Partitioning and Regression Trees) and annual dynamics in soil moisture as a predictive variable. The comparison between distribution areas projected by Vaca vs. the present study was made by superimposing the shape files of both studies using ArcGIS. The area predicted by Vaca had larger extensions projected in the states of Nayarit, Guerrero and Oaxaca; however, no statistical tests were reported in his study. In addition, the author did not report any distribution area in Yucatan, a possible error of omission as there are records of collections made in this state contained in the CONABIO-SNIB database. On the other hand, Vaca [61] projected areas in the states of Chiapas and Veracruz similar to those in our study.



The collection sites reported by Frelichowski et al. [19] and the potential distribution determined by Vaca [61] and Sanchez-Reyes et al. [60] corroborate the areas where the distribution model constructed in the present work projects G. aridum areas, although a comparison of distributions predicted by Vaca [60] and those predicted by the present work shows a great difference in terms of area extension. An example is presented in Figure 8, where, in regions such as Nayarit and Chiapas, these differences are evident in predicted area detail. Unfortunately, as mentioned previously, Vaca [61] did not present any statistical support or additional data with which statistical and other comparisons could be made.



According to Pearson et al. [46], modeled distributions using small samples must not be interpreted as representing limits to the range of the species. Rather, they represent regions with environmental conditions similar to those in locations where the species currently have populations. The biogeographical information they yield can be useful in discovering unknown populations and species [59,62]. This is demonstrated in the distribution predicted by Models A and C in the state of Chiapas (Figure 7), which shows the presence of some areas with the environmental conditions suitable for the species. Models demonstrating significant predictive ability in jackknife tests can guide field surveys [41].





4. Conclusions


By using two environmental variables—flowering growing degree days and annual available soil water (mm year−1)—it was possible to model the observed and potential distribution of the wild species G. aridum in Mexico and identify the values of FGDD and AASW required by this species. The ranges of 330–860 FGDD and 4–110 mm year−1 AASW best described the species habitat, according to results of seven precision and accuracy statistical tests. In this study, flowering growing degree days showed greater influence on the distribution of G. aridum in Mexico.



The modeling approach developed for this study identified geographic regions in the country that present similar conditions to where the species has been observed and which are not yet registered in the cotton databases in Mexico. Some of these new locations were corroborated during comparisons with published maps generated in other studies that used information from local and international databases, thereby indicating the accuracy of the population modeling of G. aridum in the present study. Other studies, such as field surveys, are needed to further strengthen the predictive power of the generated distribution models. The modeling approach considering two basic needs for the development and survival of the wild species G. aridum, namely, the temperature requirements for its reproduction and the amount of soil water during its annual development cycle, may be applied in the modeling of other wild cotton species.



The information generated in this study can be used to guide collection expeditions for G. aridum species and to study climatic impact on the distribution of the species. It can serve as input in studies and programs designed to characterize, conserve, and sustain the diversity of genetic resources in Mexico.
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Figure 1. Ten Mexican states with collection sites of Gossypium aridum based on 2010–2015 data of SINAREFI [20]. 
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Figure 2. Scheme of the area characterization process and modeling of the potential. distribution of the cotton species Gossypium aridum in Mexico. 
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Figure 3. Aridum_18 Model (before calibration) with presence and absence data and potential distribution of Gossypium aridum in Mexico. 
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Figure 4. Gossypium aridum Model 1 (after calibration) with presence and absence data and potential distribution of G. aridum in Mexico. 
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Figure 5. Modeled potential distributions of Gossypium aridum in Mexico using four different ranges of flowering growing degree days (FGDD) and annual available soil water (AASW). Model A: 330–860 FGDD and 4–110 and 150–210 mm year−1 AASW; Model B: 460–860 FGDD and 4–110 and 150–210 mm year−1 AASW; Model C: 330–860 FGDD and 4–110 mm year−1 AASW; Model D: 460–860 FDGG and 4–110 mm year−1 AASW. Predicted areas are shaded in yellow. 
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Figure 6. Gossypium aridum potential distribution Models A (a) and C (b) with presence data of G. aridum in the states of Sinaloa, Nayarit, Jalisco and Colima in Mexico. 
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Figure 7. Gossypium aridum Models A (a) and C (b) showing presence data and potential distribution of G. aridum in the states of Michoacan, Guerrero, Oaxaca, Veracruz and Yucatan in Mexico. Areas encircled in red in Model A and Model C are areas overpredicted by the models. Areas encircled in yellow in the occurrence map adapted from Frelichowski et al. [19] indicate sites of occurrence of G. aridum in Veracruz and Chiapas reported in the Global Crop Wild Relatives Occurrence Database, Global Biodiversity Information Facility and the US National Cotton Germplasm Collection. 
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Figure 8. Comparison of the predicted distribution of Gossypium aridum in present study (yellow area) versus the potential distribution reported by Vaca [60] (green area) in the states of Nayarit (a) and Chiapas (b), Mexico. 
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Table 1. Models obtained during the calibration process to reduce omission and commission. errors in the distribution model of Gossypium aridum in Mexico.
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	MODEL
	FGDD ¥
	AASW §





	1
	330–580
	4–110



	2
	460–766
	4–77



	3
	330–766
	4–103



	4
	460–860
	0.0–77



	5
	275–460
	150–210







¥ FGDD: Flowering growing degree days. § AASW: Annual available soil water (mm year−1).
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Table 2. Results of concordance and accuracy tests.
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Models




	
1

	
2

	
3

	
4

	
5






	
Kappa

	
0.58

	
0.53

	
0.44

	
0.47

	
0.43




	
Overall accuracy

	
0.79

	
0.76

	
0.71

	
0.73

	
0.71




	
Sensitivity

	
0.85

	
0.85

	
0.82

	
0.79

	
0.82




	
Specificity

	
0.74

	
0.70

	
0.65

	
0.69

	
0.65




	
Positive Predictive

power

	
0.73

	
0.66

	
0.58

	
0.67

	
0.58




	
Negative Predictive

power

	
0.86

	
0.87

	
0.86

	
0.80

	
0.86




	
Odds ratio

	
16

	
13

	
9

	
8

	
8
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Table 3. Minimum and maximum values of variables used in the sensitivity analysis of the potential distribution of Gossypium aridum in Mexico.
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	MODEL
	FGDD ¥
	AASW §





	A
	330–860
	4–110, 150–210



	B
	460–860
	4–110, 150–210



	C
	330–860
	4–110



	D
	460–860
	4–110







¥ FGDD: Flowering growing degree days. § AASW: Annual available soil water (mm year−1).
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Table 4. Concordance and accuracy tests applied to the models developed in the sensitivity analysis of the potential distribution of Gossypium aridum in Mexico.






Table 4. Concordance and accuracy tests applied to the models developed in the sensitivity analysis of the potential distribution of Gossypium aridum in Mexico.





	

	

	
Model

	

	




	
Test

	
A

	
B

	
C

	
D






	
Kappa

	
0.64

	
0.53

	
0.67

	
0.55




	
Overall accuracy

	
0.82

	
0.76

	
0.83

	
0.77




	
Sensitivity

	
0.80

	
0.81

	
0.85

	
0.84




	
Specificity

	
0.84

	
0.72

	
0.82

	
0.72




	
Positive Predictive

power

	
0.87

	
0.71

	
0.83

	
0.70




	
Negative Predictive

power

	
0.77

	
0.82

	
0.84

	
0.86




	
Odds ratio

	
21

	
11

	
26

	
14
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